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1.1 GENERAL BACKGROUND

Acid catalysts are used mainly in the areas of oil refining, petrochemicals and
chemicals. They are responsible for producing more than 1 x 10® mt/year of products.
The most commonly used acid catalysts are HF, H,SO,4, HC10,4 and H3PO,. But these
have many disadvantages such as difficulties associated with handling, plant
corrosion, regeneration and environmentally safe disposal. In recent years,
environmental and economic considerations have played a major role in redesigning
commercially important processes so as to avoid the use of harmful substances and
the generation of toxic waste. In this context, heterogeneous catalysis has played a
key role in the development of environmentally benign processes for the petroleum
industry and in the production of chemicals, for instance by the substitution of liquid
acid catalysts by safe solids such as zeolites.

There are many types of solid acids such as zeolites, heteropolyacids, sulfated
metal oxides and organic—inorganic composites that possess different acidities. Porous
solids like zeolites have extensive applications as adsorbents, catalysts and catalyst
supports due to their high surface area. According to the IUPAC definition, porous
materials may be divided into three types based on their pore sizes, microporous: < 20
A, mesoporous: 20-500 A and macroporous: >500 A [11. Many kinds of porous
materials such as, (pillared) clays, anodic alumina, carbon nanotubes and related
porous carbons have been extensively described in the literature [2]. Well known
microporous materials are zeolites and aluminophosphate molecular sieves, which are
inorganic composites having a crystalline three-dimensional framework woven with
tetrahedral atoms (T atom) like Al, Si, P etc. that are bridged by oxygen atoms.
Modification of the framework and extra-framework composition makes these
materials useful for catalyzing organic reactions. The most important application of
zeolites is in reactions catalyzed by Bronsted and Lewis acids. Zeolites are attractive
as heterogeneous catalysts due to properties such as well defined crystalline structure,
high internal surface area, uniform pores of one or more discrete sizes, good thermal
stability, ability to adsorb and concentrate hydrocarbons and highly acidic sites in the

protonated form (Figure 1.1).

18



|
o /N O\
N7 ‘Al/ Si
/N /N /N
O O ? ? o O
| |
Figure 1.1 The bridging hydoxyl group and the oxo ligands of the Al-atom act as

bifunctional Bronsted acid-Lewis base sites.

Eventhough zeolites have extremely interesting properties as acid catalysts
and as molecular sieve catalysts, they are still limited in pore size, and can only deal
with molecules smaller than about 8 A. Indeed, while advances have been made in the
synthesis of ultra-large pore zeolites and zeotypes [3, 4] the materials obtained still
possess limited utility as catalysts due to their poor thermal stabilities. In this context,
new siliceous mesoporous molecular sieves with periodically ordered pores have
expanded the potential of zeolites [5, 6]. The ordered siliceous hexagonal mesoporous
materials MCM-41 [7] and SBA-15 [8] have attracted much interest because of their
high surface area, large pore volume and well-defined pore size. MCM-41 has a low
hydrothermal stability because its inorganic oxide wall is disordered at the molecular
level. SBA-15 has a higher hydrothermal stability than MCM-41 due to its larger wall
thickness; it also possesses larger pores than MCM-41. MCM-41 can be made acidic
by synthesizing it with tetrahedral Al-ions and its acidity is a compromise between
amorphous silica-alumina and zeolites [9-11].

The first synthesis of an ordered mesoporous material was described in the
patent literature in 1969. However, due to a lack of proper analysis, the remarkable
features of this product were not recognized [12]. In 1992, a similar material was
synthesized in Mobil Oil Corporation opening up a whole a new field of research
[13]. MCM-41, which stands for Mobil Composition of Matter No.41, possesses a
highly ordered hexagonal array of unidimensional pores with a very narrow pore size
distribution [7, 14]. The walls, however, very much resemble amorphous silica. Other
related phases such as MCM-48 and MCM-50, which possess cubic and lamellar
mesostructures, respectively, were reported in these early publications as well. At

approximately the same time, an alternative, but less versatile approach to
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mesoporous materials was described by Yanagisawa et al. [15]. Kanemite, a layered
silicate, served as the silica source; the pathway leading to the ordered mesoporous
material is thought to proceed via surfactant intercalation into the silicate sheets,
wrapping of the sheets and transformation to the hexagonally packed material [16,
17]. The obtained materials were designated as FSM-n, Folded Sheet Mesoporous
Material-n, and here; n is the number of carbon atoms in the surfactant alkylchain
used to synthesize the material.

The large regular pore structure of MCM-41 materials makes them suitable for
liquid-phase acid catalysis by enabling rapid diffusion of reactants and products
through the pores, thus minimizing consecutive reactions. Liquid-phase Friedel-
Crafts alkylation and acylation reactions [18-22] have been reported using
aluminosilicate MCM-41. Other reactions catalyzed by MCM-41 include the
acetalysation of bulky aldehydes [23], glucosidation [24-a] and aldol condensations
[24-b].

A variation of the MCM family of materials was reported by Pinnavaia et al.
[25], who developed a neutral templating method using long-chain alkylamines to
form hexagonal mesoporous molecular sieves (HMS materials). Organo-modified
silicas are widely used in chromatographic and other analytical applications [26], and
the techniques for their preparation are well documented. For example, silica
functionalized with sulfonic acid groups is frequently used for binding metal ions
[27]. The chemistry used to prepare these materials has recently been exploited to
prepare a pure sulfonic acid-functionalized mesoporous silica [28, 29], which is a
solid Bronsted acid. Sol gel preparation of thiol functionalized silica was performed
by co-condensation of Si(OEt), and 3-mercaptopropyltrimethoxysilane (MPTS) using
either neutral or ionic templating methods, with subsequent oxidation producing
HMS-SO3H, and MCM-SOsH, respectively [28]. These sulfonic acids exhibit high
catalytic activity in the preparation of bisfurylalkanes from 2-methylfuran and
acetone. Higher conversions of 2-methylfuran and high selectivities towards 2,2-
bis(5-methylfuryl)propane are observed compared to reactions using zeolites H-f or
H-US-Y which rapidly deactivate due to oligomerization of 2-methylfuran. Both sol
gel and post-modified sulfonic acid silicas also exhibit considerable selectivity
towards monoglyceride formation during the esterification of polyols with fatty acids

[29].
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The large and uniform pore structure of SBA-15 (Santa Barbara Amorphous)
materials makes them suitable for catalyzing different organic reactions.
Aluminosilica meso/macroporous SBA-15 monoliths (Si/Al=72) and mesoporous
powders (Si/Al=70) have been investigated using a batch reactor in the Friedel- Crafts
alkylation of aromatic compounds such as toluene, ethylbenzene, cumene and styrene
with benzyl alcohol [30]. TiO, on SBA-15 and Ti-SBA-15 catalysts have been used in
oxidation reactions with H,O, and TBHP. The results have revealed that TiO,
nanoparticles are active and selective in the epoxidaton of cyclohexene and in the
oxidation of aniline [31]. AI-SBA-15 catalysts show high and durable activity in
cumene cracking [32]. Ti-SBA-15 exhibits high catalytic activity for the epoxidation
of styrene with a conversion of 38.2 % and an epoxidation selectivity of 49.7 % which
is higher than over Ti-MCM-41 [33]. Vapor phase isopropylation of m-cresol has
been studied over Al-SBA-15 catalysts; 73.5 % m-cresol conversion and 45.68 %
thymol selectivity have been reported [34]. Isopropylation of naphthol over PW/SBA-
15 catalysts exhibited higher conversion (84.3%) and selectivity to di-
isopropylnaphthalenes (39.7%), B-isopropyl naphthalene and [, B-products (81.8 %)
than pure acids [35]. The Beckmann rearrangement of cyclohexanone oxime to
caprolactam was studied over an arenesulfonic acid functionalized SBA-15 (15 %
SBA-15-Ar-SO3H), 51.9 % oxime conversion and 81.3 % caprolactam selectivity
were obtained [36]. Alkylation of benzene with 1-dodecene studied over PW/SBA-15
at atmospheric pressure in a batch reactor showed 90 % 1-dodecene conversion with

40 % 2-phenyldodecane and 100 % monoalkyl benzene selectivity [37].

1.2 SYNTHESIS AND FORMATION MECHANISM OF ORDERED
MESOPOROUS MATERIALS
Based on the template used for synthesis and the interaction of the inorganic

species and the organic template molecule, the mesoporous materials might be

classified as listed in Table 1.1 [51].
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Table 1.1 Possible pathways for the synthesis of mesoporous materials [51]

Template Interaction Synthesis Examples
conditions
Ionic surfactant Direct interaction I'STarnanan Basic MCM-41, MCM-48, MCM-50 [13,7,14], FSM-

Non-ionic
surfactant

Co-polymer

(Ligand assisted)

Nanocasting

(Ionic)

Intermediate
interaction
(Ionic)

(Non-ionic)

(Co-valent bonding)

I+S EI\/\/\I\/\I\I\
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Figure 1.2 Phase sequence of surfactant-water binary system [52, 53].

1.2.1 Behaviour of surfactant molecules in an aqueous solution

In a simple binary system of water and a surfactant, the surfactant molecules
possess different structures in accordance with increasing concentrations, as
schematically shown in Figure 1.2. At low concentrations, they exist as
monomolecules. With increasing concentration, surfactant molecules aggregate
together to form micelles in order to decrease the system entropy. The initial
concentration threshold at which monoatomic molecules aggregate to form isotropic
micelles is called cmc (critical micellization concentration). As the concentration
increases, hexagonal close packed arrays appear, producing the hexagonal phases
[53]. The next step in the process is the coalescence of the adjacent, mutually parallel
cylinders to produce the lamellar phase. In some cases, the cubic phase also appears
prior to the lamellar phase. The cubic phase is generally believed to consist of
complex, interwoven networks of rod-shaped aggregates [54]. The cmc decreases
with increase in the chain length of a surfactant, the valency of the counterions, and
the ionic strength in a solution. On the other hand, it increases with increasing

counterion radius, pH, and temperature.

1.2.2 Synthesis and formation mechanism of MCM-41 molecular sieves
Mesoporous materials are synthesized in the presence of surfactant molecules.
Most commonly used surfactants are quaternary ammonium salts (e.g.
cetyltrimethylammonium halide). In the synthesis of mesoporous molecular sieves,
the different types of mesophases formed depend on the surfactant to silica molar
ratio as shown in Table 1.2 [14, 57(e)]. MCM-41 type molecular sieves are
synthesized in alkaline [7, 14, 57] acidic [38 (b, c¢)] and neutral medium (HMS) [25].
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A number of models have been proposed to explain the formation of mesoporous
materials and to provide a rational basis to all the synthetic routes. A few of these

mechanisms are discussed below.

Hexagonal

Surfactant Micellar 1"3{1__
Micelle rod
1, -~
P —
o A

k‘ k‘ k‘ )Eﬂu‘ate MCM-41

Figure 1.3 Possible mechanistic pathways for the formation of MCM-41: (A) liquid -

crystal — phase initiated and (B) silicate — anion initiated [14].

Table 1.2 Dependance of mesophase structure on surfactant/silica (mole) ratio
[14, 57(e)]

Name Mesophase Parameter
(Surfactant/ Silica)

MCM-41 Hexagonal < 1.0

MCM-48 Cubic 1.0-1.5

MCM-50 Lamellar 1.2-2.0

Cubic-octamer [(CTMA) SiO, 5]g Cubic 2.0

(A) Liquid crystal templating (LCT) mechanism

A key feature of the LCT mechanism proposed by Beck et al. [14] is that the
liquid crystalline mesophases or micelles act as templates rather than individual single
molecules or ions. Accordingly, the final product is a silicate skeleton which contains
voids that mimics these mesophases. The silicate condensation is not the dominant
factor in the formation of the mesoporous structure. The whole process may be via
two possible mechanistic pathways as schematically shown in Figure 1.3. In the first
pathway (A), it is considered that first there is a formation of the surfactant hexagonal
liquid-crystal phase around which the growth of the inorganic materials is directed.

The C,H,,,1(CH3);N" surfactant micelles aggregate to form hexagonal arrays of rods.
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Silicate anions present in the reaction mixture interact with the surfactant cationic
head groups. Condensation of the silicate species leads to the formation of an
inorganic polymer. On calcination, the organic template is burnt off, leaving inorganic
hollow cylinders in hexagonal arrangement. However, this pathway did not get much
support in the literature. It has been observed that at lower concentrations only
micelles exist in solution [58]. Moreover, in situ "*“N-NMR spectra revealed that the
hexagonal liquid-crystalline phase of CTMA ions was not present at any time during
MCM-41 formation [55, 56]. Thus the first synthesis scheme proposed by Beck et al.
[14] was abandoned.

In the second pathway, it has been proposed that the randomly ordered rodlike
micelles interact with silicate species by coulombic interactions in the reaction
mixture to produce approximately two or three monolayers of silicate around the
external surfaces of the micelles. These randomly ordered composite species
spontaneously pack into a highly ordered mesoporous phase with an energetically
favorable hexagonal arrangement, accompanied by silicate condensation. With
increase in the heating time, the inorganic wall continues to condense (Figure 1.3;

pathway B).

(B) Folded sheets mechanism

The “folded sheets” mechanism, proposed by Inagaki et al. [16] is based on
the intercalation of the surfactant to the layered silicates (kanemite) and is described
below (Figure 1.4). Initially, the surfactant cations intercalate into the bilayers of
kanemite via an ion exchange process. As the ion exchange proceeds, interlayer cross-
linking occurs by condensation of silanols. The silicate sheets of kanemite have the

required flexibility to be folded due to its single sheet structure.

.
Na® H' Na' H*/—'_\. //////T
CTA* Na'+H* Sheet Folded

Figure 1.4 Model schematically representing "folded sheets" mechanism [16].
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(C) Transformation mechanism from lamellar to hexagonal phase

Another formation mechanism proposed by Monnier et al. [38(a)] and Huo et
al. [38(c)] is the transformation mechanism from lamellar to hexagonal phase. As
polymerization of the silicate species in a lamellar arrangement of the surfactant and
silicate ions proceeds, the average head group area (A) of surfactant assembly
increases due to the decrease of the charge density of larger silicate polyanions. This
leads to the corrugation of the silicate layers and ultimately results in the hexagonal
mesophase precipitation. Figure 1.5 schematically shows the transformation

mechanism from lamellar to hexagonal phase through charge matching.

pH Silicate Corrugation Calcination
g e
— —w - -
Cooperative
Organization
Silicate Lavyer MOCM-41 with

Hexagonal Pores

Figure 1.5 Mechanism for transformation from lamellar to hexagonal phase [38(a)].

1.2.3 Synthesis and formation mechanism of SBA-15 molecular sieves

Monnier et al. [38(c)] and Tanev and Pinnavaia [25, 60] showed that the
assembly of mesoporous materials can also be driven by hydrogen bonds in the case
of neutral templates such as nonionic poly (ethylene oxide) (PEO) surfactants and
inorganic precursors. The assembly of the mesoporous silica organized by non-ionic
alkyl-ethylene oxide surfactants or poly (alkene oxide) triblock copolymer species in
acid media occurs through an (SOH+) (XT") path way [38 (c), 46]. First, alkoxysilane
species are hydrolysed at a pH less than 2.

Hydrolysis

Si(OEt), 4+ nH,0* Si(OEY),, (OH,"), 4 nEtOH

pHi<2
This is followed by partial oligomerisation of the silica. The EO moieties of the
surfactant in strong acid media associating with hydronium ions.

H,0

REO, 4 yHX

m

REO,, ,[(EO).H;0%],....yX -

Where R = alkyl or poly (propylene oxide) and X = CI, Br, I, NOs, HySO4'2+y,
H,PO,>"
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Zhao et al. [46] proposed that the formation of SBA-15 occurs through a
scheme where the silica source is first hydrolyzed at low pH to form Si(OMe)4-
n(OH,")n species and the PEO moieties of the block copolymer associate with
hydronium ions. Then, the charged PEO units and the cationic silica species are
assembled together, via CI', by a combination of electrostatic, hydrogen bonding and
van der Waals interactions to form REOm,y[(EOH30+]y...yX'....I+, which can be
designated as (SOH+)(X'I+). Coordination sphere expansion around the silicon atom by
anion (e.g. CI') coordination of the form X .Si-OH," may play an important role [61].
Further condensation of the silica species and the organization of the surfactant and
inorganic species result in the formation of the lowest energy silica-surfactant
mesophase structure allowed by the solidifying inorganic network [59]. Furthermore,
the time required for silica mesopore precipitation depends on the acid anion and is
found to be the shortest in the presence of Cl anion when used in the form of
hydrochloric acid.

The influence of block length of triblock copolymers [Pluronic surfactants
(EO)x-(PO)y-(EO)x] on the formation of mesoporous silica was investigated by
Flodstrom et al. [62]. They reported that for a hexagonal material (SBA-15) the wall
thickness is largely dependent on the length of the EO-blocks while the PO-block
length has a great effect on the pore diameter. It was shown that the EO-length
determines which mesostructure is formed [63] as shown in Table 1.3. The length of
the hydrophilic EO- block determines the silica mesostructure and influences the wall
thickness of SBA-15. The hydrophobic PO-block affects the pore diameter and
further, the PO-block length influences the templating ability as a longer PO-block

results in more highly ordered domains and more well-defined particles.

Table 1.3 Influence of triblock copolymer on mesostructure formation [63]

Pluronic EO units ~ Structure

L101 4 Lamellar

P103, P104, P105, P123  17-37 2D, hexagonal (p6mm- SBA-15)

F108 132 Body centered cubic (BCC —Im3m-SBA-16)
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Figure 1.6 Schematic diagram of the various methods for the functionalization of

mesoporous materials [51].

1.3 PREPARATION OF CATALYSTS - STRATEGIES AND PROPERTIES
Ordered mesoporous silicas are not often used as catalysts as such. More
frequently, additional catalytic functions are introduced, by incorporation of active
sites in the silica walls or by deposition of active species on the inner surface of the
material. There are many possible pathways to modify mesoporous materials when
one wants to give them a new catalytic function as schematically shown in Figure 1.6.
Metal ions substituting silicon atoms in the framework as in zeolites, can act as acid
or redox active sites and may be used for different classes of catalytic reactions. One
should bear in mind, though, that the wall structure of ordered mesoporous silica
rather resembles amorphous silica. Incorporation of other metal centers therefore does
not lead to the formation of defined sites as in zeolites, but to a rather wide variety of
different sites with different local environments. Therefore, the catalytic properties of
such materials are closer to those of metal substituted amorphous silica than to those
of framework substituted zeolites. Possibly more interesting is to exploit the
exceedingly high surface area of these materials in support applications for metal or

metal oxide particles or to deposit isolated species onto the wall surface. Interestingly,
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these active sites can be constructed either directly or via post-synthesis procedures by
a multitude of pathways, which means that the properties of these active sites are

variable and controllable, depending on the synthetic procedure.

1.4 MODIFICATION OF MESOPOROUS MOLECULAR SIEVES

Much effort has been focused on the introduction of heteroatoms, such as B,
Fe, Ga, Ti, V, Sn and particularly, aluminum, in the siliceous framework to modify
the composition of the inorganic walls. This is especially important with respect to the
catalytic applications, since substitution of silicon allows fine-tuning of the acidity or
creation of redox properties, as observed in amorphous aluminosilicates or zeolites.
Modification of the framework composition is possible by direct synthesis, i.e. from
mixtures containing both silicon and the heteroelement to be incorporated, or by post-
treatment of an initially prepared silica mesoporous material. The results of these two
different methods are not necessarily identical. While the direct method typically will
result in a relatively homogeneous incorporation of the heteroelement, post-synthesis
treatment will primarily modify the wall surface and thus lead to an increased

concentration of the heteroelement on the surface.

(A) Incorporation of heteroatoms by hydrothermal methods

When trivalent cations like AI**, B¥*, Ga*™ and Fe® [64-70] substitute for
silicon in the walls of the mesoporous silica, the framework possesses negative
charges that can be compensated by protons providing acid sites. The number of acid
sites and strength depend on the amount and nature of the incorporated metal. These
materials are useful in acidic reactions and have potential applications in various
industrial processes [71-72]. When other cations like Ti4+, V¥ ete. [73-76] are
incorporated, the corresponding mesoporous materials are used in oxidation reactions.
Ti and V containing MCM-41 molecular sieves have been used in a variety of
oxidation reactions of bulky molecules using either H,O, or TBHP as oxidant [74, 77-
80]. A few reports describe the synthesis and characterization of mesoporous silica
modified by metals like Cr [81-83], Mn [84] or Mo [82]. Cr-MCM-41[83] has been
found to be catalytically active in the hydroxylation of phenol, 1 naphthol and the

oxidation of aniline with aqueous H,0,.
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(B) Grafting of heteroatoms

Mesoporous molecular sieves have a number of surface silanol groups, which
can be functionalized by introducing organic functional groups. This is normally
achieved through attachment of silane-coupling agents to the mesoporous walls of
previously synthesized and calcined materials [85]. In one of the methods,
functionality is directly introduced through the reaction of silanol groups [86-87]. In
another method, a transition metal, metal oxide or a bimetal complex is grafted on the
wall by reaction with the surface hydroxyl groups without the use of intermediate
silane coupling agents. Ti grafted MCM-41 exhibits higher catalytic activity for the
epoxidation of alkenes than other Ti containing catalysts [88]. Mesoporous materials
anchored with AICl;, SnCl,, Zn(O,CMe), or Mn(O,CMe), possess high stability and

catalytic activity alongwith ion-exchange capacity [89].

(C) Impregnation of heteroatoms

Post-synthesis treatment will primarily modify the wall surface and thus lead
to an increased concentration of the heteroelement on the surface. Certain reactions
such as hydroisomerization and aromatization are carried out on bifunctional catalysts
possessing acid functionality of the molecular sieves and hydrogenation-
dehydrogenation property of the metal impregnated on the surface of the molecular
sieves. Such catalysts are usually prepared by loading the metals (Ni, Co, Pt, Pd, W
etc.) by impregnation methods. It has been reported that sulfided Co and Mo
impregnated AI-MCM-41 show higher hydrogenation and hydrocracking activities
than Co-Mo/Al,Os catalysts [90]. Cu impregnated MCM-41 has been used in the
liquid phase oxidation of benzene to phenol using O, as the oxidant. It has also been
reported to be more active than Cu Supported ZSM-5, MgO, TiO,, SiO,, NaY and KL.
etc. [91]. Cs impregnated MCM-41 has been found to be a good basic catalyst for
Michael addition of diethylmalonate to neopentyl glycol diacrylate and a high
regioselectivity was obtained in contrast to bulk cesium oxide [92]. Impregnation of
binary Cs-La oxide on MCM-41 has been found to produce a useful basic catalyst for
the Knoevenagel addition of enolates to benzaldehyde and for the liquid phase
Michael addition of ethyl cyanoacetate to ethyl acrylate [93]. Pt impregnated MCM-
41 has been used for naphthalene hydrogenation [94].

Aluminum [95], Sn [96-97], Zn [97] or Zr [98] can be incorporated by post

treatment and the resultant materials possess interesting catalytic activity. For
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example, Zhu et al. [98] reported that zirconium 1-propoxide grafted SBA-15 has
higher activities in the Meerwein—Ponndorf—Verley (MPV) reduction of 4-tert-
butylcyclohexanone than SBA-15 grafted with aluminum 2-propoxide. Several
publications report the formation of mesoporous materials with zeolitic fragments in
the walls which were synthesized by impregnation [99]. The walls of mesoporous
silica can also be coated with zeolitic fragments, as reported by Trong On and
Kaliaguine [100-101]. The FT-IR spectrum after pyridine adsorption, using ZSM-5
coated SBA-15 as an example, shows the two intense absorption bands characteristic
of Bronsted and Lewis acid sites, which are not observable in the parent mesoporous
SBA-15 [100]. Titanium isopropoxide was grafted on SBA-15 with Si/Ti ratios
between 80 and 5 with high dispersion [102]. The tetragonal ZrO, phase in the SBA-
15 mesopores shows about three times higher capacity for sulfate adsorption than bulk
71O, [103]. Iron oxide has been deposited on MCM-41 and MCM-48 by the incipient
wetness technique [104]. MCM-41 supported y-Fe,O; prepared by vapor-phase
deposition with Fe(CO)s as precursor exhibits a superparamagnetic behavior [105].
Ga,0; or InyO3 supported on MCM-41 show catalytic activity in Michael addition of
diethyl malonate to neopentyl glycol diacrylate [106] and Friedel-Crafts type benzene
benzoylation and acylation [107] reactions. Highly dispersed rare earth oxides on
SBA-15 were reported recently [108]. Polyoxometalates [109], for example, have
been supported with high dispersion on mesoporous silica. Although
polyoxometalates, like 12-tungstophosphoric acid (H3PW,040), possess strong
acidity, polyoxometalates normally have a low surface area in the solid state and
therefore, only a limited number of acid sites on the external surface are available for

catalytic reactions [110].

(D) Immobilization of metals/metal complexes in mesoporous silicates
Immobilization of polynuclear molecular transition metal complexes in porous
materials is also a promising method for the preparation of supported metal catalysts.
Metal carbonyl complexes react with the surface silanol groups at elevated
temperatures. Continuous adsorption of Coy(CO)s on MCM-41 in a flow reactor
resulted in maximum Co deposition of 20 wt%. The metal loading could be increased
up to 41 wt% using the pulse deposition method [111,112]. Platinum carbonyl clusters
like [Pt;s(CO)30](NR4)2 or [Pt3(CO)s]s(NR4), (R = methyl, ethyl, butyl, hexyl or
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methylviologen) can be successfully prepared in FSM- 16 by the ‘‘Ship-in-the-
Bottle’’ technique [113].

Good bimetallic hydrogenation catalysts based on MCM-41 supported Cu—Ru
([Ru2C,CuyClr(CO)3][PPN]) [114], Ru-Sn ([PPN][RusC(CO);6SnCl3]) [115] and
Pt—Ru ([Ph4P],-[RusPtC(CO);s], [PPN]2[Ru;oPt,Co(CO)qs5]) [116], have been reported
by the group of Thomas and Johnson in the hydrogenation of benzoic acid. Cu(Il)
acetate dimer was impregnated on MCM-48 from a copper acetate solution [117].
Tetrahedrally co-ordinated titanium is a good catalyst for alkene oxidation.
Immobilization of the titanium silsesquioxane, [{(c-C¢H;;)7S1;01,} Ti (nS—CsHs)], in
MCM-41 has been reported [118].

The post-synthesis immobilization of metals and organometallic complexes on
the surface of mesoporous silicates allows the preparation of multifunctional
molecular sieves with desired catalytic properties. The processes for metal
immobilization include wet impregnation [10], vapor deposition [119], treatment with
(NH4):MFg (M = Si**, Ti** etc.) [120] and metal alkoxides [121] and ion exchange
with metal salts [122].

(E) Covalently anchored organo-functionalized mesoporous silicates

The advantages of inorganic-organic hybrid materials arise from the fact that
inorganic components can provide mechanical, thermal or structural stability, while
the organic features are more readily modified for specific applications in catalysis,
separation or sensing [123]. The presence of large amount of silanol [(-O-);SiOH]
groups in MCM-41 and HMS materials enables the anchoring of organic functional
groups using the concept of organic functionalization in silica gel. The organic
functional groups or ligands can then be used to attach different types of metal
complexes with or without modification of the parent functional groups.

Organically functionalized mesoporous silicas have been prepared
conveniently at room temperature [124] or at higher temperatures [125] by the co-
condensation of tetraalkoxysilane (Si(OR),) and organosiloxanes (R'-Si(OR)3) in the
presence of a surfactant (template) and auxiliary chemicals. Thus, it is possible to
synthesize a variety of inorganic-organic hybrid materials, where the organic
functional groups are attached covalently with the silica surface of MCM-41 through
Si-C bonds with potential applications as catalysts. An acidic solvent extraction

technique is generally used to remove the surfactant from the product to yield an
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organofunctionalized ordered porous silica material [124-125]. Organo functional
groups have also been introduced on the pore surface of mesoporous silica by post
synthesis modification. The treatment of mesoporous silica with organosiloxane
precursors produces hybrid inorganic-organic materials by hydrolysis and finally

condensation of organosiloxane groups [126].

1.5 PHYSICOCHEMICAL CHARACTERIZATION

Porous materials need to be characterized to elucidate their structural features,
pore architecture and catalytic behavior. A complete characterization of mesoporous
molecular sieves requires information from a number of physical, chemical and
spectroscopic techniques. These are XRD (X-ray diffraction), sorption, TEM
(transmission electron microscopy), TG/DTG (thermogravimetry/ differential
thermogravimetry), FTIR (Fourier Transform Infra Red spectroscopy), MAS NMR
(Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy), TPD
(temperature programmed desorption), TPR (temperature programmed reduction) and

ESR (electron spin resonance spectroscopy).

(a) X-ray diffraction

Powder x-ray diffraction is used to identify the structure, phase purity, degree
of crystallinity, unit cell parameters and crystallite size. It also helps in the study of
the kinetics of crystallization of molecular sieves. As the powder pattern is the finger
print of the molecular sieve structure, phase purity and percent crystallinity of the
synthesized molecular sieve can be ascertained by comparing with the standard
pattern for the molecular sieve under investigation. XRD patterns of mesoporous
phases exhibit peaks in the low angle region, the most intense peak being the (100)
reflection. Isomorphous substitution of a heteroatom in the framework of the
molecular sieves results in changes in the unit cell parameters and unit cell volume.

This is one of the ways to confirm isomorphous substitution.

(b) Adsorption measurements

Sorption capacities for probe molecules such as n-hexane, water, benzene,
nitrogen etc. yield information about the hydrophilicity/hydrophobicity, pore
dimensions and pore volume of the molecular sieves. The Braunauer-Emmett-Teller

(BET) volumetric gas adsorption technique using N, or Ar is a standard method for
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the determination of the surface area and pore size distribution of finely divided
porous samples [127]. The relation between the amount adsorbed and the equilibrium
pressure of the gas at constant temperature is defined as the adsorption isotherm. N,-
adsorption-desorption isotherms of MCM-41, MCM-48 and FSM-16 are of the type
IV [128]. The steep increase in N, adsorption (in the p/py range of 0.2 to 0.4)
corresponds to capillary condensation within uniform pores. The sharpness and the
height of this step reflect the uniformity of the pore size and the pore volume,
respectively. The wall thickness of hexagonally packed silicates (MCM-41, HMS and
SBA-15) is determined as the difference between the repeat distance (unit cell
parameter) ap = 2d100/\/3 (from XRD) and the Horvath-Kawazoe [129] pore diameter

using N, adsorption.

(c) Nuclear magnetic resonance (NMR)

High-resolution magic angle spinning nuclear magnetic resonance (NMR)
spectroscopy in the solid state is a powerful complementary method to diffraction
techniques for the investigation of zeolites and mesoporous molecular sieve structures
[130]. The main fields of application are: (i) Evaluation of the environment of the
silicon framework atoms, (ii) framework ngsi/na; ratio of the mesoporous molecular
sieves, (iii) silicon and aluminium ordering, (iv) identification of framework and non-
framework aluminium, (v) incorporation of metals into mesoporous molecular sieves,

(vi) determination of acidity of hydroxyl groups.

(d) UV-Visible spectroscopy

Diffuse reflectance UV-Vis spectroscopy is known to be a very sensitive and
useful technique for the identification and characterization of the metal ion
coordination and its existence in the framework or extra-framework position of metal
containing molecular sieves. It gives information about the d-orbital splitting through
d-d transitions and the ligand-metal interaction through the ligand to metal charge-
transfer transitions. The position of “ligand-to-metal charge transfer” (L—M) band
depends on the ligand field symmetry surrounding the metal center and the electronic
transitions from ligand-to-metal require higher energy for a tetra-coordinated metal

ion than for a hexa-coordinated one.
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(e) Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy in the framework region (400-4000 cm™) provides
additional information about the structural details of the zeolite and other molecular
sieves. IR spectroscopy is the most convenient method for the characterization of
heteropolyanions. Their characteristic bands can distinguish Keggin, Dawson and
Lacunary heteropolyanions. [131].  Flanigen [132] has discussed the IR spectra of
the hydroxyl groups of zeolites. The IR spectrum in the range 200-1300 cm™ is used
to characterize and to differentiate framework structures of different molecular sieves.
Isomorphous substitution of metal ions such as B, Fe, Ga etc, for Al and Ti, Ge, V for
Si also lead to shift in band positions. An additional band at 960 cm’ may be
observed for Ti or V substituted molecular sieves. The IR bands around 3600-3700
cm-1 confirm the presence of the silanol groups [133] or bridged hydroxyl groups in
the molecular sieves and their Bronsted acidities can be compared. While only the
Bronsted acid sites may be investigated with and without probe molecules, acidic
Lewis sites, cations and basic sites can be identified and quantitatively determined
only with the help of probes. Probe molecules frequently employed are typically
pyridine, substituted pyridine, ammonia and amines for acidic centres and carbon

dioxide or pyrrole for basic sites.

(f)Electron paramagnetic resonance (EPR) spectroscopy

Electron Spin Resonance (ESR) spectroscopy is the resonance absorption of
electromagnetic (microwave) radiation by magnetically split states of unpaired
electrons. In the case of some paramagnetic molecules, the formation of a charge-
transfer complex can be determined by this technique. This technique provides
valuable information on the redox site and the intermediate species formed in the
catalytic reaction. With the help of this information, it is easier to focus on the status
of framework and nonframework species formed in the transition metal incorporated
molecular sieves.

Transition metal ions can be investigated by ESR spectroscopy. Some of the
ions that have been well studied are: d' ions: Mo™*, V¥, Ti**, Cr’*, W>*, d’ ions: Fe*",
Mn**, and d’ ions: Cu®*, Ni*, Ag’. These ions may either be incorporated within a
host lattice at interstitial or substitutional positions or deposited at the surface of a
catalyst or at cationic positions of a zeolite. The location and unusual oxidation states

of these metal ions in zeolites are revealed by ESR [134]. The formation mechanisms
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of MCM-41, MCM-50 [135] and SBA-15 [136] have been studied by in situ EPR
spectroscopy. ESR studies of Mn-containing MCM-41 have revealed the presence of
Mn(II) species in both extraframework and framework sites [137]. The presence of
different oxidation states of vanadium ions in as-synthesized and calcined MCM-41
has been characterized by ESR spectroscopy [76,138]. ESR spectroscopy has also
been used to study isomorphous substitution of metal ions like Ni(I), Fe(Ill) and
Cr(Ill) in MCM-41 [139]. ESR characterization of Ti(Ill) species obtained by
reduction of Ti(IV) by y-irradiation and thermal activation has been found to be useful

in characterizing the different Ti-sites in the structure of Ti-MCM-41 [140].

(g) Temperature programmed techniques
(i) Temperature programmed desorption of ammonia (TPDA)

This technique can be used to characterize the acid sites present in solids such
as zeolites and mesoporous materials. Probe molecules like ammonia or pyridine are
commonly used for acidity determination. Ammonia is frequently used because of its
size, stability and strong basic strength [141]. First the sample is contacted with the
base to neutralize the acid sites present. Then the temperature is raised at a constant
rate and the amount desorbed at different temperatures is recorded.

In a TPD spectrum, one or more peaks may be observed, the ones at low
temperatures corresponding to NH; desorbing from the weaker acidic sites and the
ones at higher temperatures corresponding to the stronger acidic sites. The areas under
these peaks give information about the amount of acidic sites of different acidity,
whereas the peak (-maximum-—) temperatures give information about the relative acid
strengths [142]. The TPD curves are deconvoluted into individual peaks and the areas
under the peaks are converted into meq NH; per g catalyst based on injection of

known volumes of NH5 at similar conditions.

(ii) Temperature programmed reduction (TPR) by hydrogen

TPR determines the number of reducible species present in the catalyst and
reveals the temperature at which the reduction occurs. In a TPR experiment, the
catalyst material is placed in a fixed bed reactor in a flow of a reducing gas mixture
(typically, argon or nitrogen containing a few volume percent of hydrogen) and

subjected to a linear temperature ramp. The consumption of H, by adsorption/reaction
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is continuously measured by monitoring the change in composition of the gas mixture
after passing through the reactor. The degree of reduction can be calculated from the

amount of H, consumed.

(h) Scanning electron microscopy (SEM)

This is an important tool for morphological characterization of microporous
and mesoporous molecular sieve materials. Different types of morphology of the
synthesized materials as well as the presence of any amorphous phase in the samples

can be identified using this technique.

(i) Transmission electron microscopy (TEM)

TEM is used to elucidate the pore structure of mesoporous molecular sieves. It
provides topographic information of materials at near atomic resolution. However, the
exact analysis of pore sizes and thickness of the pore walls is difficult and not
possible without additional simulations because of the ‘focus’ problem. HRTEM has
been successfully used to examine the microstructural feature of mesoporous
molecular sieves [143]. In addition to structural characterization, it can also be used to

detect the location of metal clusters and heavy cations in the framework.

(j) Thermal analysis

Thermal analysis is widely used to study the structural stability of as-
synthesized forms of molecular sieves. It provides information about the temperature
required for the removal of adsorbed water, decomposition of the occluded organic
cations in the pores and channels of molecular sieves and dehydroxylation at higher
temperatures to produce Lewis acid sites. Data obtained from TG, DTA and DTG
study are useful in evaluating the thermal properties of molecular sieves [144]. The
temperature at which an exotherm appears in the DTA after the loss of water
molecules, gives helpful information about the temperature required to remove the
template molecules from the pores of the molecular sieves during calcination. Phase
transformations are detected by differential thermal analysis (DTA) at higher

temperatures.
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1.6 CATALYTIC APPLICATIONS

The high surface area and large pore size of MCM-41 and SBA-15 favour

high dispersion of the active species and provide easy accessibility to large feed stock

molecules making them attractive supports and catalysts. Other potential applications

for these novel materials are in sorption, separations, polymer chemistry etc.

Mesoporous materials with narrow pore size distribution may in future replace zeolite

catalysts in some commercial applications and in a few research applications they

have already been reported to possess superior performance compared to conventional

microporous zeolites or amorphous silica—alumina catalysts. To date, several

mesoporous materials with significant catalytic properties have been synthesized.

Some of the reactions studied on different silicate and metallosilicate molecular sieves

are listed in Table 1.4.

Table 1.4 Catalytic applications of mesoporous molecular sieve catalysts

No Catalyst

Reaction [Reference]

1

Al-MCM-41 Alkylation of 2,4-di-ter-butyl phenol with cinnamyl
alcohol [18]
2.  Al-MCM-41 Alkylation of unsubstituted phenol with methanol
[145]
3. Ti, V, Cr, Mn, Fe or Liquid phase oxidation of cyclohexane [146]
Co- MCM-41
4 MCM-A41 Cracking of palm oil and asphalthene [147]
5. Sulfated-ZrO,-on Cumene and 1,3,5-triisopropylbenzene cracking
MCM-41 [148]
6.  Sulfated-ZrO,-on Condensation of tert-butanol and methanol to yield
SBA-15 MTBE [103]
7.  Siliceous MCM-41 Acetalization of cyclohexanone with methanol [149]
8. Heteropolyacids Cracking of 1,3,5-triisopropylbenzene [109 (d)]
/MCM-41
9.  AlCI3-grafted Benzene alkylation with linear 1-olefins with a chain
MCM-41 length of C¢ to Ci [150]
10. Ga/MCM-41, Friedel-Crafts alkylation of benzene with benzyl
Fe/MCM-41, chloride in liquid phase [151]
Al-MCM-41,
La-MCM-41
11. Siliceous/Al- Acetalization of heptanal, 2-phenylpropanal or
substituted MCM-41  diphenylacetaldehyde with trimethyl orthoformate
[152]
12. Al-MCM-41 Acetalization of heptanal with methanol to produce
jasminaldehyde [153]
13.  Al-substituted Diels—Alder reaction: cyclopentadiene +

mesoporous silica /
Al(OPri); grafted

crotonaldehyde, cyclopentadiene and methylacrylate
[154]
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14.

15.
16.

17.
18.
19.

20.
21.

22.
23.
24.
25.

26.
27.

28.

29.

30.
31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.

AI-MCM-41

Sn-MCM-41
Zr-1-propoxide
grafted SBA-15

Cs /AI-MCM-41
Cs/MCM-41

Ce/ MCM-41

Ti -MCM-41
(Tert-butoxy)siloxy
Ti-compds on MCM-
41 and SBA-15.
Fe/SBA-15

Mn /MCM-41

Fe, Cr, Co and Mo
containing MCM-41
VOx/ MCM-41
Sn(IV)! MCM-41
V-MCM-41
V-MCM-41 and V-
MCM-48
V-MCM-41,V/SBA-
15, Mo/ SBA-1
Nb-doped MCM-41
Ga,03; and In,Os3, on
MCM-41
MoS,/MCM-41,
Ni—-WS,/SBA-15
F6203/ MCM-41
MCM-41 supported
Ru-containing
bimetallic catalysts
Pd-grafted on
mesoporous silica
Co/MCM-41

Gold /MCM-41

Pt and Pd on CMK-1

Fe/Al-MCM-41
Fe/Al-HMS
MCM-41, MCM-48
and SBA-15
Mo-complex on
MCM-41

Ru, Rh and Pd
supported
mesoporous silica

A chiral copper(Il)
bisoxazoline
anchored to MCM-41

Beckmann rearrangement of cyclohexanone oxime to
give &-caprolactam [155]

Prins condensation of 3-pinene [156]
Meerwein—Ponndorf—Verley (MPV) reduction of a
carbonyl substrate with a sec. alcohol. [157]
Transesterification of triolein with glycerol [158]
Etherification of glycerol to di- or triglycerol [159]
Dehydration of cyclohexanol to cyclohexene [160]
Selective oxidations [161]

Cyclohexene epoxidation to cyclohexene oxide [162]

Oxidation of alkanes, alkenes and arenes [163]
Epoxidation of stilbene and diphenylmethane [164]
Oxidation of cyclohexane with H,O, or TBHP [165]

Hydroxylation of benzene to phenol [166]
Bayer—Villiger oxidation of adamantanone [167]
Dehydrogenation (ODH) of alkanes [168]

Partial oxidation of methane by air [169]
Formaldehyde from methanol [170]

Methanol oxidation [171]
Benzylation of benzene with benzyl chloride [172]

HDS of dibenzothiophene and hydrogenation of
toluene [173]

Oxidation of SO, [174]

Hydrogenation of benzoic acid to cyclohexane
carboxylic acid [175]

Heck type carbon—carbon bond formation [176]

CO hydrogenation [177]

Oxidation of CO and H, [178]

Hydrogenation of nitrobenzene, 2-ethylanthraquinone
[179]

Reduction of NO with NH3 [180]

Immobilization of trypsin [181]

Cyclooctene epoxidation [182]

Asymmetric hydrogenations catalyzed by diamine
complexes [183]

Asymmetric Diels—Alder or Friedel-Crafts reactions
[184]
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44.  Alkylammonium Knoevenagel condensations, Michael addition and

grafted MCM-41 condensation [185]
45. Immobilization of Selective oxidation of primary
TEMPO(2,2,6,6 alcohols to either carboxylates or aldehydes [186]
tetramethyl 1-
piperidinyloxy)  on
the MCM-41
1.7 SCOPE OF THE THESIS

Well ordered siliceous hexagonal mesoporous materials like MCM-41 [7] and
SBA-15 [8] have attracted much interest because of their high surface area, large pore
volume and well-defined pore size. These materials possess potential applications in
catalytic reactions involving bulky molecules in the refining, fine chemical and
pharmaceutical industries. MCM-41 has a low hydrothermal stability because its
inorganic oxide wall is disordered at the molecular level. SBA-15 materials have
higher hydrothermal stability than MCM-41 due to larger wall thickness; they also
possess larger pores than MCM-41. Different metal loaded MCM-41 and SBA-15
catalysts have been reported to be useful in acid catalysis, base catalysis and redox
catalysis. Though the incorporation of heteroatoms like Al, Ti and Sn during synthesis
is rather easy in MCM-41, it is difficult in SBA-15 due to the highly acidic medium
used for its synthesis. Hence post synthesis methods are generally used for metal
incorporation in SBA-15 [187].

In recent years, environmental considerations have directed the need for safe
solid catalysts and greener processes. In this context, a number of reactions such as
molecular rearrangements, alkylation, acylation, condensation and selective oxidation
reactions that are traditionally carried out using mineral acid catalysts and
stoichiometric oxidants need to be practiced over safe solid catalysts. It is therefore
proposed to investigate (in this work) the use of mesoporous catalysts based on MCM-

41 and SBA-15 in a number of reactions of industrial importance.

1.8 OBJECTIVES OF THE PRESENT INVESTIGATION
The objectives of the present work are:
1. Preparation of ordered hexagonal mesoporous catalysts such as MCM-41, Al-
MCM-41, Ga-MCM-41, Sn-MCM-41, Fe-MCM-41, V-MCM-41, SBA-15, Al-
SBA-15 and PW/SBA-15 through hydrothermal or post synthesis procedures.
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2. Characterization of the above mesoporous catalysts, by different
physicochemical techniques such as XRD, IR, UV-Vis, NMR, TPD, TPR, ESR
and adsorption studies.

3. Evaluating the catalytic activity of these materials in a number of typical acid
catalyzed reactions such as Claisen rearrangement, Beckmann rearrangement,
alkylation, acylation, Prins condensation and esterification.

4. To evaluate the activity of some of the metallosilicate mesoporous materials in
a typical selective oxidation reaction.

5. To evaluate the influence of different reaction parameters and to optimize the

reaction conditions for the above reactions.
A brief description of the specific reactions chosen in this study is given below:

(a) Claisen rearrangement: This involves the conversion of allyl phenyl ethers to the
corresponding o-allylphenols by heating the ethers at an elevated temperature (> 473
K). In the present work, it is proposed to use solid acid catalysts (e.g. AI-MCM-41) at
lower temperatures (< 383 K) to catalyze the rearrangement of allyl phenyl ether
(APE). Also, the reaction over an acid catalyst is expected to lead to cyclization of the
product (0-AP) into a benzofuran derivative. [188-189].

(b) Beckmann rearrangement: €-caprolactam, used in the manufacture of Nylon-6 is
normally prepared by the liquid phase Beckmann rearrangement of cyclohexanone
oxime [190]. In the present work, the rearrangement will be carried out over benign
solid acid catalysts (PW/SBA-15, AI-SBA-15 and AI-MCM-41) in the vapor phase.
(c) Friedel-Crafts acylation: This is a convenient route for the preparation of aromatic
ketones [191(a)]. The use of a solid acid eliminates the problems associated with the
classical Friedel-Crafts catalysts (AICls, BFs;, HF etc.), namely, poor selectivity for
the products, use of more than stiochiometric amount of catalysts and destruction of
the catalyst during work-up. It is proposed to investigate the acylation of anisole with
acetic anhydride over a number of acidic mesoporous catalysts.

(d) Alkylation of phenol: Many alkylphenols used in the manufacture of drugs,
pharmaceuticals, dye stuffs, pesticides paints and plastics are prepared commercially
by alkylation of phenol with alkylating agents. Among the several isopropylation
products of methylphenols, the m-cresol derived thymol is most important because it

is a precursor of menthol [191(b)], used in perfumery. In the present work, m-cresol
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isopropylation is investigated over modified mesoporous MCM-41 and SBA-15
catalysts.

(e) Esterification: p-Cresylphenyl acetate has wide applications in the fragrance
industry, beauty care and in the manufacture of floral soaps [192]. Esterification of p-
cresol with phenylaceticacid is now studied over PW/SBA-15 catalysts.

(f) Prins condensation: Nopol is an optically active bicyclic primary alcohol, useful in
the agrochemical industry for the synthesis of pesticides, soap fragrances and is
prepared by the Prins condensation of B-pinene with paraformaldehyde [193]. In the
present work, the use of solid acid catalysts such as Sn, Fe, V and Al modified MCM-
41 and Al-SBA-15 catalysts will be investigated for the above Prins condensation
reaction.

(g) Selective oxidation: Oxidation of ethylbenzene in the liquid phase will be studied
over Sn, Fe and V modified MCM-41 catalysts using HyO, and TBHP as the oxidants.
Both H,O, and TBHP are environmentally safe oxidants. Besides, the use of solid

catalysts should enable the easy work up of the reaction products.

1.9 OUTLINE OF THE THESIS
The thesis is divided into seven chapters:
Chapter I: Introduction

Chapter 1 presents a general introduction to the importance of environmentally
friendly solid acid catalysts, such as those based on MCM-41 and SBA-15. It also
summarizes the available literature on mesoporous molecular sieves. It describes the
synthesis strategies, the role of templating surfactants and the mechanisms proposed
for their synthesis. The characterization techniques used to study mesoporous
materials are described in brief. Some of the reported catalytic applications of ordered

mesoporous materials are listed.

Chapter II: Synthesis

Chapter 2 presents a general introduction to the different synthetic methods
used in the preparation of ordered mesoporous materials, such as MCM-41 and SBA-
15, and their modification. It also presents a list of the chemicals and materials used in
the synthesis of the different mesoporous catalysts. The chapter also describes the

procedures used in the preparation of different metal incorporated MCM-41 samples
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such as Al, Ga, Sn, Fe, and V-MCM-41 with different metal loadings by
hydrothermal synthesis. The preparation of SBA-15 catalysts such as AI-SBA-15 and
PWA/SBA-15 by post synthesis methods based on impregnation techniques is also

described.

Chapter III: Characterization

Chapter 3 presents the results of the characterization studies on the
mesoporous catalysts reported in chapter 2. AAS, ICP and XRF methods are used for
the estimation of the different metals loaded on MCM-41 and SBA-15. TEM and
SEM techniques are used to determine the morphology of the crystalline materials.
Nj,- sorption studies are used for the determination of surface area, pore diameter and
pore volume. Powder X-ray diffraction technique is used to identify the structure and
unit cell parameters. Temperature programmed desorption (TPD) of ammonia is used
for acidity measurements of the samples. ESR studies are performed over Fe and V-
MCM-41 catalysts. Solid state ¥Si MAS NMR spectra are recorded for MCM-41 and
SBA-15 catalysts. Al MAS NMR studies were performed over MCM-41 and SBA-
15 catalysts to probe the nature of Al. *'P NMR spectra are recorded for PW/SBA-15
catalysts. UV-Vis analysis is done for different MCM-41 type catalysts. The results of
the above studies are discussed critically to arrive at the characteristics of the different

catalysts.

Chapter IV: Claisen and Beckmann rearrangements

Chapter 4 is divided into two parts. Part 1 discusses the study of MCM-41 and
SBA-15 catalysts in the Claisen rearrangement of allyl phenyl ether (APE). The effect
of various reaction and catalyst parameters on conversion and product selectivity is
reported in detail over AI-MCM-41 catalysts [189]. A kinetic analysis of the
formation of the different products under various reaction conditions is also presented.
The reaction kinetics is analyzed assuming a first order consecutive reaction. 0-AP is
produced initially, which then undergoes cyclization to form 2, 3-dihydro-2-
methylbenzofuran [188]. Catalyst activity and product selectivity are examined for a
series of AI-MCM-41 catalysts with different Al-contents. A comparative study of the
activities of the AI-MCM-41, Ga-MCM-41, Al-SBA-15 and PW/SBA-15 catalysts in

the Claisen rearrangement of APE is also reported.
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Part 2 discusses the vapor phase Beckmann rearrangement of cyclohexanone
oxime to €-caprolactam [190] over modified MCM-41 and SBA-15 catalysts. The
effects of various reaction parameters such as temperature, time on stream, use of
different solvents, contact time and oxime concentration on transformation of oxime
is studied in detail over AI-SBA-15 catalysts with different Si/Al ratios. A comparison
of the activities of the AI-SBA-15, PW/SBA-15, AI-MCM-41, Ga-MCM-41, Sn-
MCM-41, Fe-MCM-41 and V-MCM-41 catalysts is also made.

Chapter V: Acylation and alkylation

Chapter 5 is also divided into two parts. Part 1 describes the Friedel-Crafts
acylation of anisole with acetic anhydride in the liquid phase over phosphotungstic
acid (PW) supported on SBA-15 in the temperature range of 333-373 K. The major
product of the reaction is p-methoxyacetophenone (p-MAP) with a small amount of o-
methoxyacetophenone (0-MAP). The effect of catalyst acidity on the Friedel-Crafts
acylation is investigated using PW/SBA-15 catalysts containing different amounts
(10-40 wt. %) of phosphotungstic acid. The activity of AI-MCM-41 and Al-SBA-15
samples is compared.

Part 2 discusses the vapor phase isopropylation of m-cresol to yield thymol
over MCM-41 and SBA-15 based catalysts. The influence of different reaction
parameters such as temperature, reactant mole ratio and space velocity is investigated
over these catalysts. The catalytic activity of AlI-SBA-15 is compared with AI-MCM-
41 and PW loaded SBA-15 catalysts.

Chapter VI: Other organic transformations

Chapter 6 contains 3 parts reporting the application of the mesoporous
catalysts in the esterification of p-cresol, Prins condensation and the oxidation of
ethylbenzene.

Part 1 presents the esterification [192] of p-cresol with phenyl acetic acid to p-
cresylphenyl acetate over PW loaded SBA-15 catalysts. The influence of various
reaction parameters such as temperature, reactant mole ratio, catalyst amount and
different PW loading is studied for PW/SBA-15 catalysts in the esterification of p-
cresol with phenyl acetic acid. The reaction is 100 % selective towards p-cresylphenyl

acetate.
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Part 2 is a study of Prins condensation [193] of [-pinene with
paraformaldehyde over metal containing MCM-41 and Al-SBA-15 catalysts to yield
Nopol (6, 6-dimethylbicyclo-(1, 1, 3)-hept-2-ene-2-ethanol). Sn-MCM-41 catalysts
show higher conversion and selectivity for Nopol compared to the other mesoporous
catalysts, Fe-MCM-41, V-MCM-41, Ga-MCM-41, AI-MCM-41 and Al-SBA-15.

Part 3 presents a brief study of the oxidation of ethylbenzene in the liquid
phase over MCM-41 modified catalysts, such as V-MCM-41, Fe-MCM-41 and Sn-
MCM-41. The influences of various reaction parameters such as temperature,
oxidizing agent, reactant mole ratio and catalyst amount on conversion and product
selectivity is reported. The major products of the reaction are acetophenone, 1-
phenylethanol and benzaldehyde. A small amount of phenyl acetaldehyde is also

produced.
Chapter VII: Summary and conclusions

Chapter 7 presents an overall summary of the work done and describes the

major findings of the studies.
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2.1 INTRODUCTION

Several synthesis methods have been proposed and successfully used to
synthesize mesoporous molecular sieves. These materials are normally synthesized by
hydrothermal methods, under autogenous pressure; their structures being obtained
from amorphous inorganic silica walls around the surfactant molecules. Hydrothermal
synthesis involves the mixing of organic molecules (surfactants), silica, and/or silica
alumina source to form a gel which is then crystallized at a temperature between 343-
423 K for a selected period of time. The product obtained after crystallization is
filtered, washed with deionised water and dried at ambient temperature. Surfactant
molecules are removed by calcination leaving a porous silicate/aluminosilicate
network. An alternative method for surfactant removal is based on the extraction of
the organic template. Hydrothermal treatment increases both the polymerization of the
silica precursor and the pore diameter of the mesoporous material. A higher degree of
polymerization tends to impart improved thermal stability. The polymerization of
inorganic species is normally achieved by adjusting the pH, and the reaction
temperature.

An important feature of the preparation of mesoporous materials is the role of
the templating agents. The templating molecules used are a self-assembled surfactant
molecular array around which the main structure is built up. One of the most unique
properties of mesoporous materials is the ability to tailor the pore diameter (15-100
A). This can be achieved in three different ways. 1) By varying the chain length of the
alkyl groups, 2) by adding auxiliary chemicals such as 1,3,5 tri-methylbenzene, which
dissolve in the hydrophobic region of the micelles increasing their size and 3) by
aging a sample prepared at a lower temperature in its mother liquor at a higher
temperature for different periods of time. Besides, the pore diameter of mesoporous
molecular sieves also depends on other factors such as temperature, pH, and
crystallization time.

MCM-41 type ordered mesoporous materials can be prepared under alkaline
[1-5], acidic [6, 10] and neutral [11] medium. Purely siliceous mesoporous molecular
sieves having neutral framework have limited applications. In order to impart catalytic
activity to the chemically inert mesoporous silicate framework, substitution of Si**
ions by other heteroatoms like Al, Ti, V, Sn etc. can be made during hydrothermal
synthesis or by impregnation of the heteroatom after the synthesis. SBA-15 reported

by Zhao et al. [12] possesses well ordered hexagonal mesoporous structure and
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possesses higher hydrothermal stability than MCM-41 due to a larger wall thickness.
Different metal loaded SBA-15 catalysts have been reported to be useful in alkylation
and oxidation reactions [13]. Incorporation of heteroatoms like Al, Ti, Sn etc. is
difficult in SBA-15 due to the highly acidic synthesis medium. Therefore, the general
route for metal incorporation in SBA-15 is the impregnation [14] method.

The present chapter describes the synthesis of MCM-41 and metal
incorporated MCM-41. It reports the substitution of the heteroatoms Al, Ga, Sn, Fe
and V by in-situ synthesis. It also describes the synthesis of SBA-15 and the
preparation of Al and PW (phosphotugnstic acid) loaded SBA-15 catalysts by the

impregnation method.

2.2 CHEMICALS AND REAGENTS USED
The chemical used in the synthesis of MCM-41 and SBA-15 catalysts are
listed in Table 2.1.

2.3 EXPERIMENTAL
2.3.1 Synthesis of MCM-41 type ordered mesoporous metallosilicate catalysts
MCM-41 type molecular sieve catalysts were prepared under hydrothermal
conditions in a Teflon lined autoclave under autogenous pressure in an alkaline
medium. In this preparation procedure, cetyltrimethlammonium bromide (CTMABT)
surfactant was used as the template. Tetramethylammonium hydroxide (TMAOH)
was used as the structure directing agent and mineralizer. Tetraethylorthosilicate
(TEOS) was used as the silica source.
In the present work, Si-MCM-41, AI-MCM-41, Ga-MCM-41, Sn-MCM-41,
Fe-MCM-41 and V-MCM-41 with different Si/M (M=Al, Ga, Sn, Fe, V) ratios were
prepared by direct synthesis.
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Table 2.1 List of chemicals and reagents used

Chemical/ reagent Source Chemical formula  Purity
(%)

Tetraethylorthosilicate (TEOS)  Aldrich Si(OC,Hs)4 99

Cetyltrimethlyammonium LOBA Chemie C¢H33N(CH3);Br 99

bromide (CTMABTr)

Tetramethylammonium Aldrich (CH3)4NOH 99

hydroxide (TMAOH) 25 wt.%

soln. in water

Aluminium sulfate s.d. Fine Chem.  Al(S0,4);.18 H,O 99

Stannic chloride Aldrich SnCls. SH,O 99

Gallium(III) nitrate hydrate Aldrich Ga(NO3);.xH,O 99.9

Vanadyl sulfate LOBA Chemie VOSO;. SH,O 98

Ferric nitrate LOBA Chemie Fe(NO3)3.9H,0 98

Pluronic (P123)-Triblock Aldrich EO,0PO70EOy 99

copolymer poly(ethylene

oxide)-poly(propylene

poly(ethylene oxide) Mol. Wt.

5800

Aluminium chloride s. d. Fine Chem. AICl; 99

Phosphotungstic acid LOBA Chemie H3:PW,040.xH,O 98

Conc. Hydrochloric acid s. d. Fine Chem. HCI 36-38

Methanol (Dry) s. d. Fine Chem. CH;OH 99.5

(a) Synthesis of Si-MCM-41

A silica analog of MCM-41 was prepared hydrothermally in alkaline medium
using a gel with molar composition, 1Si0,: 0.33 TMAOH: 0.55 CTMABr: 60 H,O
following a published method [15]. TEOS (20.83 g) was added drop-wise to an
aqueous solution containing 20.043 g of CTMABTr and 12.03 g of TMAOH (25 %) in

water under stirring. After the addition, the mixture was stirred for 5 h and was

transferred to a Teflon lined autoclave and heated at 383 K under autogenous pressure

for 5 days. The resultant solid product was filtered, washed with distilled water and
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then dried at ambient temperature. The as-synthesized material was calcined in air at
823 K for 8 h in a furnace whose temperature was raised slowly from ambient at the

rate of 1 K/min. The yield of Si-MCM-41 (after calcination) was 5.85 g.

(b) Synthesis of AI-MCM-41

Samples of AI-MCM-41 with different Si/Al ratios were prepared, using the
following molar gel composition, 1Si0,: 0.33 TMAOH: 0.55 CTMAB1: 60 H;O: x
Al,O3, where x varied from 0.025 - 0.0005 moles. The preparation procedure was
similar to that of Si-MCM-41 except that aluminum sulfate was added to the final gel
and stirred well for 5 h. Four samples with different Si/Al ratios (gel) of 20, 30, 50
and 100 were prepared. The gel was autoclaved at 383 K for 5 days. The as-
synthesized sample was calcined in air at 823 K for 8 h in a furnace whose
temperature was raised slowly from ambient at the rate of 1 K/min. The yield of Al-

MCM-41 (after calcination) was 6 g.

(c) Synthesis of M-MCM-41 (M= Ga, Sn, V and Fe)

M-MCM-41 samples with different Si/M ratios were prepared, using the
following gel composition: 1SiO;: 0.33 TMAOH: 0.55 CTMABr: 60 H,O: x M;0;3 or
MO; or M,Os where x varied from 0.001 - 0.00035 moles. The preparation procedure
was similar to that of Si-MCM-41 except that a salt of the heteroatom (M) was added
to the final (Si0O,) gel and stirred well for 5 h and the gel was kept at 373 K for 3 days.
The as-synthesized samples were calcined in air at 823 K for 8 h in a furnace whose
temperature was raised slowly from ambient at the rate of 1 K/min. The metal salts
used to incorporate the heteroatoms were gallium nitrate, tin chloride, vanadyl sulfate
and ferric nitrate for Ga, Sn, V, and Fe-MCM-41 samples, respectively. The Si/M
ratios (gel) used in the synthesis of the different metallosilicate samples were 20, 30

and 50. The yield of M-MCM-41 (after calcination) was 6 g.

2.3.2 Synthesis of SBA-15 type ordered mesoporous catalysts

SBA-15 type molecular sieve catalysts were synthesized under hydrothermal
conditions in Teflon lined autoclave under autogenous pressure in an acidic medium
(2 M HCI) following a published procedure [11]. In this, Pluronic (P123) triblock co-
polymer (Mol. Wt. 5800) was used as the template. TEOS was used as the silica

source. SBA-15 siliceous phase is synthesized in strongly acidic media (pH < 1).
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Since the Al-ions remain in solution in acidic medium, incorporation of Al into the
framework of SBA-15 by direct synthesis is difficult. This necessitates the use of
alternate post-synthesis methods [14]. In the present work, Al and PW supported

SBA-15 catalysts were prepared by impregnation.

(a) Synthesis of Si-SBA-15

Si-SBA-15 was synthesized by a hydrothermal method [12] using the gel
composition: 4 g P123: 0.041 mol TEOS: 0.24 mol HCI: 6.67 mol H,O. In a typical
synthesis, 4 g of an amphiphilic triblock copolymer, Pluronic P123 (average mol.wt.-
5800, Aldrich) was dispersed in 30 g of water and 120 g of 2 M HCI solution by
stirring. TEOS (8.5 g, Aldrich) was added slowly to the mixture with continuous
stirring. The gel mixture was stirred at 313 K for 24 h and finally crystallized in a
Teflon lined autoclave at 373 K for 48 h. After crystallization, the solid white product
was filtered, washed several times with deionized water and dried at ambient
temperature. The material was calcined at 823 K for 6 h in air in a furnace whose
temperature was raised from ambient at a rate of 1 K/min. The yield of Si-SBA-15

(after calcination) was 2.45 g.

(b) Synthesis of AI-SBA-15

Aluminium containing SBA-15 samples Al-SBA-15 with Si/Al ratios of 9, 20,
30, 46 and 71 were prepared by a post-synthesis method using AlCl; as the aluminium
source. In a typical preparation, 1 g of freshly calcined SBA-15 was combined with
30 ml of dry methanol containing the required amount of AICl; under continuous
stirring. The mixture was refluxed for 24 h and the solvent was evaporated on a
rotavapor. The material was then heated in a furnace at the rate of 1 K/min and

calcined at 823 K for 6 h.

(c) Synthesis of phosphotungstic acid (PW) supported SBA-15 catalysts
H3PW,04/SBA-15 (PW/SBA-15) with different PW loadings of 10, 20, 30

and 40 wt % were prepared by a wet impregnation method. A weighed quantity of

freshly calcined SBA-15 was added to a methanolic solution of PW and refluxed for

24 h. After evaporation of the solvent, it was dried at 373 K overnight.
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3.1 INTRODUCTION
In the present chapter, the characterization of the catalysts by different
techniques is described. A brief description of the characterization techniques used

and the results obtained are presented.

3.2 EXPERIMENTAL
(a) X-ray diffraction

Small angle X-ray diffraction patterns of as synthesized and calcined samples
were obtained using a Rigaku Dmax 2500 diffractometer and Ni filtered Cu radiation
at 40 Kv and 150 mA. Samples were scanned in the 26 range of 0.5 to 5°. Wide angle
X-ray diffraction patterns of as synthesized and calcined samples were recorded on
Rigaku D/MINI- flex x-ray diffractometer (40 kV, 20 mA, Ni filtered Cu-Ka). The
samples were scanned in the 20 range of 5 to 60°. The samples were prepared as thin

layers on glass or aluminium plates.

(b) Chemical analysis

Chemical compositions of the calcined mesoporous samples were determined
by different techniques. A wavelength dispersive X-ray fluorescence spectrometer
(XRF) (Rigaku 3070E with Rh target energized at 50 kV and 40 mA was used in the
analysis of many elements). For XRF analysis, K. lines were selected. For the
analysis of Si and Al, a pentaerythrital (PET) crystal was used whereas for the
analysis of Sn, a lithium fluoride (LiF) crystal was used. Atomic absorption
spectrometry (Hitachi, Model Z 8000, and Polarized Zeeman Spectrophotometer) was
used to estimate Fe, V and W. For Ga estimation, inductively coupled plasma-optical

emission spectroscopy (ICP-OES) was used.

(c) Adsorption measurements

Nitrogen adsorption-desorption isotherms were obtained at 77 K using a
commercial instrument (Quanta chrome NOVA 1200 analyzer). The specific surface
area, Aggr = Vim.N.A, where, Vm is the monolayer volume, N is the Avogadro
number, and A, is the cross-sectional area of the adsorbent, was determined from the
linear part of the BET equation (p/pg = 0.05-0.3). The calculation of the pore size

distribution (PSD) was performed using the desorption branches of the N, adsorption
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isotherm and the Barrett-Joyner-Halenda (BJH) formula. The cumulative surface area,
Sgiu, and the cumulative pore volume, Vgjy, were obtained from the PSD curves. The

specific mesopore diameter, Dgjy, was calculated as 4Vpyy /Spjn.

(d)Transmission electron microscopy (TEM)
Transmission electron microscopic (TEM) pictures of the calcined samples
were obtained by suspending them in isopropanol and placing on a polymer coated

copper grid (JEOL 2000 FX). Images were recorded on conventional sheet films.

(e) Scanning electron microscopy (SEM)

The crystallite size and morphology of the SBA-15 samples were determined
by a scanning electron microscope (SEM; Leica/ LEO, Stereoscan 440). The samples
were sputtered with gold to prevent surface charging and to protect from thermal

damage from the electron beam.

(f)Thermogravimetry

TG/DTG analysis of the as-synthesized samples was carried out using a
computer controlled Mettler TG-50 type thermal analyzer. A linear rate of heating of
10 K min™' from room temperature to 1000 K in airflow (30 ml min™") was employed
to find out the temperature of decomposition of the organic additives, the thermal

stability of the molecular sieves and weight loss.

(g) Fourier-transform infra-red (FTIR) spectroscopy
The FTIR spectra were recorded in the 400-4000 cm’ range on a Shimadzu
FTIR-8201 PC in DRS (diffuse reflectance spectrum) mode.

(h) Diffuse reflectance UV-Vis spectroscopy
The UV-Visible spectra were recorded in the range of 200-800 nm (Shimadzu;
Model UV-2101 PC) using barium sulphate as the reference.

(i) Electron spin resonance (ESR) spectroscopy
The ESR spectra were recorded at room temperature (298 K) on a Bruker

EMX spectrometer operating at X-band frequency and 100 KHz field modulation.
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Microwave frequency was calibrated using a frequency counter fitted in the
microwave bridge (Bruker ER 041XG-D) and the magnetic field was calibrated by a
(ER 035M NMR) Gauss meter.

(j) Nuclear magnetic resonance (NMR) spectroscopy

The solid state magic angle spinning (MAS) NMR spectra were obtained on a
Bruker MSL-300 FT NMR spectrometer. For 7TAl signal, aluminium nitrate was used
as the reference compound, *’Si MAS NMR spectra were recorded on Bruker MSL-
300 FT NMR spectrometer; TEOS was used as reference for »Si.

’'P MAS NMR spectra were recorded on Bruker DSX-300 spectrometer at
121.5 MHz with a Bruker 4-mm probe head. The spinning rate was 10 KHz and the
delay between two pulses was varied between 1 and 30 s to ensure complete
relaxation of the *'P nuclei. The chemical shifts are given relative to external 85 %

H;PO,.

(k) Temperature programmed desorption (TPD) of ammonia

Acidity of the samples was characterized by the TPD of adsorbed NHj
(Micromeritics, Autochem 2910). The standard procedure for TPD measurements
involved the activation of the sample in flowing He at 873 K (3 h), cooling to 298 K
adsorbing NHj3 from a stream of He-NH3 (10 %), removing the physically adsorbed
NH; by desorbing in He at 373 K for 1 h and finally carrying out the TPD experiment
by raising the temperature of the catalyst in a programmed manner 10 K min™. The
TPD curves were deconvoluted into two peaks and the areas under the peaks were
converted into meq NH; per g catalyst based on injection of known volumes of the

He-NHj; mixture at similar conditions.

(I) Temperature programmed reduction (TPR)

Temperature programmed reduction was carried out on a Micromeritics
Autochem 2910 catalyst characterization system equipped with a TCD detector. The
reduction was carried out in 5 % Hy,/Ar gas mixture flowing through the reactor at the
rate of 20 ml/min. Approximately 0.1 g of the calcined sample was used for the

analysis. The temperature was then increased to 1073 K at heating rate of 10 K min™.
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3.3 RESULTS AND DISCUSSION
3.3.1 MCM-41 type mesoporous metallosilicate catalysts

This section of the chapter discusses the results of the characterization of Si-
MCM-41, AI-MCM-41, Ga-MCM-41, Sn-MCM-41, Fe-MCM-41 and V-MCM-41.

The procedure for the synthesis of these catalysts was described in chapter 2.

(a) Composition of the samples

The actual compositions (Si/M) of the calcined metallosilicates were estimated
by XRF for AI-MCM-41, Sn-MCM-41 and V-MCM-41, by ICP for Ga-MCM-41, and
by AAS for Fe-MCM-41. The Si/M ratios of the gels and the actual values obtained
for the calcined samples are presented in Tables 3.1, 3.2 and 3.3 for the various
metallosilicates. In all the tables, figures and texts in the thesis, the samples are
identified by the measured Si/M ratio given in brackets and the name of the
metallosilicate (Tables 3.1, 3.2 and 3.3).

It is noticed that the Si/M ratios of the calcined samples and the gels used for
their synthesis are reasonably similar (difference being within 10 %) in the case of Al,
Ga, Sn and Fe, while it is substantially different in the case of V, the values being
nearly double for the calcined samples compared to the gels. The Si/M values of
nearly all the calcined samples are larger than those of the input gels suggesting only
partial incorporation of the metal atoms in the metallosilicates. The poor incorporation
of V is due to the existence of V as V°* ions in the alkaline medium used in the
synthesis and the difficulty in incorporating pentavalent ions in a lattice of tetravalent
ions. The V°* ions present in the samples are presumably linked to three Si-ions
(through V-O-Si linkages), the remaining valencies of V being satisfied by a V=0
bond. Such a configuration for V> will be possible if the ions are present at the

surface layer or inside the walls in defect sites.

(b) X-ray diffraction

The XRD-patterns of the as-synthesized and calcined samples, Si-MCM-41
and AI-MCM-41 are presented in Figure 3.1, those of Sn and Ga-MCM-41 are
presented in Figure 3.2, and those of V and Fe-MCM-41 are presented in Figure 3.3.
The XRD patterns are similar to those reported for MCM-41 [1] and consist of low
angle (110) and (200) lines in all the samples characteristic of long-range order of

crystallinity in the materials. Kresge et al. [1] indexed these lines for a hexagonal unit
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cell whose parameter was calculated using the equation a, = dlo()/\/& The results of
the XRD analysis are presented in Tables 3.1, 3.2 and 3.3 for AI-MCM-41, Sn and
Ga-MCM-41, and V and Fe-MCM-41, respectively. The data of Si-MCM-41 is also
presented in all the tables for comparison purposes. One uniform observation is that
the djoo values of all the metallosilicates are shifted to higher values compared to Si-
MCM-41. This is probably due to the substitution of Si** by the larger heteroatoms
A", Sn**, Ga™, V*" and Fe®" (ionic radius values are shown in Table 3.0) in the
walls (“framework”) of MCM-41 and the consequent replacement of the shorter Si-O
bonds by the longer M-O bonds causing an expansion of the unit cell (a,) [2]. The
change in the T-O-T bond angle on heteroatom substitution probably causes some
long-range disorder in the system leading generally to slightly broader XRD lines for
the metallosilicates compared to the parent Si-MCM-41 (Fig. 3.1, 3.2 and 3.3). On
calcination, the d;go values of all the samples become smaller due to shrinkage of the
unit cell as a result of the removal of the template and condensation of some Si—~OH
groups at the surface. The changes in djoo and a, values on calcination in the case of
Si- and AI-MCM-41 are presented in Table 3.1, for Sn-, Ga-MCM-41 in Table 3.2
and for V-, Fe-MCM-41 in Table 3.3.

Table 3.0 Ionic radii of metal ions

Metal ion C.N. Ionic Metal ion C.N. Ionic radius
radius (A) (A)
Si** IV 026 Vv v 0.35
AP* IV 039 VI 0.54
Ga™ IV 047 v VI 0.38
VI 0.62 Fe®* v 0.63
Sn** IV 055 Fe'* v 0.49
VI 0.69

(C.N. = Co-ordination number)

69



g (A) (B)
g g All Sili
= & All Silica ica
= /\M‘ Si/Al=110 | ~ Si/Al =110 |
s =
~ <
> ~
> > )
& SVAI=53 | Si/Al =53
3 c
= 3
- =
. o
/\\‘\ e Si/Al =31
SVAL=21 /\_k Si/Al =21
2 4 6 § 10 2 4 6 8 10
20 20

Figure 3.1 XRD patterns of (A) as synthesized and (B) calcined Si-MCM-41 and Al-
MCM-41 with different Si/Al ratios.

Table 3.1 Composition and structural properties of Si- and AI-MCM-41 samples

Sample Si/Al dioo (A) Unit cell Wall
parameter * thick.
a0’ (A) (A)
Input XRF As Cal. As Cal.
gel Cal. synth. synth.
Si-MCM-41 - - 36.8 350 424 404 119
Al-MCM-41(110) 100 110 38.0 320 439 369 9.7
Al-MCM-41(53) 50 532 398 384 459 443 143
Al-MCM-41(31) 30 31.0 40.5 396 467 444 121
Al-MCM-41(21) 20 20.8 43.7 409 504 472 135

a- Unit cell parameter ap= 2d;00/V3: b- Wall thickness = aj - Pore diameter (from

adsorption studies).
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Figure 3.2 XRD patterns of calcined (A) Sn-MCM-41 and (B) Ga-MCM-41 with

different Si/Sn and Si/Ga ratios respectively.

Table 3.2 Physicochemical properties of Si-, Sn- and Ga-MCM-41 (calcined)

Sample Si/M digo  Unit SBET Av. Wall Pore
Input By By (A) cell (m2/ g) pore thick.®  vol.
gel  XRF ICP para.” diam. (A)  Vgm

‘ag’ Dgin (cclg)
(A) (&)

Si-MCM-41 - - 350 404 975 30,0 104 1.06

Sn-MCM-41(49) 50 49.1 - 342 395 1064 255 140 0.71

Sn-MCM41 (37) 30 37.1 - 343 396 1063 268 128 0.68

Sn-MCM-41(22) 20 223 - 374 432 1024 278 154 0.71

Ga-MCM-41(54) 50 - 536 340 392 1085 282 11.0 0.76

Ga-MCM-41(33) 30 - 325 347 40.1 905 28.7 114 0.65

Ga-MCM-41(20) 20 - 203 39.1 451 1184 316 134 1.36

a- Calculated by the equation, ay= 2d;00/V3; b-Wall thickness = ao- Pore diameter.
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Figure 3.3 XRD patterns of calcined (A) V-MCM-41 and (B) Fe-MCM-41 with

different Si/V and Si/Fe ratios respectively.

Table 3.3 Physicochemical properties of Si-, V- and Fe-MCM-41 (calcined)

Sample Si/M digp  Unit SBET Av. Wall Pore
(A) cell (m*/ g) pore thick.”  vol.
Input XRF AAS para.’ dia. (A)  Vam
gel ‘ap’ Dgn (cc/g)
(&) (&)
Si-MCM-41 - - - 350 404 975 30,0 104 1.06
V-MCM-41(99) 50 985 - 322 372 1131 278 94 0.78
V-MCM-41(82) 30 819 - 36.2 41.8 1109 30.7 11.1 0.85
V-MCM-41(46) 20 45.8 - 409 472 932 33.7 135 0.79
Fe-MCM-41(55) 50 - 545 36.8 425 1145 281 177 0.80
Fe-MCM-41(28) 30 - 28.0 374 432 1283 345 183 1.33
Fe-MCM-41(20) 20 - 20.2 38.7 447 1056 47.1 204 1.24

a- Calculated by the equation, ay= 2d100/\/ 3; b- Wall thickness = ag- Pore diameter.
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(c) Nitrogen sorption

The N, adsorption-desorption isotherms of Si-MCM-41 and all the
metallosilicates are typically of the type IV with a hysterisis loop characteristic of
mesoporous materials (Figure 3.4 for Si- and AI-MCM-41, 3.5 for Sn-, 3.6 for Ga-,
3.7 for V- and 3.8 for Fe-MCM-41). The isotherms exhibit three stages. The first
stage is due to monolayer adsorption of nitrogen on the walls of the mesopores at low
relative pressures (p/pp < 0.2). The second stage is characterized by a steep increase in
adsorption (p/pp > 0.2). As the relative pressure increases, the isotherm exhibits a
sharp inflection characteristic of capillary condensation within the uniform
mesopores. The p/py at the inflection is related to the diameter of the mesopore [3] and
the steepness of this step indicates the uniformity of pore size distribution. The third
stage in the adsorption isotherm is the gradual increase in volume with p/py due to
multilayer adsorption on the outer surface of the particles. The near coincidence of the
two branches of the isotherm can be ascribed to the similar high degree of spontaneity
(reversibility) of the adsorption and desorption process.

The surface area and average pore diameters of Si-MCM-41 and the
metallosilicates with different Si/M ratios are given in Table 3.2 (Ga and Sn) 3.3 (V
and Fe), and 3.4 (Al). It is generally found that with increasing M content, the pore
diameter increases, while the surface area decreases with increasing M content. It is
generally perceived that the BET equation may not be accurate to derive surface areas
from materials with narrow pore diameters (such as MCM-41) due to the limited
number of adsorbate layers possible on the surface. However, the BET areas are still
useful to compare the characteristics of different mesoporous materials in a relative
manner even though the values may not be accurate in an “absolute” sense. The pore
size distributions of calcined Si-MCM-41 and the metallosilicates are also presented
in the Figures 3.4 to 3.8. The figures show that all the materials possess pores of
nearly uniform size with a narrow distribution. However, the distribution becomes
broader, in general, with increase in the metal content due to the greater disorderliness

arising from the insertion of the heteroatom inside the silicate walls.
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Figure 3.5 Nitrogen adsorption-desorption isotherms and corresponding pore size

distribution of calcined Sn-MCM-41 with Si/Sn ratios of 49, 37 and 22.
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Figure 3.6 Nitrogen adsorption-desorption isotherms and corresponding pore size

distribution of calcined Ga-MCM-41 with Si/Ga ratios of 54, 33 and 20.
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Figure 3.7 Nitrogen adsorption-desorption isotherms and corresponding pore size

distribution of calcined V-MCM-41 with different Si/V ratios of 99, 82 and 46.
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Figure 3.8 Nitrogen adsorption-desorption isotherms and corresponding pore size

distribution of calcined Fe-MCM-41 with different Si/Fe ratios of 55, 28, and 20.
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Table 3.4 Adsorption and acidity characteristics of Si- and AI-MCM-41 samples

Sample SBET Pore  Pore Acidity by TPD of NHj3 NHy/Al?
(mz/g) diam. vol. (mmol/ g) (mmol/g)

Dejn Ve Weak  Strong Total
(A) (cc/g) acidity acidity acidity

Si-MCM-41 1094  28.6 0.78 - - 0.0036 -

Al-MCM-41(110) 1219  27.2  0.83 0.042 0.058 0.100 0.39
Al-MCM-41(53) 996 30.0 0.89 0.064 0.093 0.157 0.30
Al-MCM-41(31) 873 314  0.69 0.091 0.134 0.225 0.26
Al-MCM-41(21) 785 33.7  0.66 0.098 0.152 0.250 0.20

* Moles of NH; desorbed from strong acid sites / mol of Al

(d)Temperature programmed desorption of ammonia (TPDA)

The TPD profiles of AI-MCM-41 with different Si/Al ratios are presented in
Figure 3.9 The amount of strong and weak acid sites in AI-MCM-41 with different
Si/Al ratios, estimated from the deconvoluted TPD curves are given in Table 3.4. The
table shows that the total number of acid sites including the strong and the weak acid
sites increase with Al content [4]. The ratio of strong acid sites to weak acid sites also
increases with increase in Al content. Strong acid sites or Bronsted acid sites are
generated by tetrahedrally coordinated Al atoms forming Al-O(H)-Si bridges. The
increase in the ratio of strong to weak acid sites with Al content implies that most of
the added Al is tetrahedrally coordinated in the “framework” generating strong acid
sites. Assuming that the strong acid sites are directly related to the Al ions in the
samples, the ratio NH3/Al (mole of NH3 desorbed per mole Al) was calculated (Table
3.4). The results indicate an increase in the ratio with decreasing Al content,

suggesting an increasing dispersion of Al at higher Si/Al ratios.
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Figure 3.9 (a) Temperature programmed desorption of ammonia from Al-MCM-41

with different Si/Al ratios. (b) A typical deconvoluted plot for sample with Si/Al=21.

Table 3.5 Acidity of Sn-MCM-41 with different Sn contents by TPDA

Sample Weak acidity ~ Strong acidity Total acidity
(mmol/g) (mmol/g) (mmol/g)
Sn-MCM-41(49) 0.058 0.061 0.12
Sn-MCM-41(37) 0.043 0.098 0.14
Sn-MCM-41(22) 0.059 0.13 0.19
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Figure 3.10 Temperature programmed desorption of ammonia from (a) Sn-MCM-41

with different Si/Sn ratios and (b) Typical deconvoluted plot for sample Si/Sn=22.

The TPD profiles of Sn-MCM-41 with different Si/Sn ratios and a typical
deconvoluted plot for Si/Sn ratio of 22 are presented in Figure 3.10 (a) and (b),
respectively. The amount of strong and weak acid sites in Sn-MCM-41 with different
Si/Sn ratios, estimated from the deconvoluted TPD curves are given in Table 3.5. The

table shows that the total number of acid sites including the strong and the weak acid
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sites increase with metal content. The ratio of strong acid sites to weak acid sites also
increases with increase in Sn content. One would expect that the substitution of a
tetravalent ion (like Sn**) in the framework will not create any Bronsted acid sites
(unlike in the case of AI’*). Therefore, it is likely that the observed acidity is due to
the Lewis acid character of Sn** and from defect Si—-OH groups created due to Sn**

incorporation. In any case, the origin of acidity in these samples is not clear.

—— V-MCM-41(99)
______ V-MCM-41(82)
oo V-MCM-41(46)

E

&
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Figure 3.11 Temperature programmed desorption of ammonia from V-MCM-41 with

different Si/V ratios.

Table 3.6 Acidity of V-MCM-41 with different V contents by TPDA

Sample Metal content Total acidity
calcined sample by TPD of NHj;

(mmol/g) (mmol/g)
V-MCM-41 (99) 0.199 0.04
V-MCM-41 (82) 0.239 0.058
V-MCM-41 (46) 0.429 0.11
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The TPD profile of V-MCM-41 with different Si/V ratios is presented in
Figure 3.11. The number of acid sites increases slightly with the V content. The total
acidity for V-MCM-41 is shown in Table 3.6. The origin and nature of the acid sites
in V-MCM-41 are not clear. It is likely that the acid sites arise from V* Lewis acid

centers and from —OH groups associated with V-ions.

(e) Nuclear Magnetic Resonance Spectroscopy
(i) Al MAS NMR

Al MAS NMR spectrum of AI-MCM-41 with Si/Al ratio 21 reveals 2 peaks
(Figure 3.12). The major peak with a chemical shift of 52.52 ppm is assigned to
tetrahedrally coordinated Al presumably present in the AI-MCM-41 framework. The
small peak at ~ 0 ppm is due to octahedrally co-ordinated (non-framework) Al present
in the material [5]. The spectrum shows that most of the Al in AI-MCM-41 is
tetrahedrally co-ordinated even at a high Al content (Si/Al = 21), and only a small

amount of non-framework Al is present in the material.

52.52

AI-MCM-41( 7Al)
Si/Al=21

T T y T y T T T T T T
300 200 100 0 -100  -200  -300
ppm

Figure 3.12 *’A1-MAS NMR spectrum of calcined AI-MCM-41 with Si/Al=21.
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Figure 3.13 ’Si MAS NMR spectra of (a) Si-MCM-41 and (b) AI-MCM-41 with
Si/Al=21.

(ii) ©Si MAS NMR

*Si MAS NMR spectra of Si-MCM-41 and of AI-MCM-41(21) are shown in
Figure 3.13. For purely siliceous MCM-41, we can observe the well resolved main
peaks of Q*at -109.37 ppm corresponding to Si(40OSi), Q*at-102 ppm ,corresponding
to Si(30Si)OH) and a weak peak of Q? at —-90.36 ppm corresponding to Si(20Si)OH)
units respectively. The incorporation of Al into the MCM-41 framework decreases the
resolution of the *Si MAS NMR spectrum and a single peak at —107 ppm is observed
with shoulders at —100.5 and —90.37 ppm, which correspond to Q4, Q3 , and Q2
respectively. These observations indicate the incorporation of Al into the MCM-41

“framework’ [5].
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(f) Diffuse reflectance UV-Visible spectroscopy

The UV-Vis spectra of calcined Sn-MCM-41 samples with different Si/Sn
ratios and of SnO, are presented in Figure 3.14 (A). Sn-MCM-41 samples show a
characteristic absorption band at around 208 + 5 nm. The intensity of this absorption
band increases with increasing Sn content. This band is reported to be due to the
presence of Sn in tetrahedral coordination [6], which suggests that it is located in the
walls (“framework’) made up of Si** ions. The band at ~230 nm is attributed to the
presence of small amounts of poorly dispersed (probably hexa- coordinated) Sn
species at higher metal loadings. SnO, shows a broad absorption band at 280 + 5 nm
assigned to hexa- coordinated Sn-O-Sn type of polymeric species. These observations

are similar to those made by Mal et al. for Sn-MFI molecular sieves [7].

(A) (B)

f

Absorbance (a.u.)
o o (@
Absorbance (a.u.)

f

a a

=
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200 | 300 400 _ 500 600 200 300 400 500 600 700 800
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Figure 3.14 (A) UV-Visible spectra of calcined a) Si-MCM-41, b) Sn-MCM-41(49),
¢) Sn-MCM-41(37), d) Sn-MCM-41 (22) and e) SnO,. (B) UV-Visible spectra of
calcined a) Si-MCM-41, b) Ga-MCM-41(54), ¢) Ga-MCM-41(33), and d) Ga-MCM-
41 (20).
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Figure 3.15 (A) UV-Visible spectra of calcined a) Si-MCM-41, b) V-MCM-41(99), ¢)
V-MCM-41(82), d) V-MCM-41 (46) and e) V,0s. (B) UV-Visible spectra of calcined
a) Si-MCM-41, b) Fe-MCM-41(55), c) Fe-MCM-41(28), d) Fe-MCM-41 (20) and e)
Fe,0;.

The UV-Vis spectra of calcined Ga-MCM-41 samples with different Si/Ga
ratios are presented in Figure 3.14 (B). Ga-MCM-41 samples show a characteristic
absorption band at around 216 + 2 nm. The intensity of this absorption band increases
with increasing Ga content indicating that the Ga™ jons are in tetrahedral co-
ordination presumably in the “framework”. Again, the presence of a band at 260 nm
shows that small amounts of poorly dispersed, probably hexa- coordinated Ga species

(Gay03) also exist at higher metal contents.

UV-Vis spectra of calcined V-MCM-41 samples with different Si/V ratios and
of V,0s are presented in Figure 3.15 (A). The reported assignments for different V-
species are presented in Table 3.7. All the samples show two characteristic bands,

one at about 250-260 nm corresponding to V>* (Td) in the framework and another in

86



the 360-370 nm range indicating the presence of Td — Vv species with V=0 bonds
[8,9]. Off-white as synthesized V-MCM-41 samples upon calcination changed to
white. But after exposure to air a colour change was observed as shown in Table 3.8.
This indicates additional co-ordination of water molecules to the V°* ions. On the
basis of these assignments, one may conclude that the charge transfer band observed
at around 360-370 nm is due to V' ions with a short V=0 double bond and three
longer V-O bonds [8, 9]. These bands may be assigned to square pyramidal or
octahedral V* species on the wall surfaces. It appears that upon exposure to air, the
Td geometry of V first changes to square pyramidal and then to octahedral. Pure V,0s
exhibits 2 bands at around 340 and 470 nm that are attributed to V>* (Td) in the
surface and V>* (Oy) respectively. As per the previous reports, the low energy charge
transfer band (LCT, O— V electron transfer) shows bands at around 330-500 nm
which corresponds to V>*in an Oy, environment [9]. The LCT transition for V* shows
an absorption band at 250-285 nm. [10]. Also, the bands at 295 and 340 nm have been
assigned to O — V electron transfer (n)t,—(d)e and (n)t;— (d)e, respectively, for V-
silicalite samples [11].

The UV-Vis spectra of as-synthesized samples of Fe-MCM-41 reveal
absorption bands at 220 and 245 nm. For the calcined samples (shown in Figure 3.15
(B)), a shift in the absorption band is observed at ~250-260 nm for Si/Fe = 55 and 28.
This band is due to tetrahedrally co-ordinated Fe species and assigned to dn-pm charge
transfer between Fe and O atoms in the framework of Fe-O-Si in the zeolite [12]. At
higher Fe loading, one more extra band is observed at 350 nm for Si/Fe = 20, which is

due to the presence of extra framework Fe or Fe oxide clusters.

Table 3.7 Assignment of UV-Vis adsorption bands of V-ions in V-MCM-41

Band position Metal oxidation state (Ionic Type of transition =~ Reference

(nm) environment)

250-260 vt (Td) in the framework C.T. O >V [9, 10]
340 V>* (Td) in the surface CT.O->V [9,11]
450 V>*(Distorted Op) - [11]
330-500 V*(Op) CT. O—-V [8,9]
605 V*(Td) - [9,11]
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Table 3.8 Colors of V and Fe-MCM-41 samples

Sample Name As synthesized  Calcined  Rehydrated

Si-MCM-41 White White White
V-MCM-41(99) Off- white White Pale yellow
V-MCM-41(82) Off- white White Pale green
V-MCM-41(46) Off- white White Green
Fe-MCM-41(55) White White White
Fe-MCM-41(28)  White Off-white  Off-white
Fe-MCM-41(20)  White Brown Brown

Co-ordination environment of V and Fe: The V-MCM-41 samples with different Si/V

ratios show (Table 3.8) different colors depending on their hydration state. As
synthesized samples are of off-white. After calcination they turn white. But these
samples change color again after exposure to ambient atmosphere. V species are
easily affected by moisture in the air and change from distorted tetrahedral to
probably square-pyramidal co-ordination by the co-ordination of H,O or OH. The
accessibility of the V-species to ambient moisture suggests that they are probably
dispersed at or above the surface of the pore walls.

All as-synthesized Fe-MCM-41 samples are (Table 3.8) white suggesting that
no bulk Fe oxide exists and all Fe cations are probably incorporated inside the
“framework” after hydrothermal synthesis. The white colour was retained after
calcination of the low Fe-content (Si/Fe = 55) sample. Fe-MCM-41 (Si/Fe = 28) was
off-white suggesting the presence of some extra framework ions, while at a higher Fe
content, Fe-MCM-41 (Si/Fe = 20) turns brown suggesting the presence of aggregated

Fe-oxide clusters in the sample.

(g) TG/DTG

Figure 3.16 shows the TG/DTG curves of MCM-41 samples. It is found that
there are three main weight losses for the MCM-41 materials. The first weight loss
between 323 K and 423 K is due to adsorbed water, the second weight loss between
423 K and 573 K is due to the decomposition of the organic species and the small
peak at 723 K may be due to the condensation of silanol groups or removal of coke

during the calcination process. The weight loss due to the template increases with
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aluminum content of the samples (Figure 3.16 (a)). Besides, the peak minimum of the
differential thermogram (DTG- Figure 3.16 (b)) due to template removal is shifted to
higher temperatures with increasing Al-content suggesting a stronger interaction of

the template with the Al-species.
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Figure 3.16 (a) TG plots of (A) Si/Al=21, (B) 53 and (C) Si-MCM-41; (b) DTG plots
of (A) Si/Al=21, (B) 53 and (C) Si-MCM-41.

(h) Electron microscopy
Figure 3.17 shows the TEM images of AI-MCM-41 with Si/Al ratio of 53 and

of pure Si-MCM-41. The samples reveal characteristic uniform pore sizes as reported
by earlier workers [1].

SEM images of V-MCM-41(99) and Fe-MCM-41 (55) are shown in Figure
3.18. The V-MCM-41 sample exhibits rod like morphology with a relatively uniform
size of ~ 1um, which are randomly aggregated. Fe-MCM-41 is present as dispersed
spherical particles of ~ Ium. The particles are arranged uniformly to form a

mesophase.
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Figure 3.18 SEM images of calcined (a) V-MCM-41(99) and (b) Fe-MCM-41(55).

(i) Temperature programmed reduction (TPR)

The reducibility characteristics of the metal species are useful means for
detecting interactions between the metal and the support. The reduction of Fe-MCM-
41 samples was investigated by measuring the hydrogen uptake with increasing
temperature (Figure 3.19). The hydrogen uptake values and other data are presented in
Table 3.9. The uptake curves for Fe-MCM-41 samples with Si/Fe ratios of 55, 28 and
20 exhibit one broad maximum centered at 693, 701, and 703 K, respectively. Fe;O;
exhibits 2 peaks at 637 and 910 K. Only one electron transfer was reported to take
place (Fe** — Fe®*) during the reduction of Fe-MCM-41 samples with lower Fe
content, up to 923 K, which means that iron is stabilized in the mesoporous structure
and probably linked to the framework via oxygen ions [13]. The total hydrogen
consumption for Fe-MCM-41 samples increases with Fe content. At higher loadings,

the consumed hydrogen slightly exceeds the amount needed for the reduction of iron
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to the divalent state. Therefore, it appears that a small amount (less than 3 %) of the
incorporated iron may be reduced to the zero valent state in samples with high Fe

content.

Table 3.9 TPR measurements of V- and Fe-MCM-41 with different metal

contents

Sample Metal H; uptake T Max e/Me  Average
content *  (mmol/g) by TPR by oxidation
calcined upto840K (K) TPR  state
sample calculated by TPR
(mmol/g) by TPR

Si-MCM-41 - - - - -

V-MCM-41 (99) 0.199 0.1033 835 1.04 3.96

V-MCM-41 (82) 0.239 0.1628 827 1.36 3.64

V-MCM-41 (46) 0.429 0.2647 819 1.23  3.76

Fe-MCM-41(55) 0.328 0.1963 693 1.19  1.81

Fe-MCM-41(28) 0.639 0.2654 701 0.83 2.17

Fe-MCM-41(20) 0.886 0.4626 703 1.04 196

a- Fe estimated by AAS and V by XRF

The temperature programmed reduction profiles for V-MCM-41 with different
Si/V ratios and for pure V,0Os is presented in Figure 3.20. The sample with Si/V = 99
shows 3 distinct peaks at 485, 715, 832 K. V-MCM-41 (82) shows 3 peaks at 482,
713 and 825 K, while at a higher loading (V-MCM-41 (46)); only one peak at 819 K
is obtained. The results of the H, consumption for V incorporated MCM-41 catalysts
are presented in Table 3.9. It is found that H, uptake increases with metal content. In
principle, the hydrogen consumption observed could be due to an incomplete
reduction of V°* species to v species (i.e. partial reduction to V), the presence of
small amounts of V** or V** species and/or the presence of non reducible Al species
in the V-MCM-41 samples. An incomplete reduction of V* o VH* species was
reported by several authors for VOx/SiO, catalysts [14, 15, 16], while non-reducible
V>* and V** species were observed in V/IMCM-41 samples by Grubert et al. [17] and
by Luan et al. [9], respectively. The TPR profile for bulk V,0s exhibits multiple
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major reduction peaks at 898, 935 and 1005 K. Bosch et al. [18] reported a similar
observation, and they attributed this to the reduction sequence V,05— VO3 —V,0;4
—V503.

The average oxidation state of V after H, reduction was found to be 3.96 to
3.60. The average vanadium valency state given in Table 3.9 was calculated assuming
a complete reduction of the reducible V>* species to V>* species. This suggests that in
the as-synthesized samples, a fraction of the V-ions are present as V* or V?* species

that are stabilized against oxidation to V>* during calcination in air.

Fe O

Si/Fe =20

Si/Fe =28

Si/Fe =55

TCD Output

I ' I ' I ' I ' I
400 600 800 1000 1200
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Figure 3.19 H,-TPR reduction profiles of calcined Fe-MCM-41 with different Si/Fe

ratios and of Fe,Os.
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Figure 3.20 H,-TPR reduction profiles of calcined V-MCM-41 with different Si/V

ratios and of V,0:s.

It is expected that at a lower temperature, a surface type (probably tetrahedral)
species would be reduced, whereas at a higher temperature a more polymeric or bulk
like vanadia would be reduced. It is also expected that vanadia species becomes more
bulk like i.e. the particle size increases, with an increase in loading; the vanadia
becomes more difficult to reduce due to bulk diffusion limitations resulting in a shift
in the TPR peaks to higher temperatures. However, the low temperature peak does not
shift significantly to higher temperatures with an increase in the vanadia loading. This

suggests that this peak can be attributed to the reduction of a surface species.
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Figure 3.21 ESR spectra of (A) as synthesized Fe-MCM-41 samples with different
Si/Fe ratios of (a) Si/Fe=55, (b) Si/Fe=28, and (c) Si/Fe=20; (B) calcined Fe-MCM-41
samples with different Si/Fe ratios (d) Si/Fe=55, (e) Si/Fe=28, and (f) Si/Fe=20.

(j) Electron spin resonance (ESR)

The structural arrangement of the iron species is easily detectable by ESR
techniques [30, 31]. The ESR spectra of as-synthesized and calcined Fe-MCM-41
samples with different Si/Fe ratios are presented in Figure 3.21 (A) and (B),
respectively. The as-synthesized and calcined samples exhibit 2 signals at g = 4.3 and
g = 2.0, which can be attributed to Fe (II) in a tetrahedral co-ordination with strong
rhombic distortion and Fe (III) in octahedral co-ordination, respectively [32, 33]. The
intensity of the signal at g = 2.0 is large compared to the signal at g = 4.3. Hence, it
appears that much of the iron is present as Oh species. These species could be
hydrated Fe®* ions close to the surface in the walls or attached to the surface of the
pore walls. The Td species are probably present inside the walls. Besides the signal at
g = 2.0, a very broad signal at g = 2.3 - 2.6 indicates the presence of couples of Fe**
ions, e.g. Fe’* — O — Fe™* clusters.
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Figure 3.22 (A) ESR spectra of as synthesized V-MCM-41 (46) and (B) calcined V-
MCM-41 with different Si/V ratios of (a) 99, (b) 82, and (c) 46, respectively.
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All fresh as-synthesized V-MCM-41 samples exhibit ESR signals at room
temperature as shown in Figure 3.22 (A); the eight line axially symmetric signals are
from tetravalent vanadium originating from the interaction of the d' electron with the
nuclear spin (I, = 7/2 of °'V; natural abundance 99.8 %). The ESR signal intensity of
the as-synthesized material increases linearly with increasing vanadium content. The
spin Hamiltonian parameters are, g, = 1.996, A, = 193.8 G, g, = 1.998, and A, = 69
G where A is the hyperfine coupling constant. Since no superimposed broad singlet is
observed, the VO** species appear to be isolated and well dispersed. These g values
and hyperfine coupling constants are typical of vanadyl VO™ complexes with square
pyramidal co-ordination [19] that have been observed in several molecular sieves [20,
21].

On calcination, the typical eight line spectra of v nearly disappears and a
broad single line spectrum is noticed for V-MCM-41 samples (Si/V = 82 and Si/V =
46) suggesting the oxidation of V*to V. Alow intensity eight line spectrum is also
superimposed on the broad signal. The overall intensity of the broad signal of the
calcined sample is much lower than that observed for the as-synthesized sample. In
the case of the sample with a low V content (V-MCM-41 (99), the eight line spectrum
does not disappear completely upon calcination and still shows the presence of a
vanadyl species (Figure 3.22 (B)). Also, the low intensity of the axially symmetric
ESR signal of the vanadyl species indicates that most of the VO ions are oxidized to
V7*. These observations suggest that in V-MCM-41, two types of species are present,
one of it being less accessible and strongly bound to the “framework” preventing its
oxidation. The other more easily oxidized species is present to a larger amount in
samples containing larger amount of V. These observations are in agreement with the
UV-Vis results that suggest 2 kinds of tetrahedrally coordinated v species located

inside and on the internal surface of the hexagonal tubular walls [9].

3.3.2 SBA-15 type ordered mesoporous metallosilicate catalysts

This section of the chapter discusses the characterization of SBA-15 type
ordered mesoporous metallosilicate catalysts, namely Si-SBA-15, Al-SBA-15 with
different Si/Al ratios and PW loaded SBA-15 catalysts.
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Table 3.10 Physicochemical properties of calcined SBA-15 and Al-SBA-15 with
different Si/Al ratios

Sample Si/Al  Si1/Al  dygo Unit SBET Pore Wall Pore
In put XRF (A) cell (mz/ g) dia. thick.®  vol.
para.” Dgjn (10\) Ve
a’(A) A) (cc/g)
Si-SBA-15 - 103.8 1199 822 67.7 52.2 1.11

Al-SBA-15 (71) 70 70.7  102.6 118.5 769 67.4 S5l1.1 1.02
Al-SBA-15 (46) 50 4577 102.6 118.5 734 67.5 51.0 0.99
Al-SBA-15 (30) 30 304 102.6 1185 787 67.4 S5l1.1 1.09
Al-SBA-15(19) 20 187 102.6 118.5 667 67.4 S5l1.1 0.92
Al-SBA-15 (9) 10 8.6 102.6 1185 485 67.4 S51.1 0.67

a- Unit cell parameter ap= 2d 100/\/ 3; b- Wall thickness = a,- pore diameter

(a) Chemical analysis

The chemical analyses of Al-SBA-15 samples obtained by XRF methods are
presented in Table 3.10. The calcined samples have Si/Al ratios close to the input
values as the samples were prepared by a post synthetic route by impregnation
(chapter 2). All the samples (Al-SBA-15 and PW-SBA-15) are identified by their

Si/Al ratios (values inside brackets) or wt. % of PW present in them.

(b) X-ray diffraction

The XRD patterns of the calcined SBA-15 and AI-SBA-15 with different
Si/Al ratios are shown in Figure 3.23. The patterns reveal a prominent peak at 0.8°
and two weak peaks at 1.6 and 1.7°. 20 that match well with the typical pattern
reported for SBA-15 [22, 23]. The XRD peaks indexed as the [100], [110], and [200]
diffraction planes are characteristic of a hexagonal arrangement of the pores in SBA-
15. XRD-patterns do not reveal significant changes in the hexagonal mesoporous
structure after Al incorporation. The d;o spacing of AI-SBA-15, 102.6 A is close to
that of SBA-15 (103.8 A; Table 3.10). Similarly, much change in a, value is also not

noticed.
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Figure 3.23 Low angle XRD patterns of calcined Si-SBA-15 and Al-SBA-15 with

different Si/Al ratios.

Table 3.11 Physicochemical properties of calcined SBA-15 and PW/SBA-15

Sample dioo Unit SBET Av. Wall Pore
cal. cell (m%g) pore thick.” vol.

A) para.” diam. (A) Vein

a0’ (A) Dom (cc/g)

(&)

Si-SBA-15 103.8 119.9 822 67.7 522 1.11
10 wt. % PW/SBA-15 102.6 118.5 594 65.7 S5l1.1 0.95
20 wt.% PW/SBA-15 102.6 118.5 572 60.5 51.0 0.87
30 Wt.% PW/SBA-15 102.6 118.5 552 61.0 5I1.1 0.84
40 Wt.% PW/SBA-15 102.6 118.5 496 66.4 5l1.1 0.81

a- Unit cell parameter ap= 2d 100/\/ 3; b- Wall thickness = ag- Pore diameter.
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Figure 3.24 XRD patterns of PW/SBA-15 with various PW loadings (a) low angle and
(b) wide angle.



The low angle XRD patterns of PW supported on SBA-15 [24] are similar to
the all silica SBA-15 [23] [Figure 3.24 (a)]. Itis clear that even after PW loading, the
structure of SBA-15 is retained. The d;o distances, unit cell parameter (a,) values and
the wall thickness calculated from d;op and pore diameters are presented in Table
3.11. It is found that these values are not significantly influenced by PW loading
suggesting that the structural integrity of SBA-15 is maintained to a large extent in the
samples.

The wide-angle XRD spectrum [260, 5-50° Figure 3.24 (b)] shows that as the
percentage of PW loading increases, the reflections resemble the PW pattern more
closely. Even so the lines are broad suggesting substantial dispersion of the PW. It
appears that much of the PW is well dispersed in the samples with only a small
amount of bulk PW (crystallite size >30 (10\) that contributes to the XRD pattern)

being present.

(c) N, sorption

Figure 3.25 (a) presents the N, adsorption-desorption isotherms and
corresponding pore size distribution for siliceous SBA-15. A typical type IV
adsorption isotherm with a H1 hysteresis loop is observed. The isotherm exhibits a
sharp inflection in the p/py range of 0.65 to 0.80 characteristic of capillary
condensation within fairly uniform pores. The nitrogen adsorption—desorption
isotherms for the different Al containing samples presented in Figure 3.25 (b) are
almost similar to that of Si-SBA-15 except for a decrease in the amount of adsorption
with increasing Al- loadings.

The loss in adsorption is especially significant for AI-SBA-15 (9). The BET
surface areas, pore volumes and average pore diameters of the samples are presented
in Table 3.10. As the Al content increases, the surface area decreases slightly.
Alumination by reacting SBA-15 with AICI; in dry methanol does not affect the
average pore diameter of the samples. The wall thickness for the AI-SBA-15 samples
also remains the same as that of SBA-15.

An interesting aspect of the data of Table 3.10 is the nearly similar values of
surface areas (~ 780 + 40 mz/g; + 5 %) and pore volumes (1.05 + 0.06 cc/g; £ 6 %) for
all the samples except AI-SBA-15 (9) whose values of Sggr and pore volume are 485

m%/ g and 0.67 cc/g, being ~ 37 % less than the average values for other samples. The
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large loss in area and volume cannot be accounted for by the ~11 % wt gain due to

alumina loading. As the average pore diameter of AI-SBA-15 (9) is still the same as

those of the others (~ 67 A), it appears that a portion of the pores in the sample is fully

blocked by the Al,O3 formed and not accessible to N,. Apparently, the other samples

with lower Al-loading possess a near uniform distribution of Al inside the pores. The

calculation of the pore size distribution (PSD) was performed using the desorption

branches of the N, adsorption isotherms using the Barrett-Joyner-Halenda (BJH)

formula.
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Figure 3.25 (a) N, adsorption-desorption isotherms and corresponding pore size

distribution of calcined Si-SBA-15 and (b) Al-SBA-15 with different Si/Al ratios.
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Figure 3.26 N, adsorption isotherms and corresponding pore size distribution of Si-

SBA-15, 10 wt. % PW/SBA-15 and 40 wt. % PW/SBA-15.
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The surface area of bulk PW is ~ 5 m2/g [25] which is very low, while Si-
SBA-15 has a high surface area of 822 mz/g and a pore volume of 1.11 cc/g. The
nitrogen adsorption-desorption isotherms and corresponding pore size distributions of
Si-SBA-15 and 40 wt. % PW/SBA-15 are shown in Figure 3.26. The isotherms are
typically of the type IV and are very similar for the three samples. The surface area
values of all the samples are presented in Table 3.11. It is found that surface area and
pore volume decrease with PW loading. This is a typical observation noticed during
impregnation in many catalyst systems involving mesoporous oxides. The decrease is
attributable to many reasons, such as the loaded material (low area heteropoly acid)
contributes to the total weight of the sample, blockage of some pores and coverage of
surface and some destruction of the mesopore structure during impregnation and

calcination.

(d)Temperature programmed desorption of ammonia

The TPD profiles of AlI-SBA-15 with different Si/Al ratios are presented in
Figure 3.27. The amounts of strong and weak acid sites in the AI-SBA-15 samples
estimated from the deconvoluted TPD profiles are given in Table 3.12. It is noticed,
as expected [23], that the total number of acid sites increases with Al content. Strong
acid sites (Bronsted) are generated by tetrahedrally coordinated Al atoms forming Al-
O(H)-Si bridges. The increase in the ratio of strong to weak acid sites with Al content
implies that most of the added Al is tetrahedrally co-ordinated in the framework.
Assuming that the strong acid sites are directly related to the Al ions in the samples,
the ratio NHs/Al (mole NH; desorbed per mole Al) was calculated (Table 3.12). The
results indicate a decrease in the ratio with increasing Al content, suggesting a

decrease in dispersion of Al at higher Al loading.
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Figure 3.27 (a) Temperature programmed desorption of ammonia from Al- SBA-15

with different Si/Al ratios. (b) Typical deconvoluted plots for sample with Si/Al=71.
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Table 3.12 Acidity of Si- and Al-SBA-15 with different Si/Al ratios by TPDA

Sample Acidity by TPDA (mmol/g) NH;/AT*
Weak Strong  Total (mmol/g)
Si-SBA-15 -- - 0.004 -
(ASBA-15 (71)  0.09 012 021 0.52
(ADSBA-15 (46) 0.08 017 025 0.48
(ASBA-15 (30) 0.16 0.18 034 0.34
(ASBA-15 (19) 0.18 0.19 037 0.23
(ADSBA-15(9) 0.19 0.23 0.42 0.13

* Moles of NH; desorbed /mol of Al; based on strong acid sites

The TPD profiles of PW/SBA-15 with different PW loadings (Figure 3.28 (a))
reveal that the number of acid sites increases with the PW content. The TPD profiles
were deconvoluted (as shown in Figure 3.28 (b)) for all the samples into two peaks
and the amount of weak and strong acidity was estimated (Table 3.13). The amount of
strong acidity is roughly proportional to the amount of PW present in the samples. As
the samples were preheated at 873 K during the TPD studies, it is likely that at least
part of the PW molecules (Keggin units) decomposed into the oxides as shown:
HsPWi; Og = 1/2 P,Os + 12 WO3 + 3/2 H,O. Earlier workers have reported a
decrease of average acid strength owing to interaction with the support for PW
supported on silica [26] and MCM-41 [27]. However, the TPD methodology used in
our studies is not expected to reveal minor changes in the acid strengths of the

samples.

Table 3.13 Acidity of PW/ SBA-15 with different PW loadings by TPDA

Sample Acidity by TPDA (mmol/g)
Weak Strong Total

Si-SBA-15 - --- 0.004

10 wt.% PW/ SBA-15 0.086 0.094 0.18

20 wt.% PW/ SBA-15 0.154 0.166 0.32

30 wt.% PW/ SBA-15 0.20 0.26 0.46

40 wt.% PW/ SBA-15 0.22 0.42 0.64
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Figure 3.28 (a) Profiles of TPD of ammonia of PW/SBA-15 with different amount of
PW loading. Typical deconvoluted plots of (b) 40 wt. % PW/SBA-15 catalyst.

106



Si-SBA-15

Si/Al=46

Si/Al=T71

v I v T T T T T T
0 -40 -80 -120 -160 -200
pPpm
Figure 3.29 *’Si MAS NMR spectrum of purely siliceous SBA-15 and Al-SBA-15
(Si/Al=46 and Si/Al=71) prepared using TEOS as the source of silicon.

(e) MAS NMR
(i)*’Si MAS NMR

Figure 3.29 presents the ’Si MAS NMR spectra of calcined SBA-15, and Al-
SBA-15 samples, respectively. Purely siliceous calcined SBA-15 shows 3 peaks at -
93.4, -106.3 and -112.8 ppm corresponding to Q; (Si(20Si)OH), Qs (Si(30Si)OH)
and Qg (Si(40Si), respectively. Similarly, calcined Al-SBA-15 with Si/Al=46 and
Si/Al =71 exhibits 3 peaks of Q,, Q3 and Q4 as shown in Figure 3.31. The broadness
of the signals is attributed to a larger distribution of T-O-T angles.

Figure 3.30 shows the »Si MAS NMR spectra of PW loaded SBA-15
catalysts. All the catalysts with PW loadings of 10, 20, 30 and 40 % show peaks at -
92, -102 and -110 ppm, which are assigned to Q,, Qs, and Q4 species respectively.
Purely siliceous SBA-15 sample exhibits Q,, Qs, and Q4 peaks at, respectively, -93.4,
-106.32 and -112.8. The shifting of the peaks of PW loaded SBA-15 catalysts suggest

that the heteropolyacids interact strongly with the “framework”.
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Figure 3.30 2Si MAS NMR spectra of PW/SBA-15 catalysts with (a) 10, (b) 20, (c)

30, (d) 40 wt. % loading of PW and of (e) Si-SBA-15.

(ii)*’Al MAS NMR

2TAl MAS NMR spectrum of calcined Al-SBA-15 with Si/Al ratio of 30, 46
and 71 is presented in Figure 3.31. The peak in the range of 52-54 ppm is assigned to
Al in a tetrahedral environment (AlO4 structural unit, Al (tet)), in which Al is
covalently bound to four Si atoms via oxygen bridges. The peak at O ppm is assigned
to octahedral Al (AlOg structural unit, Al (oct)) [4]. NMR spectrum of gamma
alumina shows both Td and Oh Al-species [31]. It is therefore likely that some of the
Td and Oh Al-ions seen in the Al-SBA-15 samples arises from bulk alumina like
species formed at the surface, especially at higher Al-loadings. As XRD of the
samples did not detect any alumina phase on the surface these species must be XRD
invisible micro-domains (< 30 A). It appears, therefore, that the Al-ions in SBA-15
exist in different configurations; as Al-associated with Si-ions in the pore walls (both

Td and Oh species) and on the surface as well as dispersed alumina like domains
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containing Td and Oh-types of Al-ions. The general broadness of the peaks is a result

of small variations in the symmetry of the aluminium sites in the calcined sample.
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Figure 3.31 Al MAS NMR spectrum of Al-SBA-15 samples with different Si/Al

ratios of 30, 46 and 71 prepared using aluminium chloride.

(iii) P MAS NMR

The *'P MAS NMR of PW/SBA-15 catalysts with 10, 20, 30 and 40 wt. %
loading of PW are presented in Figure 3.32. 3'P MAS NMR shows a peak at -15.26
ppm, which is attributable to an intact Keggin structure as has already been reported

for PW supported on MCM-41 and SiO, [27].
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Figure 3.32 3'P MAS NMR spectra of PW/SBA-15 catalysts with (a) 10, (b) 20, (c) 30
and (d) 40 wt. % loading of PW.

(f) Electron microscopy
(i) SEM

SEM images of as-synthesized Si-SBA-15 (Figure 3.33 (a)) reveal many rope-
like domains with a relatively uniform size of ~ 1um, which are aggregated into
wheat-like microstructures. After [Jalcinations in air at 823 K, the calcined Si-SBA-
15 sample (Figure 3.33 (b)) reveals needle and rod like morphologies, arising from
the shrinkage of the crystallites.

SEM image of 40 wt. % PW/SBA-15 [Figure 3.33 I] reveals needle and rod
like morphologies.

(ii) TEM

TEM images of calcined Si-SBA-15 [Figure 3.34 (a) and (b)], AI-SBA-15
(Si/A1=30) [Figure 3.34 (c) and (d)] and 40 wt.% PW/SBA-15 [Figure (e) and (f)]
reveal characteristic regular hexagonal arrays of uniform channels for both Al-SBA-

15 and Si-SBA-15 samples.
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Figure 3.33 SEM images of (a) as synthesized Si-SBA-15, (b) calcined Si-SBA-15
and (c) 40 wt. % PW/SBA-15.

(g) FT-IR

FT-IR spectra of PW/SBA-15 are shown in Figure 3.35. The IR frequencies of
bulk PW are in good agreement with the reported values [28]; 1081 (P-O in the central
tetrahedron), 982 (terminal W=0), 897 and 800 cm’! (W-0O-W) asymmetric stretching
vibrations associated to the typical Keggin anions [29]. All the samples (10-40 wt. %
PW/SBA-15) exhibit vibration bands at approximately 982, 897 and 800 cm’. These
bands become more intense on increasing the PW loading from 10 to 40 wt. %.
However, these bands associated with PW are less intense in the supported samples.
It appears that the Keggin structure of the PW is retained in the PW/SBA-15 samples
(even at 10 wt. % PW loading).
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Figure 3.34 TEM images of calcined Si-SBA-15 [(a), (b)], AI-SBA-15 (Si/Al=30)
[(c), (d)], and of 40 wt. % PW/SBA-15 [(e), (f)]. Viewed in the direction {(a), (c), (e)}

[100] of the pore axis and {(b), (d), (f)} [110] in the direction perpendicular to the
pore axis.
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Figure 3.36 (a) TG and (b) DTG plots of as-synthesized SBA-15.
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(h) Thermogravimetry

The TG analysis of an as-synthesized SBA-15 sample reveals a single main
step occurring at relatively low temperature as shown in Figure.3.36. Removal of
physisorbed water, below 423 K, and the decomposition of the organic template take

place in step [30] between 423 K and 553 K with a weight loss of 52 %.
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Chapter 4

CLAISEN AND
BECKMANN
REARRANGEMENILS
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The use of modified MCM-41 and SBA-15 based catalysts in molecular
rearrangements is presented in this chapter. Part 1 describes the study of Claisen
rearrangement of allyl phenyl ether (APE) to o-allylphenol (0-AP), while part 2

describes the Beckmann rearrangement of cyclohexanone oxime to €-caprolactam.

4.1 PART 1 CLAISEN REARRANGEMENT OF ALLYL PHENYL ETHER
4.1.1 INTRODUCTION

The Claisen rearrangement involves the conversion of allyl phenyl ethers to the
corresponding o-allylphenols and is generally performed by heating the ethers at an
elevated temperature (> 473 K), but has been also reported to be susceptible to
catalysis by Lewis and Bronsted acids [1, 2]. In the presence of acids, o-AP
undergoes cyclization to produce a dihydrobenzofuran derivative. Thus, the reaction
presents an attractive route to the synthesis of benzofuran derivatives from substituted
allyl aryl ethers [3]. When the rearrangement is carried out with amino- and thio-
derivatives, the corresponding heterocylic compounds are obtained.

Reports of the use of solid acids in the above rearrangement are rather scarce.
Pitchumani et al. have observed shape selectivity in ZSM-5 and ZSM-11 during their
study of photo-assisted Claisen rearrangement [4]. Diastereoselective asymmetric
induction in the thio-Claisen rearrangement over zeolites was reported by Sreekumar
et al. [4a]. Sheldon et al. have investigated the use of H-FAU and H-MOR in the
rearrangement of allyl phenyl ether in benzene medium [5, 6]. Other solid catalysts
that have been investigated are mesoporous silica [7] and bentonite [8]. Greyghton et
al. have reported the multifunctional probe, allyl 3, 5-di-tert-butylphenyl ether, for
testing the outer surface acidity of zeolites [9]. The Bronsted acid catalyzed Claisen
rearrangement of the probe molecule, followed by the cyclization of the primary
product to 4,6-di-tert-butyl-2-methyldihydrobenzofuran illustrates the use of the probe
to provide information regarding the outer surface acidity of H-MOR and H-BEA.
This reaction proved to be useful for the investigation of the effects of various
modifications of H-MOR on outer surface acidity [9]. The use of large pore zeolites
for the rearrangement has also been reported by Wagholikar et al. [10]. They have
suggested that even over large-pore zeolites, the rearrangement occurs primarily at the

external surface or at the pore mouth [10].
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The mesoporous molecular sieve MCM-41 has received much attention because
of its large surface area, uniform size and shape of the pores over micrometer length
scales [11, 12]. High thermal and hydrothermal stability and the advantage of tuning
the pore size make these materials interesting for use as supports and catalysts for
various heterogeneous catalyzed reactions.

In the present study, the use of MCM-41 and SBA-15 based catalysts in the
Claisen rearrangement of APE is explored. A comparative study of the activities of
Al-MCM-41, Ga-MCM-41, Al-SBA-15 and PW/SBA-15 catalysts in the Claisen
rearrangement of allyl phenyl ether is presented. The effect of various reaction and
catalyst parameters on conversion and product selectivity over MCM-41 catalysts is
reported. A kinetic analysis of the formation of the different products under various

reaction conditions is also presented.

4.1.2 EXPERIMENTAL
(a) Preparation of allyl phenyl ether

APE (purity 99%) was synthesized by the reaction of allyl bromide and
phenol, and purified by standard methods [13]. APE was prepared in a round-
bottomed flask (250ml) equipped with a magnetic stirrer and a reflux (cold water)
condenser. The flask was charged with phenol (5 g) and allyl bromide (6 g) (1:1.5
mole ratios). Acetone was used as the solvent (30 ml). Freshly dried K,COs (9.5 g)
was added and the mixture was stirred for 6 h at reflux temperature. The progress of
the reaction was monitored by TLC. The acetone in the reaction mixture was distilled
off using a rotary evaporator and the contents of the flask were dissolved in ethyl
acetate. The potassium carbonate was removed by taking the reaction mixture in a
separating funnel and washing with water. The unreacted phenol was removed by
washing the organic layer with 10 % sodium hydroxide (100 ml). The reaction
mixture was further washed with water and brine solution, and the organic layer was
dried over anhydrous sodium sulphate. Further, it was concentrated by evaporating
the solvent using a rotary evaporator and purified by column chromatography. The

purity and chemical structure were ascertained by GC, GC-MS and GC-IR.

(b) Reaction procedure
The reactions were carried out in a batch mode in a two-necked round-

bottomed flask (capacity 25 ml) in a nitrogen atmosphere, using 0.67 gof APEin 10 g
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of the solvent (tetrachloroethylene TCE) and 0.075 g of freshly calcined catalyst.
Aliquots of the reaction mixture were collected at different time intervals and
analyzed by GC (Varian Model No: Star 3400 Cx- Gas Chromatograph; column: CP
Sil 5CB, 30 m; i.d. 0.05mm; FID detector). Identification of the products was done by
GC- MS and GC- IR.

4.1.3 RESULTS AND DISCUSSION
(A) Claisen rearrangement of APE over AI-MCM-41

The reaction scheme for Claisen rearrangement is shown in Figure 4.1. It is
reported that the ether first undergoes rearrangement to produce allyl hexadienone
followed by enolization to give o-ally phenol (0-AP) which cyclizes to give 2, 3-
dihydro-2-methyl benzofuran (benzofuran) [14]. However, the intermediate allyl

hexadienone could not be identified in any of the products in this study.

OH
] -
@ heat @ enolization ©Q cyclisation ©ﬁ/
/
|

H

Figure 4.1 Reaction scheme for the Claisen rearrangement of allyl phenyl ether.

The catalytic activity of the calcined MCM-41 samples with different Si/Al
ratios was compared for the Claisen rearrangement of APE. The influence of duration
of run and reaction temperature on conversion and product yields was examined over

the catalysts. Besides a kinetic analysis of the data was also carried out.

(i) Influence of duration of run

The effect of run duration (up to 12 h) on conversion, and o-AP and
benzofuran selectivities over the catalysts (with different Si/Al ratios) at 393 K is
shown in Figure 4.2. In general, both conversion and benzofuran formation increase
with duration of run while 0-AP decreases. The activity increases with increase in the

Al content, the sample with the largest Si/Al ratio (~110) being the least active.
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(ii) Influence of temperature

The influence of temperature on APE conversion, and o-AP and benzofuran
selectivities for the samples with different Si/Al ratios are presented in Figure 4.3.
Conversion and ring formation increase with temperature at all Si/Al ratios, though

the effect is less noticed for the most siliceous sample (Si/Al ~ 110). o-AP selectivity
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increases with increase in Si/Al ratio and decrease in temperature, the influence of

temperature being less at higher Si/Al ratios.

(iii) Influence of Si/Al ratio

Both conversion and selectivity in Claisen rearrangement are found to be
dependent on the Si/Al ratio of MCM-41. Purely siliceous (Al-free) MCM-41
exhibited negligible conversion. Figure 4.4 shows the influence of the Si/Al ratio on
the reaction at different temperatures. APE conversion decreases with decrease in the
aluminum content (increase in the Si/Al ratio) of the catalyst. The figure shows that a
maximum conversion of up to 86.7 % can be obtained with AI-MCM-41 (21) at 393
K at the end of a 12 h reaction. The selectivity for o-AP increases and that for
benzofuran decreases with increase in the Si/Al ratio of AI-MCM-41. As the reaction
is catalyzed by the acid sites of AI-MCM-41, the observed behavior must be due to
the decrease in the acidity of AI-MCM-41 with increase in Si/Al ratio.

A plot of APE conversion and acidity (strong and weak) vs Al content is
shown in Figure 4.5 (a). It is found that both acidity and conversion increase with Al
content. The close relationship between acidity and conversion suggests that the
reaction occurs inside the pores of MCM-41. In the case of zeolites, however, the
reaction was suggested to occur mainly on the external surface or at the pore-mouth as
an inverse relation between acidity (or Al content) and conversion was noticed [10].

The turnover frequency (TOF, mol of APE converted or product formed per
hour per mol of Al present in the sample) is found to decrease with increasing Al
content (for the samples with Si/Al ~ 21, 31 and 53) [Figure 4.5 (b)]. The data of the
sample with Si/Al ~ 110 does not fall in the above trend due to an unexpectedly small
TOF suggesting the non-accessibility of the acid sites to the reactant molecules at low
Al contents.

On the other hand, an increase in the TOF is noticed with increasing Al
content for benzofuran formation. When the TOF (conversion of APE or formation of
0-AP) is calculated based on the total number of acid sites (mol NH; desorbed) in the
three samples (Si/Al ~ 21, 31 and 53), a nearly constant value (TOF = 8 = 1 mol/mol
NHs.h) is obtained revealing a direct relationship between acidity and activity in these

samples.
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Figure 4.3 Influence of temperature on conversion and selectivity over AI-MCM-41

with different Si/Al ratios.
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Figure 4.4 Influence of Si/Al ratios on conversion and selectivity at different

temperatures (Reaction time: 12 h; €: 373 K, [1: 383 K, A: 393 K).

(iv) Mechanism of the reactions

A plausible mechanism for the Claisen rearrangement to produce the
allylphenol and its subsequent conversion to the ring compound is presented in Figure
4.6 (a) and (b). The steps are catalyzed by acid centers. First the acid site protonates
the ‘O’ of the ether. This is followed by intramolecular rearrangement of the

protonated (adsorbed) species into the o-AP as shown in Figure 4.6 (a). The
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allylphenol is next protonated at the allylic double bond to produce the secondary

carbenium ion that reacts again intramolecularly with the phenolic ‘O’ to produce the

benzofuran [Figure 4.6 (b)].
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Figure 4.5 (a) Influence of Al-content on APE conversion and catalyst acidity; (b)

Influence of Al-content on TOF (Reaction temperature: 393 K, time: 12 h).
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(v)Kinetic Analysis

The scheme presented in Figure 4.1 shows that the reaction involves two
consecutive steps for the formation of benzofuran. Hence this was treated as a first
order series reaction with 0-AP and benzofuran as the intermediate and final products,
and the standard equations for a first order series reaction were used for the

determination of rate constants. These are:

CalCpo =e™' (1)
and
Cr/Cao = ki (€5'=e™) / (ks —k)) )

In the above equations, Cap and Cx are the concentrations of APE at initial time, and
at time t, respectively, Cr is the concentration of the intermediate product o-AP at
time t, k; and k;, are the rate constants for the first and second step respectively.

The concentration profiles of APE, 0-AP and benzofuran for two temperatures
(383 and 393 K) and Si/Al ratios (Si/Al = 21 and 31) in the Claisen rearrangement of
APE are presented in Figure 4.7. The lines represent the theoretical profiles. The
profiles are those expected for typical first order consecutive reactions. The nature of
the profile, especially that for o-AP depends on the relative values of k; and k,. The
rate equations and the time t,,, at which the intermediate o-AP concentration is
maximum, are presented in Table 4.1. It can be seen from the table that t,.x varies
with both the reaction temperature and the Si/Al ratio of MCM-41. For a given
catalyst, ty.x decreases with reaction temperature and Al content.

The influence of temperature and Si/Al ratio (21 and 31) on the reaction rate
constants, k; and k; are presented in Figure 4.8. The figure shows that both k; and k,
increase with increase in temperature. It is found that k, is not much affected by
variation in the Si/Al ratio whereas k; is sensitive. The reasons for this are not clear.

The activation energy for the two steps was calculated using the Arrhenius
expression. The activation energy for the reaction of APE on AI-MCM-41 with Si/Al
ratio 21 is estimated to be 8.9 kcal/mol. The activation energy for the formation of
benzofuran from 0-AP is estimated to be 10.3 kcal/mol. The activation energies of the

reactions were not found to be significantly affected by a change in the Si/Al ratio.
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Figure 4.7 Plots of experimental and fitted model data for the Claisen rearrangement

of allyl phenyl ether at two different Si/Al ratios and temperatures; experimental
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Figure 4.8 Influence of temperature and Si/Al ratio on the reaction rate constants.

128



Table 4.1 Results of Kinetic analysis for AI-MCM-41 catalysts with Si/Al = 21 and 31

Si/al - T? Rate constants Rate Expressions tmax.
(K) ki (1/h)  ky(1/h)  Egn. (1)° Eqn. (2)° (h)

21 383 0.13 0.14 Ca/Cap = 213! Cr/Cao = 0.13 (%12 ' =214 /0.01 7.55
393 0.16 0.18 Ca/Cpro = 10! Cr/Cao = 0.16 (™10 —e™18% 7 0.02 5.80

31 383 0.07 0.14 Ca/Cpo = 07 Cr/Cao = 0.07 7 —e®14Y/0.07 10.18
393 0.10 0.21 Ca/Cpg = €10t Cr/Cao = 0.10 (2101 — %2y /0.11 6.58

Reaction temperature

See text, kinetic analysis

The time at which the concentration of 0-AP reaches a maximum value



(B) Claisen rearrangement of APE over Ga-MCM-41, Al-SBA-15 and
phosphotungstic acid supported SBA-15 catalysts
Claisen rearrangement of APE over the above catalysts was compared with

Al-MCM-41 data under similar reaction conditions (Section 4.1.2 (b)) at 393 K.

(i) Ga-MCM-41

The effect of run duration (up to 12 h) on conversion, o-AP and benzofuran
selectivities over the catalysts with different Si/Ga ratios at 393 K is shown in Figure
4.9 (a). In general, both conversion and benzofuran formation increase with duration
of run while o-AP decreases.

Both conversion and selectivity in the Claisen rearrangement are found to be
dependent on the Si/Ga ratio of MCM-41. The APE conversion decreases with
decrease in the Ga content (increase in the Si/Ga ratio) of the catalyst. The figure
shows that a maximum conversion of up to 81.1 % can be obtained with Ga-MCM-41
with Si/Ga ratio of 20 at 393 K at the end of a 12 h reaction. The selectivity for o-AP
increases and that for benzofuran decreases with increase in the Si/Ga ratio of Ga-
MCM-41. As the reaction is catalyzed by the acid sites of Ga-MCM-41, the observed
behavior must be due to the decrease in the acidity of Ga-MCM-41 with increase in
Si/Ga ratio.

Figure 4.9 (b) shows the influence of Ga content on APE conversion and
selectivity for benzofuran and o0-AP at 393 K for 12 h. The figure shows that APE
conversion and benzofuran selectivity increase with Ga content, while allylphenol

selectivity decreases.
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(ii) AI-SBA-15

The effect of run duration (up to 12 h) on conversion, and o0-AP and
benzofuran selectivities over the catalysts with different Si/Al ratios at 393 K is
shown in Figure 4.10 (a). In general, the conversion and benzofuran formation
increase with duration of run while o-AP decreases. The activity increases with
increase in the Al content.

Both conversion and selectivity in the Claisen rearrangement are found to be
dependent on the Si/Al ratio of SBA-15. Purely siliceous SBA-15 exhibited
negligible conversion. The APE conversion decreases with decrease in the Al content
(increase in the Si/Al ratio) of the catalyst. The figure shows that a maximum
conversion of up to 88.3 % can be obtained with AI-SBA-15 with Si/Al ratio 19 at
393 K at the end of a 12 h reaction.

The selectivity for o-AP increases and that for benzofuran decreases with
increase in the Si/Al ratio of AI-SBA-15. As the reaction is catalyzed by the acid sites
of AI-SBA-15, the observed behavior must be due to the decrease in the acidity of Al-
SBA-15 with increase in Si/Al ratio.

Influence of Al content on APE conversion and catalyst acidity over Al-SBA-
15 catalysts (12 h at 393 K) is shown in Figure 4.10. (b). Conversion increases from
709 % to 88.3 % as the Al content increases (decrease in Si/Al ratio, acidity
increase). Therefore the conversion is dependent on the acidity of the catalyst. As

acidity increases, the conversion also increases.

(iii) PW/SBA-15
The effect of run duration (up to 12 h) on conversion, and o-AP and
benzofuran selectivities over SBA-15 catalysts with different PW loadings at 393 K is
shown in Figure 4.11(a). In general, both conversion and benzofuran formation
increase with duration of run while o-AP decreases.
The activity increases with increase in the PW content. The conversion of
APE increases up to 30 wt. % PW loading, however at 40 wt. % PW loading, the
conversion decreases. The figure shows that a maximum conversion of up to 23.3 %
can be obtained with PW/SBA-15 with 30 wt. % PW loading at 393 K at the end of a

12 h reaction.
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The selectivity for o-AP increases and that for benzofuran decreases with
increase in the PW content of PW/SBA-15. As the reaction is catalyzed by the acid
sites of PW/SBA-15, the observed behavior is due to the increase in the acidity of
PW/SBA-15 with increase in PW content (Figure 4.11 (b)). As both conversion and
selectivity over 40 wt. % PW/SBA-15 are less compared to the 30 wt. % catalyst, it
appears that at high loadings the dispersion of PW is less on the catalyst. Besides,
some pore blockage and decrease of accessible surface occurs at high PW loadings. It
was already noted (chapter 3, Table 3.11) that at high PW loadings surface area
decreases presumably due to blockage of pores. A comparison of activities of all the
catalysts is presented in Table 4.2. Both conversion and selectivity are highest for Al-
SBA-15 with Si/Al ratio of 19. It may be due to the ready accessibility of the active
sites as the AI-SBA-15 catalyst was prepared by an impregnation method. The
activity for Claisen rearrangement for the different catalyst varies as AI-SBA-15 > Al-

MCM-41 > Ga-MCM-41 > PW/SBA-15.

Table 4.2 Comparison of catalytic activity for Claisen rearrangement

Catalyst (Si/Metal APE 0-AP Benzofuran
calcined sample) Conversion (%) Selectivity (%) Selectivity (%)
Al-MCM-41 (21) 86.7 33.8 66.2
Al-MCM-41 (31) 68.0 33.6 66.3
AI-MCM-41 (53) 52.0 61.0 39.0
Ga-MCM-41 (20) 81.1 39.5 60.4
Ga-MCM-41 (33) 68.1 60.1 39.8
Ga-MCM-41 (54) 33.1 83.4 16.6
Al-SBA-15 (19) 88.3 17.7 82.3
Al-SBA-15 (30) 74.1 24.0 76.0
AI-SBA-15 (46) 70.9 25.0 75.0

10 wt.% PW/SBA-15 3.2 93.0 7.0

20 wt.% PW/SBA-15 10.7 74.6 25.3

30 wt.% PW/SBA-15  23.3 34.5 65.5

40 wt.% PW/SBA-15  21.8 354 64.6

Reaction conditions: APE=0.67 g, TCE= 10 g, catalyst amount= 0.075 g, T=393 K,
TOS=12 h.
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4.1.4 CONCLUSIONS

The Claisen rearrangement of APE over AI-MCM-41 proceeds with ease in
TCE. o-Allyl phenol is produced initially, which then undergoes cyclization to form
2, 3-dihydro-2-methylbenzofuran. The reaction takes place on the acid sites of the
catalyst. Both catalyst acidity and substrate conversion increase with Al content in
MCM-41. There is a close relationship between acidity and conversion, which
suggests that the reaction occurs inside the pores of MCM-41.Both conversion and
benzofuran formation increase with run duration while 0-AP decreases as is expected
for a consecutive reaction. The temperature effects on conversion and selectivity are
more pronounced at low Si/Al ratios than at high Si/Al ratios. 0-AP selectivity
increases with increase in Si/Al ratio and decrease in temperature.

The reaction kinetics was analyzed assuming it to be a first order consecutive
reaction. On AI-MCM-41, both k; (APE conversion) and k, (benzofuran formation)
increase with increase in temperature. k; is not much affected by variation in the Si/Al
ratio whereas k; is sensitive. The time, at which the intermediate o-AP concentration
is maximum, (ty,) varies with both the reaction temperature and the Si/Al ratio of
MCM-41. For a given catalyst, ty.x decreases with reaction temperature and Al
content.

The Claisen reaction was also studied (at 393 K for 12 h) over Ga-MCM-41,
Al-SBA-15 and PW/SBA-15. The conversion and selectivity were higher for Al-
SBA-15 with a Si/Al ratio of 19 compared to the other catalysts. The order of
activities of the catalysts for Claisen rearrangement is: AI-SBA-15 > AI-MCM-41 >
Ga-MCM-41 > PW/SBA-15.
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4.2 PART 2 BECKMANN REARRANGEMENT OF CYCLOHEXANONE
OXIME
4.2.1 INTRODUCTION

e-caprolactam, an intermediate in the manufacture of Nylon-6 is normally
manufactured by the liquid phase Beckmann rearrangement of cyclohexanone oxime
using sulphuric acid as the catalyst. To overcome the problems associated with the use
of H,SOy, attempts have been made to use solid catalysts such as silica-alumina [15]
zeolite Y- [16] titanium silicalites [17], B-MFI [18, 19], silicalite-1 [20], SAPO-11
[21]. hydrotalcite like compounds [22] and B,0;/TiO,-ZrO, [23, 24]. Recently, a
process using a high silica MFI zeolite catalyst combined with a novel fluid bed
reaction system has been put into commercial practice by Sumitomo [25]. Aucejo et
al. reported that [26] the strong Bronsted acidity of zeolite catalysts is responsible for
the formation of e-caprolactam. However, the majority of the researchers [27, 28, 29]
have suggested that weak or intermediate strength acid sites or even neutral silanol
groups present on the external surface of the zeolites [30] and silanol nests are
effective for this rearrangement, and strong acid sites accelerate the formation of by-
products [31] [32]. Mesoporous materials like MCM-41 possess well-ordered
hexagonal pores having a large number of surface SiOH groups with weak acidity
[33]. Studies on MCM-41 [34] and AI-MCM-41 [35, 36] suggest that the weak acid
sites and/or surface silanol groups are effective for the vapor phase Beckmann
rearrangement of cyclohexanone oxime.

The vapor phase Beckmann rearrangement of cyclohexanone oxime to €-
caprolactam over SBA-15 and AI-SBA-15 catalysts with different Si/Al ratios
prepared by a post-synthesis procedure has been investigated [37]. The effects of
various reaction parameters such as temperature, time on stream, use of different
solvents, contact time and feed oxime concentration on conversion and caprolactam
selectivity are presented. Also, a comparative study of the activities of a number of
acidic mesoporous catalysts, namely, Al-SBA-15, PW/SBA-15, AI-MCM-41, Ga-
MCM-41, Sn-MCM-41, Fe-MCM-41 and V-MCM-41 in above reaction is also

reported.

4.2.2 EXPERIMENTAL
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(a) Preparation of catalysts

The synthesis procedure for the preparation of AI-SBA-15 samples with
different Si/Al ratios, Ga-MCM-41, AlI-MCM-41, Sn-MCM-41, Fe-MCM-41, V-
MCM-41 and PW/SBA-15 has been described in chapter 2. Additionally, an NHy-
exchanged SBA-15 was prepared by heating SBA-15 (with stirring) in a solution of
IM NH4NO; at 353 K for 6 h, filtering, washing with water and drying at 573 K. This

treatment is expected to create more surface -OH groups.

(b) Reaction procedure

The catalytic experiments were carried out in a vertical down flow glass
reactor (i.d. = 15 mm and 35 cm length) at atmospheric pressure using 2 g of the
catalyst. The catalyst was pelletized and then sieved to 16-20 mesh size prior to use.
The reactor was placed inside a temperature controlled vertical furnace. The
thermocouple tip was centered at the middle of the catalyst bed. A solution of
cyclohexanone oxime in a solvent (methanol, benzene, acetonitrile) was fed using a
syringe pump (SAGE instrument). The WHSYV values were calculated based on the
oxime solution injected. Nitrogen (60 ml/min) was co-fed using a mass flow
controller. The catalyst was calcined at 823 K for 6 h before start of run. The reaction
products were analyzed using a HP 5890 gas chromatograph fitted with a mega bore
column (SE-52, cross linked 5% PhMe silicone, 30 m in length, 0.53 mm id, 0.3 um
film thickness) and a FID. The product identification was done by GCIR and GCMS.

4.2.3 RESULTS AND DISCUSSION
(A) Vapor phase Beckmann rearrangement of cyclohexanone oxime over Al-
SBA-15 catalysts

The major product observed over SBA-15 catalysts was the rearrangement
product, caprolactam. The other products that were identified were cyanopentane,
cyanopentene, cyclohexanone and cyclohexenone. The formation of these products is
believed to be as shown below [35].
1. Cyclohexanone oxime — caprolactam — 5-cyano-pent-1-ene
2. Cyclohexanone oxime — 5-cyano-pent-1-ene

3. Cyclohexanone oxime + water — cyclohexanone + hydroxylamine
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The probable sequence of the different reactions [35] is shown in Figure 4.12.
The rearrangement to caprolactam is likely to be catalyzed by the acid sites in Al-

SBA-15 while Si-OH groups may be responsible for the hydrolysis of the oxime.

e
Moderate / \
weak acid sites NH
VTOH / Beckmann rearrangement
Thermal (?) CN 4 — > CN
NN Dehydration

(Cracking)
SiOH% O/O Q/O
+

Figure 4.12 Different reactions of cyclohexanone oxime occurring on solid acid

catalysts [35].

(i) Effect of time on stream

The oxime conversion and selectivity (at 623 K) for caprolactam as a function
of time (TOS) are shown in Figure 4.13. The conversion of cyclohexanone oxime
remains nearly constant (£ 5 %) with TOS over all the catalysts. However, the
selectivity for caprolactam gradually increases with TOS and reaches a plateau at
around 4-6 h. The initial increase in selectivity is probably due to deactivation of the
strong acid sites. During the reaction side products such as cyanopentane,
cyanopentene, cyclohexanone and cyclohexenone are also formed. The selectivity for
cyanopentane and cyanopentene decrease with TOS for all the catalysts. The
selectivity for cyclohexanone and cyclohexenone slightly decrease first and then

remain constant after a TOS of about 4 h for all the catalysts.

(ii) Influence of space velocity
The influence of contact time in the WHSV range of 1.5 - 9.6 h™on conversion
and caprolactam selectivity was studied at 623 K over Al-SBA-15 (9) and the results

are presented in Figure 4.14. It is observed that, with increase of feed rate the oxime
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conversion decreases from 91 to 77 %, while the yield of caprolactam reaches a
plateau at a WHSV of 3.02 h. The yields of the other products, cyanopentane and

cyclohexanone decrease with decreasing contact time.
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Figure 4.13 Effect of time on stream on cyclohexanone oxime transformation over Si-
SBA-15 and AI-SBA-15 with different Si/Al ratios. Catalyst wt. = 2 g; Feed = 1/8
(oxime /methanol) wt. ratio, WHSV = 3.02 h'l; N, =60 ml/min; T= 623 K.
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Figure 4.14 Effect of WHSV (h™) on cyclohexanone oxime transformation over Al-
SBA-15 (Si/Al=9).Catalyst weight = 2 g; Feed = 1/8 (oxime / methanol) wt. ratio,
TOS =2 h, N, = 60 ml/min, T= 623 K.

(iii) Influence of temperature

The transformation of cyclohexanone oxime to caprolactam was studied in the
temperature range of 573-723 K on calcined SBA-15, ammonium exchanged SBA-15
and AI-SBA-15 catalysts. The influence of temperature on conversion and product
selectivity are presented in Figure 4.15. For SBA-15 and ammonium exchanged SBA-
15 catalysts (Figure 4.15 (A) and 4.15 (B) respectively) conversion is found to be
rather low at 573 K. However it increases steadily and reaches a near constant value
above 30 % at 673 K. Selectivity for caprolactam steadily decreases with increase in
temperature for SBA-15 (from 40 % at 573 K to 25 % at 723 K) but goes through a
maximum (about 58 % at 673 K) for SBA-15 treated with NH,". For the Al-SBA-15
catalysts cyclohexanone oxime conversion increases from around 71 % at 573 K and
reaches nearly 95% at about 623 K over all the catalysts. Selectivity for caprolactam
is nearly constant (+ 5%) for the catalysts, though a small initial increase of selectivity
with temperature is noticed for AI-SBA-15 (9). The best catalyst is AI-SBA-15 with a
Si/Al ratio of 9 which shows a conversion of around 95 % and a selectivity of around
59 % at 623 K. The small decrease in selectivity generally noticed at higher
temperatures is probably due to the decomposition of caprolactam on the catalyst
surface and an increase in the side reactions. At higher temperatures, the formation of

cyclohexanone decreases whereas cyanopentene formation increases. The selectivity
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for other compounds (mostly dimers) increases with temperature. The selectivity for
by products is relatively large over these catalysts as these are products formed by the

hydrolysis of both caprolactam and cyclohexanone over the surface Si-OH groups.
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Figure 4.15 Effect of reaction temperature on cyclohexanone oxime transformation

over Si-SBA-15 and AI-SBA-15 with different Si/Al ratios. Catalyst wt. =2 g; Feed =
1/8 wt. ratio, (oxime /methanol); WHSV = 3.02 h'l; N, = 60 ml/min; TOS =4 h.
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(iv) Influence of concentration of oxime

At a low oxime to methanol weight ratio (1:8), the selectivity for caprolactam
is high (Figure 4.16) and at higher ratios, the formation of the by products
cyanopentene, cyanopentane, cyclohexanone, cyclohexenone is high. At higher

concentrations of oxime, deactivation of the catalyst is faster.
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Figure 4.16 Effect of time on stream on cyclohexanone oxime transformation over Al-
SBA-15 with Si/Al = 9 at different oxime /methanol weight ratios: (A) 1/8, (B) 1/12
and (C) 1/16. Catalyst wt. = 2 g, WHSV=3.02 h™', N, = 60 ml/min, T = 623 K.

(v) Influence of solvent

The influence of solvents on the reaction was studied over Al-SBA-15 (9)
catalyst and the results are presented in Figure 4.17. The solvents used were benzene
(dielectric constant = 2.3), methanol (dielectric constant = 33.6) and acetonitrile
(dielectric constant = 37.5). The selectivity for caprolactam is more in the medium
polar solvent methanol. T. Komatsu et al. [20] reported that medium polarity solvents
such as alcohols gave specific improvements in the selectivity for caprolactam

probably due to the effect of OH groups and the desorption of caprolactam induced by
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the attack of the alcohol molecules, which was confirmed by IR measurements. The
selectivity is higher in methanol probably also due to the attenuation of strong acidity
by the water formed during the dehydration of the solvent, methanol. Conversion of
the oxime in the case of benzene and acetonitrile is almost 100 % but selectivity for
caprolactam is less than in methanol (50-55 % compared to 60 % in methanol). In the
case of benzene and acetonitrile, selectivity for the by-products cyanopentane,

cyanopentene, cyclohexanone and cyclohexenone is high.
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Figure 4.17 (a) Effect of time on stream on cyclohexanone oxime transformation over
solvents methanol, acetonitrile and benzene over AlI-SBA-15 (Si/Al = 9), catalyst wt.

=2 g, Feed = 1/8 wt ratio, WHSV = 3.02 h'l; N, =60 ml/min; T = 623 K.

(vi) Influence of addition of water

The influence of addition of water in the feed is shown in Figure 4.18. It is
found that both conversion and oxime selectivities increase with amount of water and
reach a maximum at about 1.5:1 (water: oxime) mole ratio (Figure 4.18). When water
is added, it forms steam which cleans the catalyst surface of strongly adsorbed

products and increases catalyst acidity.
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Figure 4.18 Effect of water addition on cyclohexanone oxime transformation over Al-
SBA-15 (Si/Al = 9). Feed: 1/8 wt ratio of oxime/ methanol. Catalyst weight = 2 g,
WHSYV =3.02 h™', N, Carrier = 60 ml/min, TOS = 1 h, T= 623 K.

(vii) Influence of Si/Al ratio

The effect of Al content in the AI-SBA-15 samples on the reaction was
investigated over catalysts with different Si/Al ratios of 9, 30, 46, 71. The results
obtained at a TOS of 8 h are presented in Figure 4.19 (A). Data obtained over the
catalysts at different temperatures was presented in (Figure 4.15). The selectivity for
caprolactam is more over Al-SBA-15 samples than over SBA-15. It increases with
increase in Al content. The highest yield of caprolactam is over the sample with Si/Al
= 9. It is noticed that the side products decrease with increasing Al content in the
catalyst. The silanol groups present on Si-SBA-15 and ammonium exchanged SBA-
15 is not sufficiently acidic to catalyze the rearrangement though they are able to
catalyze the formation of the by-products (Figure 4.15). The above studies reveal that
the formation of caprolactam is mainly favored over the moderate acid centers of Al-
SBA-15. The large yields of the deaminated product cyclohexanone over Si-SBA-15
and ammonium exchanged SBA-15 suggest that it is formed more over the neutral
surface silanol groups. The C-C bond cleavage products, cyanopentane, and
cyanopentene are formed over SBA-15, ammonium exchanged SBA-15 and Al-SBA-
15. Apparently, these are produced from dehydration and cracking reactions both
catalyzed and non-catalyzed.

Influence of Al content on oxime conversion and catalyst acidity over Al-

SBA-15 catalysts at a TOS of 8 h at 623 K is shown in Figure 4.19 (A). Conversion
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increases from 89.9 % to 92.6 % with increase in Al content apparently due to an

increase in the number of

acid sites (Figure 4.19 (B)).
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Figure 4.19 (A) Effect of Al content on cyclohexanone oxime transformation. Feed:
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Figure 4.19 (B) Influence of Al content on oxime conversion and catalyst acidity over

Al-SBA-15 catalysts with different Si/Al ratios. Reaction conditions: TOS = 8 h,

T=623 K, WHSV=3.02 h'l, oxime: methanol = 1:8 wt. ratio, catalyst wt. =2.0 g.
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(B) Vapor phase Beckmann Rearrangement over MCM-41 type catalysts

The reaction procedure used was the same as for the SBA-15 catalysts (section
4.2.2 (i1)). All the catalysts were studied and compared at 623 K using an oxime:
methanol wt. ratio of 1:8 at a WHSV of 3.02h™.
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(i) Effect of time on stream

Oxime conversion, yield and selectivity to caprolactam with time are
presented in Figure 4.20. The conversion of cyclohexanone oxime is high initially and
decreases at higher TOS over all the catalysts. However, the selectivity for
caprolactam gradually increases with TOS and reaches a maximum at around 4 h. The
initial increase in selectivity is probably due to the deactivation of the strong acid
sites. The selectivity for caprolactam increases in the order AI-MCM-41 > Ga-MCM-
41 > Sn-MCM-41 > V-MCM-41 > Fe-MCM-41. A bar chart comparing the different
catalysts is shown in Figure 4.21. Oxime conversion is very high over V and Fe-
MCM-41. Selectivity for caprolactam is however much lower over these catalysts
than over the others (Figure 4.21). V-MCM-41 shows a high selectivity for
cyanopentane and cyanopentene while Fe-MCM-41 shows a high selectivity for

cyclohexanone and cyclohexenone.
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Figure 4.21 (a) Conversion, selectivity and yield of caprolactam, (b) side product
selectivity at TOS =4 h, catalyst wt. = 1.5 g; Feed = 1/8 wt. ratio (oxime /methanol);
WHSV =3.02 h™'; N, = 60 ml/min; T = 623 K.

(C) Vapor phase Beckmann Rearrangement over PW/SBA-15 type catalysts

Investigations of the Beckmann rearrangement over PW loaded SBA-15
catalysts with 10, 20, 30 and 40 wt. % PW loading (at 623 K using an oxime:
methanol wt. ratio of 1:8 and a WHSV of 3.02 h™") are presented below.
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(i) Effect of time on stream

Oxime conversion and selectivity for caprolactam with time on stream are
shown in Figure 4.22. The conversion of cyclohexanone oxime remains nearly
constant (>95%) with TOS over all the catalysts. However, the selectivity gradually
increases with TOS and remains constant after 4 h, reaching 80% for all the catalysts.
Selectivity for other products such as cyanopentane + cyanopentene and

cyclohexanone + cyclohexenone is nearly constant with TOS, though small deviations

are noticed for the different catalysts and products.
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Figure 4.22 Conversion and selectivity for the products over PW/SBA-15 catalysts.

Catalyst wt. = 1.5 g, oxime /methanol wt. ratio =1/8, WHSV = 3.02 h'l, N, = 60
ml/min, T = 623 K.
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Figure 4.23 (a) Conversion, selectivity and yield of caprolactam and (b) Side product
selectivity for Si-SBA-15, NHs-exchanged SBA-15 and PW/SBA-15 catalysts.
Catalyst wt. = 1.5 g, oxime /methanol = 1/8 wt. ratio, WHSV =3.02 h, T = 623 K.
N, = 60 ml/min, TOS=1 h.

(ii) Effect of PW loading

Oxime conversion and caprolactam selectivity on Si-SBA-15 and PW/SBA-15
at 623 K at a TOS of 1 h are presented in Figure 4.23 (a). The effects of run duration
on conversion and product selectivity over PW/SBA-15 have already been presented
in Figure 4.22. Si-SBA-15 and NHy-exchanged SBA-15 catalysts exhibit a low
conversion of 36.8 and 36.4 %, respectively at a TOS =1 h. It is observed that there is
not much change in the conversion of oxime with the PW loading being between 95-
98 % over all the PW catalysts. Selectivity at a TOS of 1 h decreases with PW
loading, though after a TOS of about 4 h, the selectivity is nearly constant (about 80
%) over all the catalysts (Figure 4.22).

Influence of PW content on oxime conversion (and catalyst acidity) over
PW/SBA-15 catalysts at TOS 8 h at 623 K is shown in Figure 4.24 (A). Conversion is
more than 95 % for all the catalysts. Acidity increases with phosphotungstic acid
loading, but its effect is not noticed over these catalysts due to the very high

conversions achieved.
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Figure 4.24 (B) Influence of PW content on caprolactam selectivity (and catalyst
acidity) over PW/SBA-15 catalysts with different phosphotungstic acid loading.
Reaction conditions: TOS =8 h, T = 623 K, WHSV =3.02 h'l, oxime: methanol-1:8

wt. ratio, catalyst wt =1.5 g.
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The influence of PW content on caprolactam selectivity (and catalyst acidity)

over PW/SBA-15 catalysts at a TOS of 8 h at 623 K is shown in Figure 4.24 (B).

There is a marginal decrease in the selectivity from 83.2% for 10 wt. % PW catalyst

to 78.5 % for 40 wt. % catalyst.

Table 4.3 Comparison data for all catalysts at TOS=4h

Catalyst (Si/ metal ratio) Conv.  Selectivity (%) Yield of
oxime A B C Others C (%)

Si-SBA-152 4.2 340 238 320 10.2 1.3
NH;-exchanged SBA-15%  14.7 294 150 505 49 7.4
Al-SBA-15(9)? 94.1 17.5 13.0 585 11.0 55.0
Al-MCM-41 (19) 97.8 92 127 742 39 72.6
Al-MCM-41 (30) 73.6 16.1 19.5 655 58 48.3
Ga-MCM-41 (20) 74.0 26.1 17.6 490 73 36.3
Sn-MCM-41 (22) 31.5 17.4 389 323 113 10.2
V -MCM-41 (46) 94.5 46.0 31.7 147 175 13.9
Fe -MCM-41 (20) 97.4 29.0 594 33 82 32
10 wt. % PW/SBA-15 99.4 64 53 821 6.1 81.7
20 wt. % PW/SBA-15 95.8 43 48 822 8.7 78.7
30 wt. % PW/SBA-15 93.8 54 68 830 47 77.8
40 wt. % PW/SBA-15 99.2 10.8 12.0 725 4.6 72.0

Reaction conditions: T = 623 K, TOS = 4 h., N, = 60 ml/min, WHSV = 3.02 h'l,

oxime: methanol- 1:8 wt ratio, catalyst wt. =1.5 g, (a - catalyst wt. = 2 g). A-

cyclohexanone + cyclohexenone, B-cyanopentane + cyanopentene, C- caprolactam,

others- dimers.
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(iii) Comparison of activity of different catalysts

A comparison of activity of different catalysts (at 623 K and TOS 4 h) is
presented in Table 4.3. The activity of the catalysts for oxime conversion as well as
selectivity for caprolactam is in the order, Si-SBA-15 < NHy4-exchanged SBA-15 < Fe
-MCM-41 < V -MCM-41 < Sn-MCM-41 < Ga-MCM-41 < Al-SBA-15 < AI-MCM-
41 < PW/SBA-15.

4.2.4 CONCLUSIONS

A study of the transformation of cyclohexanone oxime to e-caprolactam was
carried out on SBA-15, ammonium exchanged SBA-15 and Al-SBA-15 samples with
different Si/Al ratios. The vapor phase Beckmann rearrangement was studied at
different reaction conditions of temperature, space velocity and time on stream. The
effect of polarity of solvents was also investigated over the catalysts. Conversion of
oxime remains nearly constant with TOS up to 8 h over all the catalysts at the
temperatures studied in the range (573-723 K). Selectivity for caprolactam increases
with TOS. Caprolactam yield is highest for AI-SBA-15 with Si/Al ratio of 9 at 623 K
and WHSV of 3.02 h™. While acidic sites appear to catalyze the rearrangement, Si-
OH groups catalyze the formation of by-products. The moderate polar solvent
methanol exhibits the best performance for caprolactam selectivity.

The Beckmann rearrangement was also studied over as Fe-MCM-41, V-
MCM-41, Sn-MCM-41, Ga-MCM-41, AI-MCM-41, and PW/SBA-15. The activity of
these catalysts was compared at 623 K. The results show that oxime conversion as
well as selectivity for caprolactam for these catalysts varied in the order, Si-SBA-15 <
NHy-exchanged SBA-15 < Fe -MCM-41 < V -MCM-41 < Sn-MCM-41 < Ga-MCM-
41 < AI-SBA-15 < AI-MCM-41 < PW/SBA-15.
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Chapter 5

ACYLATION
AND
ALKYLATION
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The present chapter contains 2 sections. Part 1 discusses the study of acylation of
anisole over modified SBA-15 and MCM-41 catalysts, while part 2 discusses the
vapor phase isopropylation of m-cresol over modified MCM-41 and SBA-15

catalysts.

5.1 PART 1 FRIEDEL-CRAFTS ACYLATION OF ANISOLE
5.1.1 INTRODUCTION

Aromatic ketones used as intermediates in manufacturing fine and speciality
chemicals, and pharmaceuticals are generally synthesized by two routes, namely,
Friedel-Crafts aromatic acylation and the related Fries rearrangement [1]. The Friedel-
Crafts reaction occurs by interaction of the aromatic compound with a carboxylic acid
derivative (e.g. acid anhydride, acyl chloride or the acid itself) in the presence of an
acid catalyst and involves acylium ion intermediates that are generated from the
acylating agent by interaction with the acid catalyst. The present industrial practice
involves the use of stoichiometric amounts of metal halides (soluble Lewis acids e.g.
AICl;, FeCly) or strong mineral acids (HF, H,SO,) as catalysts and acyl chlorides as
the acylation agents, which results in the formation of substantial amounts of by-
products. Therefore, in view of increasingly strict environmental legislation, the use
of heterogeneous catalysts becomes very attractive especially due to ease of
separation of the catalyst, its reusability and environmental benefits. The acylation of
anisole with acetic anhydride, reportedly using a zeolite catalyst, has been
commercialized by Rhodia [2]. Friedel-Crafts chemistry using solid-acid catalysts
such as zeolites, clays, Nafion-H, and heteropolyacids (HPA) has been investigated by
many authors [3-6]. Heteropolyacids are promising solid-acid catalysts for Friedel-
Crafts reactions [7-10]. These acids are stronger than many conventional solid acids
such as mixed—oxides and zeolites. The Keggin-type HPAs are typically represented
by the formula Hgyx [XM;,040], where X is the heteroatom (most frequently P>* or
Si*"), x is its oxidation state and M is the addenda atom (usually W®" or Mo®). The
strong Bronsted sites on HPA are able to generate acylium ions, which are the active
intermediates in the acylation of aromatic substrates through an electrophilic attack at
the m-electron system of the substrate. A Wheland type transition state has been

suggested as the intermediate in the formation of aromatic ketones [11, 12].
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Incorporation of heteropolyacids (HPA) into porous materials to obtain shape-
selective catalysts has long been a challenge. However, conventional zeolites are not
suitable for this because their pores are too small to adsorb the large (12 A) HPA
molecules. H3[PW,049] (PW) encapsulated into a mesoporous pure silica molecular
sieve (MCM-41) [13] has been studied in various catalytic reactions [14, 15].
Similarly, PW/SBA-15 catalysts have been reported to possess larger selectivity and
stability in the alkylation of benzene with 1-dodecene compared to HY zeolite [16].

The acylation of anisole with acetic anhydride over PW/SBA-15 catalysts with
different PW loadings is reported in the present work. The influence of reaction
parameters such as temperature (333-373 K), molar ratio of the reactants, catalyst
amount and different PW loadings are investigated. A comparison of the activities of
Al-MCM-41, Al-SBA-15 and PW/SBA-15 catalysts for the acylation of anisole (at
373 K) is made.

5.1.2 EXPERIMENTAL
(a) Reaction procedure

The acylation reaction was carried out in the liquid phase in a 50 ml glass
reactor equipped with a condenser and a magnetic stirrer. The reactions were carried
out in the temperature range of 333-373 K and anisole to acetic anhydride molar ratio
of 10. The amount of anisole used in the reactions was 0.1 mole. No solvent was
used. The pre-activated catalyst was added to the reactor in an appropriate amount. In
order to monitor the reaction, 0.1 ml of the reaction mixture was taken out
periodically, diluted to 1 ml with 1,2-dichloromethane and analyzed by GC (Varian
Star 3400 CX Gas Chromatograph; column- CP Sil 5 CB, 30 m, id = 0.5 mm). The
product identification was done by GC-IR and GC-MS.

5.1.3 RESULTS AND DISCUSSION
(A) Acylation of anisole over PW/SBA-15 catalysts

The performance of PW/SBA-15 catalysts with different PW loadings was
investigated in the temperature range of 333-373 K and anisole to acetic anhydride
molar ratios (AN/AA) of 10. para- Methoxyacetophenone (p-MAP) was the dominant
product while ortho- methoxyacetophenone (0-MAP) was formed in smaller amounts.
The selectivity for mono-acylation was almost 100 % over all the catalysts, no other

aromatic products being detected in the product. Conversion is expressed as the
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percentage of acetic anhydride (the limiting reagent) converted into the product.

Reaction scheme is as shown in Figure 5.1.

OMe OMe OMe
COMe
+ (CH,CO),0 + + CH,COOH
COMe
Anisole Acetic anhydride p-MAP o-MAP Acetic acid

Figure 5.1 Reaction Scheme: Acylation of anisole with acetic anhydride.

(i) Influence of temperature

The influence of temperature on the conversion of acetic anhydride, and o-
MAP and p-MAP yields studied in the temperature range of 333 to 373 K for 2 h over
10, 20, 30 and 40 wt. % PW/SBA-15 catalysts is presented in Figure 5.2. It is found
that as the temperature increases from 333 to 373 K, the conversion and the yield of
p-MAP increase with increase in PW content, while the yield for o-MAP decreases.
Over 10 wt. % PW/SBA-15 the conversion was 76 % at 333 K, which increased to 94
% at 373 K. At higher loadings of 20, 30 and 40 wt. % PW, the conversion is very
high and is 80 % to 100 % in the temperature range of 333 to 373 K as shown in
Figure 5.2. p-MAP yield increases with PW content of the catalyst.

(ii) Effect of catalyst amount

The effect of catalyst amount (0.05 g, 0.1 g and 0.15 g) was investigated at an
anisole to acetic anhydride mole ratio of 10:1 at a temperature 333 K over a 10 wt. %
PW/SBA-15 catalyst (Table 5.1). As expected, conversion increases with catalyst
amount (Table 5.1). Conversion was less than 67 % for 0.05 g catalyst charge while it
is more than 80 % for 0.1 and 0.15 g catalyst amount at a TOS of 2 h. Selectivity is

almost more than 95 % under all the conditions.
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Figure 5.2 Influence of temperature on (a) conversion and yield of (b) o-MAP and (c)

p-MAP at different PW loadings. Reaction conditions: AN/AA=10:1 mole ratio,
catalyst =0. 1 g, TOS=2 h.

Table 5.1 Effect of mole ratio and catalyst amount on conversion and selectivity

Catalyst AN:AA  Catalyst Conversion p-MAP
Mole wt. (g) (%) selectivity
ratio (%)

5:1 0.1 67.3 95.5

10 wt. % PW/SBA-15 10:1 0.1 83.0 95.6
20:1 0.1 88.2 95.5
30:1 0.1 92.1 95.4
10:1 0.05 59.8 96.8

10 wt. % PW/SBA-15 10:1 0.1 83.0 95.6
10:1 0.15 93.2 95.6

Reaction conditions: T=333 K, TOS=2h
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(iii) Effect of mole ratio

The effect of mole ratio was studied at anisole to acetic anhydride ratio of 5:1,
10:1, 20:1 and 30:1 at a temperature of 333 K over 10 wt. % PW/SBA-15 catalyst and
the results are presented in Table 5.1. Both conversion and yield of p-MAP are found
to increase with increase in molar ratio. Selectivity is almost 95 % at all molar ratios;
it is initially even higher and then reaches a constant value after 1 h. Both the initial
reaction rate and p-MAP yield at quasi-stationary state increase, in this case, for
higher values of the AN/AA molar ratio. It is likely that acetic anhydride is more
strongly adsorbed than anisole and that p-MAP is more strongly adsorbed than acetic
anhydride. Therefore, a more favorable ratio of the reactants is achieved when the
anisole to acetic anhydride molar ratio is increased and thus also a higher initial
reaction rate. Excess anisole acts as solvent for p-MAP, which is more strongly
adsorbed than acetic anhydride, product inhibition is reduced, and the product yield is

therefore higher [17].

(iv) Influence of duration of run

The effect of run duration (up to 3 h) on conversion and on o-MAP and p-
MAP yields over catalysts with different PW loadings at 373 K is shown in Figure
5.3. In general, the conversion and p-MAP formation increase with run duration while
the 0-MAP decreases. The activity increases with increasing PW content; the sample
with 40 wt.% PW loading shows a high conversion of almost 100 % and a p-MAP
yield of about 95 %. The slowing down of the reaction after 1 h is due to the kinetic
effect of a pseudo first order reaction due to depletion of the reactant.

The acylation of anisole over the PW/SBA-15 catalysts appears to be a truly
heterogeneously catalyzed reaction as the reaction stops when the catalyst (10 wt. %
PW/SBA-15) is filtered off under hot conditions at the reaction temperature at 333 K

after 30 min of reaction (Figure 5.4).
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Figure 5.3 Effect of run duration on conversion, yield of p-MAP and o-MAP on
different PW loaded SBA-15 catalysts at 373 K.
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AA=10:1 mole ratio, Time = 0.5 h (30 min), catalyst amount = 0.1 g.
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(v) Effect of PW loading

Influence of PW content and acidity on conversion and p-MAP selectivity is
presented in Figure 5.5. Conversion increase with increase in acidity, an increase in
PW content increases the total acid sites. Maximum conversion of 100 % is obtained

over 40 wt. % PW/SBA-15 catalyst. The selectivity of p-MAP is more than 95 % over

all catalysts.

(B) Acylation of anisole over AI-MCM-41 and Al-SBA-15 catalysts
The acylation of anisole with acetic anhydride was also investigated over the

above catalysts. The results are being compared with data obtained over PW/SBA-15

catalysts at 373 K.
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Figure 5.6 Influence of run duration on (a) conversion and (b) p-MAP selectivity over
MCM-41 catalysts with different Si/Al ratios. Reaction conditions: T=373 K, AN:

AA=10:1 mole ratio, catalyst amount: 0.1 g.

(i) AI-MCM-41

The effect of run duration (up to 3 h) on conversion and selectivity for p-MAP
over AI-MCM-41 with different Si/Al ratios at 373 K is shown in Figure 5.6. As
already noted, in general, conversion and p-MAP formation increase with run

duration, while o-MAP decreases. The conversion for the sample with the Si/Al ratio
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21 increases from 19.4 % to 59.9 % while for Si/Al ratio 31 and 53, the conversion
increases from 18.3 to 40.9 % and 7.8 to 23.6 %, respectively between 15 min to 3 h
reaction time at a temperature of 373 K. Selectivity for p-MAP is more than 96 %
over all the catalysts with Si/Al ratios of 21, 31 and 53. Influence of Al content and
catalyst acidity on conversion and selectivity for p-MAP is presented in Figure 5.7. It
shows that conversion increases with acidity; an increase in Al content increases the

total acid sites. The p-MAP selectivity is more than 96.5 % for all Si/Al ratios.
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Figure 5.7 Influence of Al content and catalyst acidity on (a) conversion and (b)
selectivity of p-MAP. Reaction conditions: T=373 K, AN: AA=10:1 mole ratio,
catalyst amount: 0.1 g, Time =3 h.
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Figure 5.8 Influence of run duration on (a) conversion and (b) p-MAP selectivity over
SBA-15 catalysts with different Si/Al ratios. Reaction conditions: T=373 K, AN:
AA=10:1 mole ratio, catalyst amount: 0.1 g.

(ii) AI-SBA-15

The effect of run duration (up to 3 h) on conversion and selectivity for p-MAP
over the catalysts with different Si/Al ratios at 373 K is shown in Figure 5.8. In
general, the conversion and p-MAP formation increase with run duration, while o-
MAP decreases. The conversion for the sample with the Si/Al ratio 19 increases from
16 % to 59 % while for Si/Al ratio 30 and 46 conversions increase from 11 to 44 %
and 7 to 35 %, respectively, at 3h reaction time at 373 K. Selectivity for p-MAP is
more than 96 % over all the catalysts with Si/Al ratios of 19, 30 and 46.
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Influence of Al content and catalyst acidity on conversion and selectivity for
p-MAP is presented in Figure 5.9. It shows that conversion increases as the acidity

increases.
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Figure 5.9 Influence of Al content and catalyst acidity on (a) conversion and (b)
selectivity of p-MAP. Reaction conditions: T = 373 K, AN: AA=10:1 mole ratio,

catalyst amount: 0.1 g, Time =3 h.
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Table 5.2 Comparison of activity of SBA-15 and MCM-41 catalysts for acylation

of anisole with acetic anhydride

Catalyst Conversion p-MAP p-MAP
(%) Selectivity (%) Yield (%)
10 wt.% PW/SBA-15 934 95.4 89.1
20 wt.% PW/SBA-15 99.0 94.6 93.7
30 wt.% PW/SBA-15 100 94.6 94.6
40 wt.% PW/SBA-15 100 95.1 95.1
Al-MCM-41 (21) 55.7 96.7 53.9
Al-MCM-41 (31) 36.9 96.6 35.6
Al-MCM-41 (53) 19.5 95.7 18.7
Al-SBA-15 (19) 48.2 96.8 46.7
Al-SBA-15 (30) 355 97.2 34.5
Al-SBA-15 (46) 27.8 96.9 26.9

Reaction Conditions: AN: AA=10:1 mole ratio, T=373 K, Catalyst amount = 0.1 g,
Time = 2 h, (AN- anisole, AA-acetic anhydride, p-MAP- para-

methoxyacetophenone).

(C) Comparison of activity of modified MCM-41 and SBA-15 catalysts

Table 5.2 presents the comparison data for the activity of MCM-41 and SBA-
15 catalysts at 2 h at 373 K. The activity of the catalysts for conversion and selectivity
are: in the order Al-SBA-15 < AI-MCM-41 < PW/SBA-15. AI-MCM-41 catalysts
possess less acidity than Al-SBA-15, but are more active for acylation. The reason
may be that the Al-ions are better dispersed inside the pores of AI-MCM-41 and much
of the Al-ions contribute to more active Bronsted acidity. In the case of Al-SBA-15
catalysts, the Al-ions are deposited on the surface (pore walls) and some of it may

remain as bulk Al,O; possessing less active Lewis acid sites.
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5.1.4 CONCLUSIONS

The Friedel-Crafts acylation of anisole with acetic anhydride catalyzed by
heteropolyacids shows that both catalyst acidity and substrate conversion increase
with the PW content over SBA-15. There is a close relationship between acidity and
conversion, which suggests that the reaction occurs inside the pores of SBA-15. Both
conversion and p-MAP formation increase with run duration while the o-MAP
decreases. The temperature effects on conversion and selectivity show that conversion
is 100 % and p-MAP yields are more than 95 % at 373 K for high PW contents

A comparison of the activity of MCM-41 and SBA-15 catalysts at 373 K
shows that the activity of the catalysts for conversion and selectivity are in the order:
AI-SBA-15 < AI-MCM-41 < PW/SBA-15. AI-MCM-41 catalysts possess less acidity
than AI-SBA-15 but exhibit higher activity for acylation.
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5.2 PART 2 ALKYLATION OF M-CRESOL
5.2.1 INTRODUCTION

Alkylation of phenol is an industrially important reaction as many alkyl
phenols are used in the manufacture of surfactants, pharmaceuticals, dye stuffs,
pesticides, paints and plastics [18]. Among the several isopropylation products of
methyl phenols, the m-cresol derived 2-isopropyl-5-methylphenol (thymol) is the
most important because it is a precursor of menthol [19]. Natural thymol is extracted
from the oil of thyme and mint. It has antiseptic properties and antimicrobial activity
[20]. It is also an important intermediate used in perfumery. Hydrogenation of thymol
leads to menthol, a component of fragrances with a peppermint odour.

There are several methods available for the preparation of thymol. Liquid
phase alkylation of m-cresol with propylene over an acidic catalyst [21] and the gas
phase alkylation with propylene in the presence of supported metal sulphates [22],
wide pore and medium pore zeolites [23] and y-alumina [24-25] have been reported.
In an industrial process employed by Bayer AG, thymol is obtained by liquid phase
isopropylation of m-cresol in the presence of activated alumina at 633 K and 50 bar
pressure [26]. m-Cresol isopropylation has been reported over Mg-Al hydrotalcite
[27] with nearly 80 % selectivity towards thymol at 40 % m-cresol conversion. The
gas phase isopropylation of m-cresol has been reported over an oxide catalyst
containing Fe, Si, Cr and K, at atmospheric pressure [28]. Gas phase reaction using
zinc aluminate spinel (ZnAl,O4) has been reported with m-cresol conversion of 78.2
% and thymol selectivity of 88.4 % [29]. Maheshwari et al. have reported that in
vapor phase alkylation of m-cresol with isopropanol over AI-MCM-41 catalysts with
different nsi/na; ratios, the activity of the AI-MCM-41 [30] depends on its acidity
which increases with decreasing nsi/na; ratio and a high temperature (573 K) was
required to get a high m-cresol conversion. The authors also reported that consecutive
alkylations and deactivation of the catalyst by coke deposition did not occur due to the
scattered Bronsted acid sites and large pore diameters with less diffusional constraints
in AI-MCM-41 catalysts. The reaction of m-cresol with isopropyl acetate over Al-
MCM-41 and Al, Zn-MCM-41 has revealed that the reaction depends on the acid sites
(moderate, strong and weak) of the catalysts and their hydrophilic and hydrophobic
properties. It was found that Al, Zn-MCM-41 was less active than AI-MCM-41due to

its greater hydrophilicity [31]. Vinu et al. have reported that isopropylation occurs
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over AI-SBA-15 catalysts at 73.5 % m-cresol conversion and 45.7 % thymol
selectivity [32].

In the present work, the vapor phase alkylation of m-cresol with isopropanol
over AI-MCM-41, AI-SBA-15 and PW/SBA-15 catalysts is being investigated. The
influence of reaction parameters such as temperature (498-623 K), WHSV, mole ratio
of the reactants and time on stream was studied over MCM-41 and SBA-15 based

catalysts.

5.2.2 EXPERIMENTAL
(a) Reaction procedure

The catalytic experiments were carried out in a vertical down flow glass
reactor (i.d. = 15 mm and 35 cm length) at atmospheric pressure using 1.5 g of the
catalyst. The catalyst was pelletized and then sieved to 16-20 mesh size prior to use.
The reactor was placed inside a temperature controlled vertical furnace. The
thermocouple tip was centered at the middle of the catalyst bed. A mixture of m-
cresol (Aldrich) and isopropanol (AR grade, E-Merck, India) was fed using a syringe
pump (SAGE instrument). The WHSYV values were calculated based on the total feed
injected. The catalyst was calcined at 823 K for 6 h before start of run. The reaction
products were analyzed using a GC (Chrompack CP 9001, column OV-101, 50 m, id
= (0.2 mm). Identification of the products was done by GC-MS and GC-IR.

5.2.3 RESULTS AND DISCUSSION

Isopropylation of m-cresol was investigated over AI-MCM-41, Al-SBA-15
and PW/SBA-15 catalysts. Both O- and C-alkylations occurred to give a mixture of
products as shown in the reaction scheme (Figure 5.10). Among the products, thymol
(A), isothymol (B), 2-isopropyl-3-methylphenol (C) and the dialkylated products, 2,
4-di-isopropyl-3-methylphenol (E) were the major products. Other products, such as
2, 6-di-isopropyl-3-methylphenol (D), isopropyl-2-isopropyl-5-methylphenylether (F)

and isopropyl-3-methylphenylether (G) were also formed in minor amounts.

(A) Vapor phase isopropylation of m-cresol over AI-MCM-41
Isopropylation of m-cresol was studied over AI-MCM-41 with a Si/Al ratio of
21. The influence of different reaction parameters such as temperature, time on stream

and space velocity (WHSV) was investigated over the catalyst
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Figure 5.10 Reaction Scheme: Alkylation of m-cresol with isopropanol.

>

2-isopropyl-5-methylphenol (Thymol)

®

4-isopropyl- 3-methylphenol (Isothymol)

Q

2-isopropyl-3-methylphenol (2-1-3MP)

v

2,6-di-isopropyl-5-methylphenol (2,6- DI-5SMP)
E
F
G-
H- Others (Low boilers and High boilers) not shown.

2,4-di-isopropyl-5-methylphenol (2,4-DI-5MP)

Isopropyl-2-isopropyl-5-methylphenylether (I-2I-SMPE)
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(i) Effect of temperature

The influence of reaction temperature on conversion and selectivity was

studied at 498, 523, 548, 573 and 598 K using a constant molar feed ratio of m-cresol:

isopropanol of 1:4 and WHSV of 1.76 h™.
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Figure 5.11 Influence of temperature on (a) m-cresol conversion and selectivity for
thymol, isothymol and 2-isopropyl 3-methlylphenol, (b) selectivity for dialkylated
products (see Figure 5.10 for product identification). Reaction conditions: AI-MCM-
41 (21)-1.5 g, TOS =4 h, m-cresol: IPA=1:4 molar ratio, WHSV=1.76 ht.
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A slight increase in conversion is observed as the temperature is increased
from 498 to 548 K (70.7 % to 74.7 %) [Figure 5.11 (a)]. Conversion however
decreases significantly above 548 K. At 598 K, the conversion is found to be 58.8 %
[Figure 5.11 (a)]. The decrease in m-cresol conversion at higher temperatures could
be due to increased dealkylation (thermodynamic equilibrium being reached) at higher
temperatures and due to deactivation of the acid sites by undesired products formed
by the side reactions of isopropyl alcohol. In the present study the highest conversion
was observed at 548 K. Thymol is formed more selectively than other products at all
the temperatures studied. The high selectivity for thymol is probably due to
chemisorption of m-cresol on the Bronsted acid sites through its OH group, favoring
o-alkylation with isopropyl cation [31]. Besides the o-position is also the more
reactive one (kinetically favoured) as the second and fourth carbons are sterically
hindered by the methyl group, the isopropyl cation selectively attacks the sixth carbon
to yield thymol.

It is also observed that at higher reaction temperatures, while the selectivity to
thymol increases up to 548 K (from 35 to 46 %), the selectivity to 2, 4-DI-5SMP
decreases [Figure 5.11 (b)]. The high selectivity of thymol could be due to its lower
kinetic diameter of this (para product) compared to other products. Song et al. [33]
reported such a preferential formation of para isomers due to their difference in
diffusion kinetics by computational modeling. Furthermore, the high selectivity of 2,
4-DI-SMP at lower reaction temperatures could be attributed to the greater
thermodynamic stability of the di-isopropyl compound at lower reaction temperatures.

In the present study, isothymol, 2-I-3MP and 2, 4-DI-5MP is found to be the
major byproducts. The selectivity for isothymol is low at low temperatures and
increases at higher temperatures. Isothymol formation may be the result of a different
configuration of the aromatic ring on the catalyst surface according to the mechanism
proposed by Taylor and Ludlum [34]. Isothymol could also be formed via
isomerization of thymol over strong acid sites. Thus, there are two routes by which
isothymol could be formed in this reaction. Isomerization of thymol to isothymol is
greater at lower temperature (~ 473 K) than at 673 K as reported by earlier workers
[28]. But, in the present study, although isomerization of thymol can occur on the
same acid sites that catalyze the formation of thymol, the selectivity to isothymol is

low at low temperatures. This suggests that the sites are not acidic enough for
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isomerization at low temperatures. The formation of the products such as [-3MPE and

I-2I-5MPE occurs to a small extent.
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Figure 5.12 Effect of TOS on (a) m-cresol conversion and selectivity for thymol,
isothymol and 2-isopropyl 3-methlylphenol, (b) selectivity for dialkylated products.

Reaction conditions: AI-MCM-41 (21)-1.5 g, m-cresol: IPA=1:4 molar ratio,
WHSV=1.76h", T= 548 K.
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(ii) Effect of TOS

The effect of TOS was studied over a period of 8 h (Figure 5.12) over Al-
MCM-41 (21) at 548 K with a feed ratio 1:4 and at a WHSV of 1.76 h™'. There is a
slow decrease in m-cresol conversion as the TOS increases to 8 h (75.2 % to 71.1 %).
The decrease in conversion is probably due to coke formation. The selectivity for
thymol increases with increase in TOS while a reverse trend in the selectivity to
isothymol is observed.

The selectivity for 2-I-3MP slightly increases with TOS (from 6.49 % to 7.42
%). Figure 5.12 (b) presents the selectivity for the dialkylated products. Selectivity for
2, 4 DI-5SMP increases from 13.4 to 20.2 % with increase in TOS while selectivity for
2, 6 DI-SMP decreases from 7.1 to 4.3 %. The products, I-3MPE and I-2I-5MPE are

formed in small amounts.

(iii) Effect of WHSV

The effect of WHSV on m-cresol conversion and products selectivity over Al-
MCM-41 (21) at 548 K at a TOS of 4 h is shown in Figure 5.13. Conversion increases
from 59.2 % to 74.7 % as WHSV increases from 1.45 to 1.76 h™' but decreases on
further WHSYV increase to 2.0 (66.3 %).

There are two aspects that are interesting: 1) the increase in percentage
conversion on increasing WHSV from 1.45 to 1.76 h' and 2) the decrease in
conversion at 2.0 h™'. The surprising observation is that the changes in conversion take
place within a small change of 0.55 h™. Similar observations have been made by
earlier workers also [31-32] who have given different explanations for the
observations. Shanmugapriya et al. [31] believe that the decrease of conversion at
higher WHSYV is due slower diffusion of m-cresol and Vinu et al. suggest that it may
be due to diffusional restrictions leading to dealkylation and rapid coke formation
[32(b)] and lower m-cresol adsorption at higher flow rates [32(a)]. The absolute
amounts of m-cresol converted at the three space velocities are 2.56, 3.91 and 3.94
mmol per hour over the catalyst. The fact that the amount of cresol converted at 1.76
and 2.0 h'! are the same, the reaction is limited by either, i) desorption and diffusion
of the products inside the pores or by, ii) the reaction at the surface, though it is not
possible to identify the actual reason for the observed behavior with WHSV changes
without further studies. The selectivity for thymol goes through a minimum at 1.76 h™

(WHSYV), while for isothymol it is maximum at this space velocity. The selectivities
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for the di-isopropyl isomers increase with WHSV. This suggests that strong
adsorption or slow diffusion of the product may be responsible for consecutive

alkylations of the monoalkylated (primary) products.
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Figure 5.13 Effect of WHSV on (a) m-cresol conversion and selectivity for thymol,

isothymol and 2-isopropyl 3-methlylphenol, (b) selectivity for dialkylated products.
Reaction conditions: AI-MCM-41 (21)-1.5 g., TOS = 4 h, m-cresol: IPA=1:4 molar
ratio, T= 548 K.
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(B) Vapor phase isopropylation of m-cresol over A1-SBA-15
(i) Effect of temperature

The influence of reaction temperature on conversion and selectivity was
studied at 498, 523, 548, 573 and 598 K using a feed molar ratio of m-cresol:
isopropanol (1:4) and WHSV of 1.76 h'! over AI-SBA-15 (19) and Al-SBA-15 (46)
catalysts. A similar temperature effect was observed for both the AI-SBA-15 catalysts
(Si/Al ratio 19 and 46) (Figure 5.14) as for AI-MCM-41 (21) (Figure 5.11). An
increase in conversion was observed as the temperature was increased from 498 to
548 K.

However the conversion decreased significantly when the temperature was
increased from 548 K to 598 K. As already explained in the case of AI-MCM-41, the
decrease in m-cresol conversion at higher temperatures could be due to predominant
dealkylation at higher temperatures and the blocking of acid sites by undesired
products formed in larger amounts at higher temperatures. The selectivity for
isothymol is low at lower temperatures and it increases at higher temperatures.
Interestingly, the selectivity increase is less over AI-SBA-15 (46) than over AI-SBA-
15 (19) suggesting the role of acidic sites (Al sites) in the reaction. The changes in the
selectivity of all the other products over both the SBA-15 catalysts are similar to those
observed over AI-MCM-41 (21).

(ii) Effect of TOS

The effect of TOS was studied for 8 h over AlI-SBA-15 catalysts with Si/Al
ratios of 20, 30 and 50 at 548 K using a feed ratio of 1:4 and at WHSV=1.76 h"'. The
results of the studies are presented in Figure 5.15. In the case of AI-SBA-15 (19) and
AIl-SBA-15 (30) there is a small initial increase in conversion which peaks at about 6
h and decreases slightly at larger TOS. However, no such trend is seen in the case of
Al-SBA-15 (46). The reason for the behaviour of the catalysts with larger Al contents
is not yet clear though this could be an experimental artifact arising from preferential
adsorption (and retention) of the heavier products (alkylates) by the catalyst bed
during the early hours of the run due to greater acidity of the samples. The decrease in
conversion beyond 6 h is probably due to slow deactivation due to coking or
poisoning of the acid sites. The greater yield of 2, 4-DI-5MP and the decrease in yield
of 2, 6-DI-5MP with duration of run suggests that the former isomer is more strongly

adsorbed over the catalyst. The decrease in isothymol and 2, 6-DI-5SMP yields with
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time points to the slow deactivation of the catalysts. The selectivity for 2-I-3MP is
constant with TOS (from 7 to 8 % for Si/Al -19, 5 to 7 % for Si/Al- 30 and 6 to 7 %
for Si/Al -46). Much of the data reported in the rest of the sections have been

collected at TOS beyond 4 h to avoid the above experimental effects.
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Figure 5.14 Influence of temperature on m-cresol conversion, selectivity for thymol,

isothymol and dialkylated products over (a) AI-SBA-15 (19) and (b) Al-SBA-15 (46)

Reaction conditions: Catalyst=1.5 g, TOS = 4 h, m-cresol: [PA=1:4 molar ratio,
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Figure 5.15 Effect of time on stream on m-cresol conversion, selectivity for thymol,
isothymol and dialkylated products over (a) AI-SBA-15 (19), (b) AI-SBA-15 (30) and
Al-SBA-15 (46). Reaction conditions: catalyst=1.5 g, TOS = 4 h, m-cresol: IPA=1:4
molar ratio, WHSV=1 76h™,
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Figure 5.16 Effect of WHSV on m-cresol conversion, selectivity for thymol,
isothymol and dialkylated products over (a) AlI-SBA-15 (19) and (b) Al-SBA-15 (46).

Reaction conditions: catalyst=1.5 g, TOS = 6 h, m-cresol: IPA=1:4 molar ratio,

WHSV=1.76 h"".

181



(iii) Effect of WHSV

The effect of WHSV on m-cresol conversion and products selectivity over Al-
SBA-15 (19) and AI-SBA-15 (46) at 548 K at TOS 4 h is shown in Figure 5.16.
Conversion for AI-SBA-15 (19) increases from 61.5 % to 78.1 % as WHSYV increases
from 1.45 to 1.76 h™'. But when the WHSYV is increased to 2.0 then there is a decrease
in m-cresol conversion (65.9 %). Similar results were observed for AI-SBA-15 (46)
catalysts.

The absolute amounts of m-cresol converts over AI-SBA-15 (19) at the three
WHSYV are 2.66, 4.09 and 3.92 mmol/h (the values are similar to the ones observed in
the case of AI-MCM-41). For AI-SBA-15 (46) the values are 2.85, 3.88 and 3.70
mmol/h, being nearly similar to the values for AI-MCM-41 (21) (2.56, 3.91 and 3.94
mmol/h) and AI-SBA-15 (19). Apparently, the amount of acidity (no. of active sites,
Al ions) is not critical. It is likely that the diffusion effects are predominantly
responsible for similar m-cresol conversion over both catalysts (Si/Al = 19 and 46).
However if diffusion effects were the predominant reason, the activity should be more
for SBA-15 catalysts as their pore diameters are larger (~100 A) than those of MCM-
41 catalysts (~30 A). Probably, the intrinsic activities of the catalysts (active centers
in the catalysts) also play a role, the MCM-41 catalysts being more active than the
SBA-15 catalysts, being prepared by direct synthesis compared to the SBA-15

catalysts prepared by impregnation.

Table 5.3 Effect of feed ratio on isopropylation of m-cresol over AlI-SBA-15 (19)

Catalyst Mole Conv. Product Selectivity (%)

ratio (%) A B C D E Others

(m-cresol:

IPA)

1:2 29.3 635 179 78 15 6.1 3.2
Al-SBA-15(19) 13 66.9 46.7 140 74 50 224 44

1:4 75.4 447 147 7.1 53 222 6.1

1:5 79.0 416 167 64 6.7 221 6.5

Reaction conditions: T = 548 K, TOS =4 h, WHSV =1.76 h'l, catalyst amount = 1.5
g. others- (F + G + High Boilers). A, B, C, D, E, F and G (products as shown in
Figure 5.10).
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(iv)Effect of feed ratio

The effect of feed ratio on the reaction was studied over AI-SBA-15 (19) at
548 K at WHSV=1.76 h™! with m-cresol to isopropanol mole ratio of 1:1, 1:2, 1:3 and
1:4. The results are presented in Table 5.3. As the isopropanol amount increases, m-
cresol conversion increases while selectivity for thymol decreases. This is presumably
due to the presence of larger amounts of adsorbed isopropanol on the surface of the
catalyst. m-Cresol reacts with isopropyl cation by remaining in the vapor phase or in
the chemisorbed state on the catalysts surface. Chemisorbed m-cresol can give mono-
and di-ring alkylation but not O-alkylation it could be due to the reaction between
thymol and isopropyl cation on the catalyst surface. The selectivity for isothymol
increases as the feed ratio increase while the selectivity for 2-I-3MP decreases. There
is not much change in the selectivity of the dialkylated product 2, 4 DI-SMP. It shows
almost the same selectivity at all the feed ratios studied. A marginal increase in the
selectivity is noticed for 2, 6 Di-SMP. The results show that the selectivity for higher

alkylated products is independent of the dilution effect.

(C) Vapor phase isopropylation of m-cresol over PW/SBA-15
(i) Effect of TOS and PW content

Isopropylation of m-cresol was studied over PW/SBA-15 catalysts with
different PW loadings of 10, 20 and 40 wt. % at 548 K with WHSV=1.76 h'land a
TOS of 4 h. The m-cresol: isopropanol mole ratio was 1:4. The results of the TOS
studies carried out on PW/SBA-15 catalysts are presented in Figure 5.17. It is
observed that the conversion of m-cresol is initially high at the start of reaction and
then decreases with TOS. For 10 wt. % catalyst, conversion is in the range of 76 to 59
%, for 20 wt. % it is 77 to 55 % and for 40 wt. % the initial conversion is 80 % and at
TOS 8 h it decreases to 67 %. But the trend of thymol selectivity for all the catalysts
is almost similar. For all the catalysts, the selectivity increases from about 36 to 48 %
with increase in TOS. Isothymol selectivity decreases with increase of TOS from 1 to
8 h. The selectivity for 2-I-3MP is almost the same for all the catalysts and it
increases with TOS. The selectivities for the dialkylated products (2, 4 DI-SMP and 2,
6 DI-5MP) decrease with TOS. m-Cresol conversion increases slightly as the PW

content increases due to an increase (Figure 5.18) in acidity.
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Figure 5.17 Effect of time on stream on m-cresol conversion, selectivity for thymol,

isothymol and dialkylated products over (a) 10 wt. % PW/SBA-15, (b) 20 wt. %
PW/SBA-15 and (c) 40 wt.
TOS =4 h, m-cresol: IPA =

% PW/SBA-15. Reaction conditions: Catalyst = 1.5 g.,

1:4 molar ratio, WHSV = 1.76h™
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Figure 5.18 Influence of PW content and catalyst acidity on (a) m-cresol conversion
over PW/SBA-15 catalysts. Reaction conditions: catalyst = 1.5 g, TOS = 4 h, m-
cresol: IPA =1:4 molar ratio, WHSV = 1.76h!

Table 5.4 Comparison of the activity of different catalysts for m-cresol

isopropylation

Catalyst Conv. Product Selectivity (%)

(%) A B C D E Others
Al-MCM-41(21) 74.7 459 189 7.02 49 177 55
Al-MCM-41 (31) 73.6 443 165 69 46 212 65
Al-MCM-41 (53) 68.2 435 163 5.8 43 241 60

Al-SBA-15 (19) 75.5 447 147 707 53 222 6.1
Al-SBA-15 (30) 78.8  42.6 151 63 55 255 438
Al-SBA-15 (46) 71.6  48.8 123 691 47 223 5.0

10 wt% PW/SBA-15 64.8  44.7 8.6 115 32 286 34
20 wt% PW/SBA-15 64.5  46.2 102 11.8 29 260 29
40 wt% PW/SBA-15 723  44.1 140 99 30 257 34

Reaction conditions: T = 548 K, TOS = 4 h, catalyst wt. = 1.5 g, m-cresol:
isopropanol- 1:4, others- (F + G + High Boilers). A, B, C, D, E, F and G are the

products as shown in Figure 5.10.
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(D) Comparison of activities of the catalysts

A comparison of the activities of different catalysts for m-cresol
isopropylation is presented in Table 5.4. AI-MCM-41 and Al-SBA-15 possess similar
m-cresol conversion activities [for similar Al contents]. PW/SBA-15 catalysts are less

active than the Al catalysts. The thymol selectivities of all the catalysts are in general

similar.
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Figure 5.19 Influence of Al content and catalyst acidity on (a) m-cresol conversion
over Al-SBA-15 catalysts. Reaction conditions: catalyst=1.5 g., TOS =4 h, m-cresol:
IPA=1:4 molar ratio, WHSV=1.76h"", T= 548 K.

Figure 5.19 presents the influence of aluminium content and catalyst acidity
on m-cresol conversion in the case of AI-SBA-15 catalysts. Though acidity increases
continuously with Al content, conversion increase is not significant. In fact, it appears
to pass through a maximum at an intermediate Al content and acidity. It appears
therefore, that besides the number of acid sites, other factors may also influence
catalyst activity. One such factor is the possibility that some acid sites might be
inaccessible when the Al loading is high due to pore blocking by the bulk Al,O;

species formed at the surface.
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Figure 5.20 Conversion and acidity comparison for PW/SBA-15, Al-SBA-15 and Al-
MCM-41 catalysts. Reaction conditions: catalyst=1.5 g., TOS = 4 h, m-cresol: IPA
=1:4 molar ratio, WHSV =1.76h"", T = 548 K.

Figure 5.20 shows the effect of acidity on conversion of m-cresol for
PW/SBA-15, Al-SBA-15 and AlI-MCM-41 at TOS 4 h. The plot shows that
conversion increases with acidity for all series of catalysts. However, the data points
for all the catalysts do not fall on the same line suggesting probably the differences in
the nature of acidity and mechanistic differences over the three series of catalysts. For
a given acidity, the activity is similar for AI-SBA-15 and AI-MCM-41 and more than
that for PW/SBA-15.

5.2.4 CONCLUSIONS

Vapor phase m-cresol isopropylation was studied over AI-MCM-41, Al-SBA-
15 and PW/SBA-15 catalysts. Both O- and C-alkylations occur to give a mixture of
products as shown in the reaction scheme (Figure 5.10). Among the products, thymol
(A), isothymol (B), 2-isopropyl-3-methylphenol (C) and the dialkylated product 2, 4-
di-isopropyl-3-methylphenol (E) are the major ones. Other products such as 2, 6-di-
isopropyl-3-methylphenol (D), isopropyl-2-isopropyl-5-methylphenylether (F) and
isopropyl-3-methylphenylether (G) are also formed in minor amounts.
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The influence of reaction parameters such as temperature (498-623 K),
WHSYV, mole ratio of the reactants and time on stream was studied over MCM-41 and
SBA-15 modified catalysts. The optimum reaction temperature and WHSV was found
to be 548 K and 1.76 h™ with m-cresol to isopropanol molar ratio of 1:4. The activity
of all the catalysts was compared at the above reaction conditions and it was found to
be in the order: PW/SBA-15 < AI-MCM-41 < Al-SBA-15. It is also observed that the
reaction depends not only on the acid sites of the catalysts; their hydrophilic and

hydrophobic properties also play an important role.
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Chapter 6

OTHER ORGANIC
TRANSFORMATIONS
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The present chapter contains 3 parts. Part 1 discusses the study of the
esterification of p-cresol with phenyl acetic acid over PW/SBA-15 catalysts, while
part 2 presents the Prins condensation reaction of B- pinene with para formaldehyde
over modified MCM-41 and SBA-15 mesoporous molecular sieves and part 3
contains the results of the oxidation of ethylbenzene over V, Fe and Sn-MCM-41 with

TBHP and H,O, oxidants.

6.1 PART 1 ESTERIFICATION OF P-CRESOL WITH PHENYL ACETIC
ACID
6.1.1 INTRODUCTION

Organic esters are an important class of chemicals having applications in
various preparations, such as cosmetics, perfumes, flavors and pharmaceuticals as
intermediates in fine chemical synthesis and drugs and as food preservatives and
plasticizers. Several synthetic routes have been reported to make esters [1]. Conc.
H,SO4, dry HCI gas, HF, phosphoric acid and p-toluene sulphonic acids, are
commonly used as catalysts to catalyze esterification reactions [2]. Zeolites in
different forms have been studied in esterification reactions such as reactions between
simple alcohols and carboxylic acids [3], amyl alcohol and acetic acid [4], and oleic
acid and oleyl alcohol in the formation of jojoba oil analog [5]. Amberlyst-15, a
cation exchange resin, catalyzes esterification of acrylic acid with butanol [6].
Sulphated-ZrO, [7], aluminophosphates and silicoaluminophosphate molecular sieves
[8] have been reported for the esterification of phthalic anhydride with 2-
ethylhexanol. Filtrol-24, Amberlyst-15, sulphated-ZrO, and heteropolyacids have
been used in the synthesis of phenethyl acetate and cyclohexyl acetate [9]. Also the
enzyme Lipase has been used for the esterification of different carboxylic acids with
p-cresol and m-cresol [10]. Esterification of salicylic acid with phenol has been
reported on hydrated oxides (alumina, silica and zirconia) in their sulphated forms and
zeolites (Y, ZSM-5 and B) in their protonated forms to yield salol [11]. Fe’*- K-10
montmorillonite is reported to be useful for the esterification of carboxylic acids with
alcohols [12] and also in the synthesis of amides from carboxylic acids [13]. Cation
exchanged montmorillonite clay has been used in the esterifiaction of succinic

anhydride with p-cresol [14]. Recently Nafion functionalized MCM-41
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(perfluoroalkylsulfonic acid chains anchored to MCM-41) catalysts have been
reported for the esterification of long-chain fatty acid with alcohols [15].

There are a few reports on the synthesis of esters of phenyl acetic acid with
phenol, cresols, nitro phenols and resorcinol over Al exchanged montmorillonite clay
[16]. An eco-friendly and benign catalytic process for the preparation of perfumery
grade p-cresylphenyl acetate (an important perfumery chemical) from p-cresol and
phenyl acetic acid was recently reported by Yadav et al. [17] over
dodecatungstophosphoric acid (DTP) supported on K-10 clay, ion exchange resins
and sulphated-ZrO,.

In the present section, the esterifaction of p-cresol with phenyl acetic acid over
PW loaded SBA-15 catalysts is reported. The influence of various reaction parameters
such as temperature, mole ratio, catalyst amount and different PW loading is

presented.

6.1.2 EXPERIMENTAL
(a) Reaction Procedure

The reactions were carried out in a batch mode in a two-necked round-
bottomed flask (capacity 25 ml) in nitrogen atmosphere using p-cresol (s.d. Fine
Chemicals, India) and phenyl acetic acid (Merck) in a 10:1 mole ratio with 0.1 g of
freshly prepared catalyst in the temperature range of 363-393 K. Aliquots of the
reaction mixture were collected at different time intervals and analyzed by GC
(Chrompack CP 9001, column OV-101, 50 m, id= 0.2 mm). Identification of the
products was done by GC- MS and GC- IR.

6.1.3 RESULTS AND DISCUSSION

The catalysts used in the study were PW/SBA-15. The synthesis procedure of
PW/SBA-15 catalysts has been described in chapter 2. The samples were
characterized by different physicochemical techniques such as XRD, TPDA (NHj3),
and N, adsorption. The general observation is that the acidity of the PW/SBA-15
catalysts increases with increasing phosphotungstic acid content. The impregnation
with PW did not affect the pore system or overall arrangement of the pores of SBA-15

to any significant amount (upto 30 wt. % PW loading).
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(A) Esterification of p-cresol by phenyl acetic acid

The reaction scheme of the esterification of p-cresol with phenyl acetic acid to

yield p-cresylphenyl acetate is shown in Figure 6.1.

OH CH,COOH OCOH2C©

PW/SBA-15

-H,0

CH, CH,

p-Cresol Phenyl acetic acid p-Cresylphenyl acetate

Figure 6.1 Reaction scheme for the esterification of p-cresol with phenyl acetic acid.

(i) Influence of duration of run

The effect of run duration on conversion and yield of p-cresylphenyl acetate
over the catalysts (different PW/SBA-15) is presented in Figure 6.2. Both conversion
and yield increase steadily up to 9 h, beyond which the increase is less rapid. As the
PW content increases the conversion and yield also increase due to an increase in the

number of active centers (acidity). The selectivity for p-cresylphenyl acetate remains

100 % over all catalysts.
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—m— 10 wt. % PW/SBA-15

804 —O—20wt. % PW/SBA-15

IS —A— 30 wt. % PW/SBA-15
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Figure 6.2 Influence of PW loading and run duration on p-cresol conversion and yield

of p-cresylphenyl acetate.

194



(ii) Effect of amount of catalyst

Figure 6.3 shows the effect of catalyst charge and run duration on p-cresol
conversion and yield of p-cresylphenyl acetate. 20 wt. % PW/SBA-15 catalyst was
used in the studies. The conversion of phenyl acetic acid increases with increasing
catalyst charge due to the proportional increase in the number of active sites.
Comparing 12 h data, the conversion and yield increase from 2.7 to 67.5 % when the

catalyst amount is increased from 0.025 g to 0.150 g.

—m—0.025 ¢
100 4—0—0.050 ¢ 20 wt.% PW/SBA-15
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§ —0—0.100 g T=373 K

< 80 +—a— 0.125 g

= FA—0150g

2 A
b A

60 -

E=|

2

Z

4 40

=

S

Qo

20
——=u
0 T T T T T T T T T T T
0 5 10 15 20 25

Time (h)
Figure 6.3 Effect of amount of catalyst and run duration on p-cresol conversion and

yield of p-cresylphenyl acetate.
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Figure 6.4 Effect of mole ratio of reactants and run duration on the p-cresol

conversion and yield of p-cresylphenyl acetate.
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(iii) Effect of mole ratio

Figure 6.4 shows the effect of mole ratio of p-cresol to phenyl acetic acid on
conversion of p-cresol. The ratio of p-cresol to phenyl acetic acid was varied between
5:1, 7:1 and 10:1. The yield of the ester increased with increase in the concentration
of p-cresol and reached a maximum of 25.1 % when p-cresol to phenyl acetic acid

ratio was 10:1.

40
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—ml— 30 wt.% PW/SBA-15
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30q Catalyst wt.=0.05 g

Time=9 h
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W
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Figure 6.5 Influence of temperature on conversion and selectivity over PW/SBA-15

catalysts with different PW loadings.

(iv) Influences of temperature

The influence of temperature in the range of 363 to 393 K on p-cresol
conversion and yield of p-cresylphenyl acetate over 20 and 30 wt. % PW/SBA-15 is
presented in Figure 6.5. Conversion and yield increase with temperature for both
catalysts. The selectivity for p-cresylphenyl acetate is 100 % for both the catalysts at
all the temperatures investigated. As expected conversion over 30 wt. % catalyst is
more than over the 20 wt. % catalyst.

In the esterification of p-cresol with phenyl acetic acid, the p-cresol was
used in excess and therefore these reactions were considered as pseudo first order
with respect to the phenyl acetic acid. The standard first order reaction rate
expression,

“In (1- X,) = kt (1)
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was used for the kinetic analysis of the reaction and the activation energy of the
reaction was estimated using the Arrhenius expression:
k= A o CE/RT) @)

In equation (1) and (2), k is the rate constant, X, is the conversion of reactant
(phenyl acetic acid), A is frequency factor, E, is the activation energy, R is the
universal gas constant and T is the reaction temperature.

The experimental data on the influence of temperature on conversion in the
temperature range 363 to 393 K as a function of run duration fitted into a first order
model and the rate constants (k) are calculated. Arrhenius plots of the rate constants
are presented in Figure 6.6. The plot for the 30 wt. % catalyst is better than at for the
20 wt. % catalyst.
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Figure 6.6 Arrhenius plots for 20 wt. % and 30 wt. % PW/SBA-15.
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The values of the activation energies (E,) for 20 wt. % and 30 wt. %
PW/SBA-15 catalysts are 5.81 kcal/mole and 6.93 kcal/mole, respectively, for the
reaction. The low E, values obtained over the catalysts suggest that the overall rate of

reaction is not significantly influenced by intrinsic kinetics.

(v) Influence of PW loading

A plot of p-cresol conversion with acidity (strong and weak) and PW content
is shown in Figure 6.7. It is found that both acidity and conversion increase with PW
content. The relationship between acidity and conversion suggests that the reaction
occurs inside the pores of SBA-15 where the HPA units are located. It was earlier

shown (chapter 3) that the PW molecules are well distributed inside the pores of SBA-
15 upto 30 wt. % PW loading.

0.5 . : . . 100
—0O— Total acidity
| —A— Weak acidity
0.4 4 —O— Strong acidity 80 ~
_~ . . =]
20 —@— Conversion/ Yield 2
€ | Time=24h, T=373 K, 60 &
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z 3
o= -40 &
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0.2+ <
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0.1+
T T T T T 0
10 wt. % 20 wt% 30 wt%
PW Loading

Figure 6.7 Influence of PW content and acidity on p-cresol conversion and yield of p-

cresylphenyl acetate with catalyst acidity.

(vi) Mechanism of the reaction
A plausible mechanism of esterification is shown in Figure 6.8. The reaction
between phenyl acetic acid and p-cresol is catalysed by Bronsted acids through the

formation of a conjugated acid ion i.e., oxonium ion [16] as shown in figure. Addition
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of an alcohol (cresol) to the oxonium ion forms an intermediate adduct which on loss

of a proton and water leads to the formation of the ester.

T‘i\ . <O+H

H
CH—COH = SRR
@ 2 PW/SBA-15 @CHz c ot

Phenyl acetic acid Oxonium ion

OCOH2C©

e’
\\ H
p-cresol

CH, +
p-cresylphenyl acetate

-H,0

Figure 6.8 Plausible mechanism for the esterification of p-cresol with phenyl acetic

acid over PW/SBA-15.

6.1.4 CONCLUSIONS

An eco-friendly and benign catalytic process, employing solid acid catalysts
for the esterification of p-cresol with phenyl acetic acid to give p-cresylphenyl acetate
is presented. The catalytic activity increases with PW loading and acidity. The
apparent activation energies for 20 and 30 wt. % PW/SBA-15 catalyst based on a
pseudo first order model are 5.81 and 6.93 kcal/mole, respectively, which suggest that

the reaction is not significantly influence by intrinsic kinetics.
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6.2 PART 2 PRINS CONDENSATION OF B-PINENE AND PARA
FORMALDEHYDE OVER MODIFIED MCM-41 AND SBA-15 CATALYSTS
6.2.1 INTRODUCTION

Nopol is an optically active bicyclic primary alcohol, useful in the
agrochemical industry for the synthesis of pesticides, soap fragrances and household
products [18, 19]. It is prepared by autoclaving para formaldehyde and B-pinene at
423 to 503 K for several hours. B-pinene is an important component of wood
turpentine, it occurs to the extent of about 30 % in American gum turpentine. Kriewitz
[20] reported that pinene (boiling point 429-432 K) reacts with an alcoholic solution
of paraformaldehye at 443-448 K to give an alcohol C;1H;g0O in 15 % yield. Bain [21]
reported that B-pinene and formaldehyde readily condense in an equimolar mixture to
form a new optically active bicyclic primary alcohol, 6,6-dimethylbicyclo-(1,1,3)-
hept-2-ene-2-ethanol, which has been named nopol.

Recently, Montes de Correa et al. [22] have reported the synthesis of nopol
over Sn-MCM-41 molecular sieves in the presence of toluene as a solvent at 363 K.
Nopol yields higher than 90 % were obtained using a catalyst in which Sn was grafted
by chemical vapor deposition (CVD) of SnCly on MCM-41. More recently, a
mesoporous iron phosphate catalyst has been reported for the selective synthesis of
nopol at 353 K in acetonitrile solvent [23]. Jyothi et al. reported that the anchoring of
tin chloride on a quaternary ammonium chloride functionalized MCM-41 yielded a
catalyst with higher activity compared to the corresponding silica analogue in terms of
turnover rates and product yield in the Prins condensation of isobutene and
formaldehyde to isoprenol [24, 25]. Sn-kenyaite catalysts prepared by CVD method
show high nopol selectivities but -pinene conversion is around 50 % [26].

In this section, the Prins condensation of B-pinene to yield nopol over
mesoporous catalysts is reported. The influence of various reaction parameters such as
temperature, mole ratio, catalyst amount, solvent polarity and metal loading is
reported over Sn-MCM-41 catalysts prepared by direct hydrothermal synthesis. The
activity of the Sn catalysts is compared with those of Si-MCM-41, Fe-MCM-41, V-
MCM-41, Ga-MCM-41, AI-MCM-41, Si-SBA-15 and Al-SBA-15 for this reaction.
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6.2.2 EXPERIMENTAL
The synthesis procedure for the preparation of modified MCM-41 and SBA-15
catalysts was described in chapter 2. The characterization data for all the catalysts was

discussed in chapter 3.

(a) Reaction procedure

The reactions were carried out in the temperature range of 343-373 K in a
batch mode in a two-necked round-bottomed flask (capacity 25 ml) in nitrogen
atmosphere, using B-pinene (Aldrich) (5 mmol) and para formaldehyde (Merck) (10
mmol) with 0.05 g of freshly prepared catalyst. Aliquots of the reaction mixture were
collected at different time intervals and analyzed by GC (Chrompack CP 9001,
column OV-101, 50 m, id = 0.2 mm). Identification of the products was done by GC-
MS and GC- IR.

6.2.3 RESULTS AND DISCUSSION
(A) Prins condensation of B-pinene
The reaction scheme for Prins condensation of P-pinene with para

formaldehyde is shown in Figure 6.9.

Y

HCHO OH
/N

B — pinene Nopol

Y

Figure 6.9 Reaction scheme for Prins condensation of PB-pinene with para

formaldehyde.

(i) Influence of run duration

The effect of run duration on conversion of -pinene and yield of nopol over
Sn-MCM-41 catalysts (with different Si/Sn ratios) is presented in Figure 6.10. For Sn-
MCM-41 (49), conversion increases from 48.2 % to 90 % within 2 h. For Sn-MCM-
41 (37) and Sn-MCM-41 (22) the reaction is faster and almost 100 % conversion is
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achieved within 2 h. The selectivity for nopol is 100 % over all catalysts. It is also

noticed that conversion increases with Sn content in the catalyst. The increase in

conversion with Sn content is attributed to increasing catalyst acidity. Earlier workers

have suggested that the reaction is catalyzed by Lewis acidity, typically Sn** [23-25].
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Figure 6.10 Influence of Sn content with run duration on B-pinene conversion and

yield of nopol. Reaction conditions: P-pinene: para formaldehyde = 1:2 (mole),

catalyst amount = 0.05 g, solvent- toluene =4 g, T=353 K.
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Figure 6.11 Effect of amount of catalyst (Sn-MCM-41 (22)) on B-pinene conversion

and yield of nopol. Reaction conditions: B-pinene: para formaldehyde = 1:2 (mole),

solvent-toluene =4 g, T= 353 K.

202



(ii) Effect of amount of catalyst

Figure 6.11 shows the effect of catalyst loading in the case of Sn-MCM-41
(22) on B-pinene conversion and yield of nopol. On increasing the catalyst amount,
the conversion of B-pinene increases and the time required for total conversion is
shortened. The conversion reaches 100 % in 6 h when 0.0125 g catalyst is used. When
0.025 and 0.050 g of the catalyst are used, very fast and complete conversion is

observed within 4 and 2 h, respectively. Selectivity for nopol is 100 % at all catalyst

loadings.
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Figure 6.12 (a) Influence of temperature and run duration on conversion over Sn-
MCM-41 (22). (b) Influence of temperature on conversion and yield over Sn-MCM-
41 with two different Sn contents. Reaction conditions:[3-pinene: para formaldehyde =

1: 2 (mole), solvent-toluene = 4 g, catalyst amount = 0.0125 g, TOS =4 h.
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(iii) Influence of temperature

The influence of temperature (343 to 373 K) on conversion (at different run
duration) over Sn-MCM-41 (22) is presented in Figure 6.12 (a). Conversion and yield
increase with temperature and run duration. Figure 6.12 (b) presents a comparison
data at a TOS of 4 h for Sn-MCM-41 catalysts with Si/Sn ratios of 22 and 37.
Conversion and yield over Sn-MCM-41 (22) are more than that over Sn-MCM-41
(37). Arrhenius plots based on initial conversion at 1 h at the different temperatures
give apparent E, values of 13.3 and 12.7 kcal/mole for Sn-MCM-41 (22) and Sn-
MCM-41 (37), respectively.

(iv) Influence of solvents

The influence of different solvents on B-pinene conversion and yield of
nopol with run duration over Sn-MCM-41 (22) is presented in Figure 6.13. Different
solvents such as acetonitrile (ACN), toluene, ethylenedichloride (EDC),
tetrachloroethane, heptane and chlorobenzene (ChBZ) were used for the reaction. The
order of activity in the different solvents based on 1 h data is: EDC >

tetrachloroethane > ChBz > toluene > heptane > ACN.

i
S
=
3
E —Ml— Acetonitrile
z‘; 40 - —O— Toluene
4 —A— Ethylene dichloride
g —vV— Tetrachloroethane
© 204 —&— Heptane
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Figure 6.13 Influence of solvents on conversion and yield with run duration over Sn-

MCM-41 (22). Reaction conditions: PB-pinene: para formaldehyde = 1:2 (mole),
solvent-toluene = 4 g, Sn-MCM-41 (22) =0.05 g, T=353 K.
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(v) Effect of B-pinene to para formaldehyde molar ratio

Figure 6.14 presents the results of studies carried out using different mole
ratios of B-pinene and para formaldehyde (1:1, 1:2, 1:4) over Sn-MCM-41 (22). A
general trend of increase in conversion with mole ratio is observed. For B-pinene to
para formaldehyde molar ratio of 1:1, the conversion increases from 36.5 % to 84.2 %
in 4 h. In the same period, conversion increases from 48.3 % to 100 % for a ratio of
1:2 and from 55.4 % to 100 % for a ratio of 1:4. The selectivity for nopol was 100 %
at all molar ratios. When aqueous formaldehyde was used instead of para
formaldehyde, catalytic activity decreased suggesting (Table 6.1) that the absence of

water is necessary to obtain high nopol yields.
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Figure 6.14 Effect of B-pinene to para formaldehyde molar ratio on conversion and
yield with run duration over Sn-MCM-41 (22). Reaction conditions: solvent-toluene =

4 g, catalyst amount = 0.05 g, T =353 K.
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Table 6.1 Activity of MCM-41 catalysts with aqueous formaldehyde and 98 %

para formaldehyde”

Expt. Catalyst Catalyst Conversion / Yield (%)
No. amount(g) 2h 4h 6h

1. Sn-MCM-41 (37) 0.10 28.8 328 357
2. Sn-MCM-41 (49) 0.05 10.5 19.9 298
3. Ga-MCM-41 (54)  0.10 4.5 6.2 10.6
4. Fe-MCM-41 (20) 0.05 11.8 20.8 385
5. Fe-MCM-41 (20) 0.10 46.1 78.7  80.7
6. Sn-MCM-41 (22) 0.05 51.9 575 594

Reaction conditions: B-pinene: para formaldehyde = 1:2 (mole), solvent - ACN =4 g,
T =353 K. (a- In Expt. No. 1 to 5, aqueous formaldehyde (35 %) was used and 98 %
para formaldehyde was used in Expt. No. 6).
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Figure 6.15 Influence of Sn content and catalyst acidity on B-pinene conversion and

yield of nopol. Reaction conditions: B-pinene: para formaldehyde = 1:2 (mole),

solvent-toluene = 4 g, catalyst amount = 0.05 g, T =353 K.
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(vi) Influence of Sn content and acidity

The influence of Sn content and catalyst acidity on B-pinene conversion (and
yield) is shown in Figure 6.15. The result shows that conversion increases with acidity
and Sn content. The formation of nopol from B-pinene and formaldehyde is known to
occur through an addition reaction between the two reactants in the presence of an
acid catalyst. It has been reported that weak and medium acid sites (Lewis acidity of
Sn (IV) cations) are responsible for Prins condensation reactions [27]. In the catalysts
investigated in this study (Sn-MCM-41), the acidity is presumably of the Lewis type
and arises from Sn (IV) cations. As Sn is present in the catalyst as Sn*, it is unlikely

that Bronsted acidity is created, as when trivalent ions are introduced.

Table 6.2 Comparison of activity of catalysts

No. Catalyst 025h 4h  No. Catalyst 025h 4h

Ga-MCM-41(54) 166 382 9. AI-SBA-15(19) 141 483
Ga-MCM-41(33) 23.1 441 10. AL-SBA-15(19 29.0  88.2
Ga-MCM-41(20) 382 8.0 11. AI-SBA-1530)  11.8  40.1
Ga-MCM-41(20* 66.1 953 12. ALMCM-4131) 152 519
Fe-MCM-41(20) 20.8 614 13. ALMCM-4I31 398  93.6
Fe-MCM-41(20 69.0 100 14. AI-MCM-4121® 402 100
Sn-MCM-41(22) 38.5 963 15. V-MCM-41(99) 2.4 11.9
Sn-MCM-41(22)* 752 100 16. V-MCM-41(46)* 54 382

e S o e

Reaction conditions: B-pinene: para formaldehyde = 1:2 (mole), solvent-toluene =4 g,
catalyst amount = 0.0125 g, T = 353 K, (a- catalyst amount = 0.05 g and for others
0.0125 g)

(vii) Comparison data for all catalysts

A comparison of activities of different MCM-41 and SBA-15 catalysts for
liquid phase Prins condensation of B-pinene with para formaldehyde is presented in
Figure 6.16 (a) and Table 6.2. It is observed that the activity of the catalysts for 3-
pinene conversion is in the order: Sn-MCM-41 > Fe-MCM-41 > Ga-MCM-41 > Al-
MCM-41 > Al-SBA-15 > Si-SBA-15 > Si-MCM-41. Sn-MCM-41 is the most active
catalyst and PW/SBA-15 does not exhibit any activity. Apparently, the Lewis acid

centers (Sn**) are active while the Bronsted acid sites in PW/SBA-15 are not.
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The Lewis acidic character of the metal increases as: Sn > Fe > Ga > Al > V.

Si-SBA-15 exhibits a higher conversion and yield than Si-MCM-41 which is probably

due to the larger pore size of SBA-15 and greater accessibility of the reactants to the

active sites due to faster diffusion of the bulky reactants and products. For Ga-MCM-

41, activity increase with increase in Ga content (decrease in Si/Ga ratio). Similar

results are observed for Al-SBA-15, AI-MCM-41, Fe-MCM-41 and V-MCM-41

samples.
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Figure 6.16 (a) Comparison of activity of Si-MCM-41 and Si-SBA-15; (b) Modified

MCM-41 and SBA-15 catalysts. Reaction conditions: B-pinene: para formaldehyde =

1: 2 (mole), solvent-toluene = 4 g, catalyst amount = 0.05 g, T =353 K.
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Figure 6.17 Test for heterogeneity of reaction over Sn-MCM-41 (49). Reaction
conditions: B-pinene: para formaldehyde = 1:1 (mole), toluene = 4 g, T = 353 K, Sn-
MCM-41 =0.025 g.

(viii) Heterogeneity of Sn-MCM-41 for Prins condensation of [-pinene

The Prins condensation of B-pinene studied over Sn-MCM-41(49) catalyst
appears to be a truly heterogeneously catalyzed reaction as the reaction stops when
the catalyst is filtered off under hot conditions at the reaction temperature (353 K)
after 1 h of reaction (Figure 6.17). Apparently, dissolved Sn** ions, if any, in solution

do not catalyze the reaction homogeneously.

(ix) Recyclability of Sn-MCM-41 for Prins condensation of -pinene

When the catalyst was reused after washing the used catalyst with acetone at
room temperature, a small decrease in conversion is noticed (68.6 % compared to 88.3
% for the fresh catalyst after 8 h run duration) as shown in Table 6.3. The decrease
may be due to the adhering of some organic materials and blocking of the pores of the
catalyst. However, when the used catalyst is regenerated at 673 K (6 h), the catalyst

activity is restored (88.2 % conversion for both first and second recycles)
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Table 6.3 Recyclability of Catalyst

Run Number Conversion of B-pinene (%)
lh 2h 4h 6h 8h

Fresh catalyst 454 77.6 84.2 85.0 88.3

First recycle * 41.1 53.0 59.6 640 68.6

First recycle (calcined) 51.8 717 824 853 882

Second recycle (calcined) ¢ 50.8 72.0 82.5 85.6 88.2

Reaction Conditions: B-pinene: para formaldehyde = 1:1 (mole), toluene =4 g, T =
353 K, Sn-MCM-41 (15) = 0.0125 g. (a- The used (once) catalyst was filtered and
washed with acetone and dried at 273 K and used for further run, b- The used (once)
catalyst was filtered, dried and activated at 673 K and used for further run, ¢- The
catalyst used (twice) was filtered, dried and activated at 673 K and used for further

run).

6.2.4 CONCLUSIONS

In the present work, Prins condensation reaction was studied over Sn-MCM-
41 which was prepared by direct synthesis. The influence of various reaction
parameters such as temperature, mole ratio, catalyst amount, solvent and different
metal loading was studied in detail over Sn-MCM-41 catalysts. PW loaded SBA-15
catalysts are inactive for Prins condensation reaction. The activity of the catalysts for
Prins condensation reaction decrease as: Sn-MCM-41 > Fe-MCM-41 > Ga-MCM-41
> AI-MCM-41 > AI-SBA-15 > Si-SBA-15 > Si-MCM-41. Sn-MCM-41 is the most
active catalyst amongst all, which is attributed to the Lewis acidity of Sn** ions in the

catalyst.
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6.3 PART 3 OXIDATION OF ETHYLBENZENE
6.3.1 INTRODUCTION

Molecular oxygen (or air) is the primary oxidant used in the industry for
economic and environmental reasons [28]. However, O, has a tendency to oxidize the
substrate by mechanisms that are not readily or rationally controlled and hence it is
difficult to control product selectivity. H,O, is environmentally friendly as the only
waste product resulting from using it is water [28, 29]. The “active oxygen” content of
hydrogen peroxide, 47 % of its weight, is much higher than that of other oxidants.
Other oxidants generally used for oxidation reactions include NaOCl, organic
hydroperoxides, PhIO and percarboxylic acids. For both aqueous and non-aqueous
reaction conditions, fert-butylhydroperoxide (TBHP) is often found to be the more
selective oxidant [30, 31]. Also, the byproduct #-butanol is a valuable chemical. TBHP
has been found to be by far the most preferred oxidant for epoxidation reactions [32,
33].

Metallosilicate molecular sieves, particularly titano-silicates with MFI or MEL
topologies (e.g. TS-1 or TS-2) have been extensively investigated for selective
oxidation reactions [34, 35] (e.g. epoxidation, hydroxylation, oxyfunctionalization of
alkanes, ammoxidation and sulfoxidation). Due to the remarkable properties of TS-1
in oxidation reactions at low temperatures with dilute H,O, as the oxidant [36, 38] the
synthesis of Ti-containing large pore zeolites and mesoporous materials has received
considerable attention [38-39]. Simultaneously, other cations like V**, Cr’*, Mo®,
Mn’" etc. [40-42] have also been incorporated in the mesoporous molecular sieves
and used in oxidation reactions. Mesoporous Ti-MCM-41 [43] and Ti-HMS [44] have
been used for the epoxidation of norbornene with tert-butylhydroperoxide (TBHP)
and oxidation of 2, 6-di-tert-butylphenol (2, 6-DTBP) with aqueous H,O,,
respectively. The Ti and V containing MCM-41 molecular sieves have been used in a
variety of oxidation reactions of bulky molecules using either H,O, or TBHP as
oxidant [45-47]. Although the intrinsic activity of Ti-MCM-41 was found to be lower
than that of TS-1 and Ti-beta, particularly for the epoxidation of small molecules with
aqueous H,O,, it showed higher catalytic activity in the epoxidation of bulkier
norbornene with TBHP.

Studies on the liquid phase oxidation of ethylbenzene (EB) over V,0s/Al,0;
catalysts show that a loading of 15 wt. % V,0s gives maximum conversion and

acetophenone selectivity [48]. Mn-impregnated Si- and AI-MCM-41 catalysts are also
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capable of effecting EB conversion by forming acetophenone as the major oxidized
product [49]. The “neat” and zeolite-Y-encapsulated copper tri- and tetraaza
macrocyclic complexes exhibit efficient catalytic activity in the regioselective
oxidation of EB using TBHP [50]. C—H activation occurs at both the benzylic and
aromatic ring carbon atoms. The latter is significant over the “neat” complexes in the
homogeneous phase, while it is suppressed significantly in the case of the
encapsulated complexes. The catalytic activity of Mn-MCM-41 has been examined
for liquid phase oxidation of EB using TBHP as oxidant [51]. Both primary and
secondary carbons of the side chain of EB are observed to be acted upon by activated
TBHP. 1-Phenylethanol is observed as the major product. The other products obtained
are acetophenone, benzaldehyde and phenylacetaldehyde. Zeolite Cu(Il) complexes
are quite active for the oxidation of EB with hydrogen peroxide and O, while Co(II)
and Ni(Il) are less active [52]. Vapor phase oxidation of EB with air (CO,-free) has
been studied over monometallic manganese and cobalt oxides and their bimetallic
forms impregnated over Si-MCM-41 and Al-MCM-41 catalysts [53]. Cobalt (III)
complexes containing 2-pyridinecarboxamide ligands have been studied for the
catalytic oxidation of EB to acetophenone [54].

As part of the present thesis, the liquid phase oxidation of EB was studied over
V-MCM-41, Fe-MCM-41 and Sn-MCM-41 molecular sieve catalysts prepared by a
direct synthesis method (Chapter 2).

6.3.2 EXPERIMENTAL
(a) Chemicals and materials

The solvents used, acetonitrile (LOBA), ethylene dichloride (Merck),
ethylbenzene (LOBA) were all ~ 99 % pure were used. The oxidant fert-
butylhydroperoxide (TBHP) was used as 70 % solution in water, 5.5 M solution in
deacane (Aldrich) and 3 M solution in EDC. The exact concentration of H,O,
(Qualigens-30 %) was determined by iodometric titration. Anhydrous TBHP (3 M
solution in EDC) was prepared from 70 % aqueous TBHP (procured from Merck,

India) according to the procedure reported in the literature [55, 56].
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(b) Preparation of anhydrous tert-butyl hydroperoxide (TBHP) 3 M solution in
ethylene dichloride (EDC)

A 3 M solution of TBHP in EDC was prepared by mixing 85 ml (0.61 mol) of
commercial TBHP (70 % TBHP in water) with 140 ml EDC in a separating funnel.
The milky mixture was allowed to stand till the phases separated. The organic layer
(lower layer of about 200 ml) containing 0.6 mole TBHP was separated form the
aqueous layer (about 21 ml). Then the organic layer was dried over a molecular sieve
(3 A) for removal of extra water. The organic layer was transferred to a flask
equipped with the Dean-Stark trap and a reflux condenser. The solution was refluxed
using a heating mantle. Water accumulated in the arm of the Dean-Stark apparatus
was removed from time to time. When water stopped accumulating, the solution was
cooled under nitrogen and kept over activated 3 A molecular sieves. The composition
of the TBHP solution was determined by standard titrimetric methods. The solution

was found to be 3 M in TBHP (27 %).

(c) Reaction procedure

The oxidation of EB was carried out in a batch reactor using a 25 ml glass
round bottom flask placed in a thermostatted oil bath and fitted with a water cooled
condenser, at temperatures between 333 and 353 K. The molar ratio of EB to TBHP
or H,O; used was 1:1, 1:2 and 1:3. The amount of the catalyst used was 0.05 g. ACN
and EDC were used as solvents. Aliquots of the reaction mixture were collected at
different time intervals and analyzed by GC (Chrompack CP 9001, column OV-101,
50 m, id= 0.2 mm). Identification of the products was done by GC- MS and GC- IR.

6.3.3 RESULTS AND DISCUSSION

The catalysts used in the study were V-MCM-41, Sn-MCM-41 and Fe-MCM-
41. The samples were characterized by different physicochemical techniques such as
XRD, TPR and adsorption. The results of these studies have been presented in
chapter- 3.

(A) Liquid phase oxidation of ethylbenzene

The reaction scheme for the oxidation of EB is shown in Figure 6.18. The

products of the reaction are mainly acetophenone, 1-phenyl ethanol,
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phenylacetaldehyde and benzaldehyde. When EB reacts with TBHP in ethylene
dichloride it forms ethylbenzene tertiary butyl hydroperoxide (EBHP).

Oxidation of EB to the different products can take place in two ways. One is
aromatic ring hydroxylation in which hydroxylation at the para-position occurs to a
greater extent than at the ortho-position. The other is side chain (ethyl group)
oxidation at primary and secondary carbon atoms. The primary and secondary
carbinols formed from the side chain oxidation undergo further oxidation to the
respective aldehyde and ketone. The side chain oxidation at the secondary carbon

predominates over oxidation at the primary carbon atom.

CH, (fH-” /CHa cHo
HZC/ HC—OH Cco H,C CHO
Catalyst
TBHP or H,0, + + +
Ethylbenzene I-phenyl ethanol ~ Acetophenone Phenylacetaldehye  Benzaldehyde

CH,
H, / o—O

T — @*

Ethylbenzene Ethylbenzene tertiary butyl hydroperoxide

Figure 6.18 Reaction scheme for the oxidation of ethylbenzene (EB).

1-Phenylethanol from EB is produced by insertion of oxygen between the
carbon hydrogen bond of the methylene group. Abstraction of an alcoholic OH
hydrogen and the CH hydrogen by the activated tert- butylhydroperoxide oxygen
yields acetophenone. Similar abstraction of OH hydrogen of 1-phenylethanol by the
activated fert- butylhydroperoxide yields benzaldehyde by forming methane. Similar
to formation of 1-phenylethanol, the methyl group of EB could also be acted upon by
activated fert- butylhydroperoxide to yield 2-phenylethanol, which is very rapidly
oxidized to phenylacetaldehyde. The rapid oxidation is evidenced through GC-MS
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analysis which indicates the absence of 2-phenylethanol [51]. EB reacts with TBHP
and forms the stable intermediate, ethylbenzene fert-butyl hydroperoxide (EBHP).

(i) Effect of different oxidants

The effect of different oxidizing agents (Table 6.4) such as H,O, (26 %),
TBHP in decane (5.5 M), TBHP in water (70 %) and TBHP in EDC (3 M) was
studied in the oxidation of EB over V-MCM-41 (99) at 353 K with EB to oxidant
mole ratio of 1:3. The solvents, decane (non-polar- dielectric constant 2.0), EDC
(medium polar- dielectric constant 16.7) and water (polar- dielectric constant 80.3)
were chosen for their differences in polarity. Both TBHP and EB conversion increase
with time.

The order of the activity of the oxidant varied as TBHP in decane (5.5 M) <
TBHP in water (70 %) < H,0, (26 %) < TBHP in EDC (3 M). EB conversion was
less in decane compared to TBHP in water due to the lower polarity of the former.
But, it was observed that when TBHP in water was used as oxidant the reaction
mixture was immiscible since EDC was used as the solvent and there was no
homogeneous mixing of the reaction mixture. Hence conversion was less than when
TBHP in EDC was used with EDC as the solvent. TBHP in EDC also showed higher
activity than H,O, which can be explained in terms of the hydrophilic surface
properties caused by the surface silanol groups. Water and H,O, are strongly adsorbed
on the catalyst leading to a low concentration of the substrate on the catalyst surface
and lowering the catalyst performance [57]. The selectivity of acetophenone increases
with TOS and is highest (85.7 % at 24 h) when TBHP in EDC is used as oxidant.
Other products, such as benzaldehyde, phenylacetaldehyde and 1-phenyl ethanol are
formed in much smaller amounts. Benzaldehyde selectivity is high when H,0, is used
as oxidant compared to TBHP and decreases with time. A high selectivity (52.4 % at
24 h) for EBHP is observed when TBHP in decane is used as oxidant and it decreases

with time in all the cases.
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Table 6.4 Effect of different oxidant and temperature over V-MCM-41 (99) in the oxidation of EB

Oxidant Temp EB: TOS EB TBHP A B C D E F
(K) Oxidant (h) Conv. Conv.
Mole
ratio
TBHP in 12 64 6.5 - - 52 157 800 -
decane(5.5M) 353 13 24 281 282 45 - 55 381 523 -
TBHP in 12 291 375 82 - 33 785 386 -
H,0 (70%) 353 1:3 24 430 678 28 - - 70.8 263 -
1:3 18 371 - 1.1 20 51 799 - 1.6
H,0, (26%) 353 24 489 - 101 29 70 777 - 2.0
1:1 6 4.7 - 209 - - 790 - -
18 183 - 155 32 286 494 - 3.0
TBHP in EDC 12 447 474 32 07 20 770 169 -
(3 M) 353 1:3 18 541 588 31 06 16 813 133 -
24 640 731 25 05 - 85.6 112 -
TBHP in EDC 12 352 326 82 - 26 857 32 -
(3 M) 343 1:3 18 457 423 65 - 33 869 32 -
24 527 513 13 - 29 926 30 -
TBHP in EDC 1:3 12 192 180 32 - 6.0 844 63 -
(3 M) 333 18 274 289 27 - 53 853 65 -
24 349 357 28 - 55 856 59 -

Reaction conditions: T =353 K, EDC =5 g, V-MCM-41 (99) = 0.05 g, A- Benzaldehyde, B- Phenyl acetaldehyde,
C- 1-phenyl ethanol, D- Acetophenone, E- EBHP, F-benzoic acid. When H,O, was used, ACN (5g) was the solvent.
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(ii) Influence of temperature

The effect of temperature on EB conversion in the temperature range of 333 to
353 K over V-MCM-41 (99) was investigated and the results are presented in Table
6.4. Both EB and TBHP conversion increase with temperature. Selectivity for
acetophenone is almost similar (> 85 %) at all the temperatures studied. Selectivity for
benzaldehyde and 1-phenylethanol decrease with time. The selectivity for EBHP is
high at higher temperature and it decreases with decrease in temperature as well as

with time.

(iii) Effect of EB to oxidant mole ratio
The influence of EB to TBHP mole ratio is presented in Table 6.5. As
expected, EB conversion increases with TBHP content. The selectivity to

acetophenone is also larger with mole ratio 1:3 than with 1:1.

(iv) Effect of catalyst concentration

The effect of catalyst amount on conversion of EB is presented in Table 6.5.
EB conversion increases slightly when the catalyst amount increases from 0.025 to
0.05 g. But a further increase in catalyst amount to 0.1 g reveals a negligible increase
in EB conversion. The selectivity to acetophenone increases when the catalyst amount
is increased from 0.025 to 0.5 g with negligible further increase on going to 0.1 g
catalyst loading. Also the selectivities for the other products such as benzaldehyde,

phenylacetaldehyde and 1-phenyl ethanol decreases with increase in catalyst amount.

(v) Effect of metal content (Si/V)

The effect of V content of V-MCM-41 on the oxidation of EB is reported in
Table 6.6 (A). These studies were carried out at EB: TBHP mole ratio of 1:1. TBHP
conversion increases with increase in V content. Selectivity for acetophenone
increases with increase in metal content while selectivity for benzaldehyde,
phenylacetaldehyde, 1-phenylethanol and EBHP decrease with increase in metal
content. Table 6.6 (B) shows the effect of V content on oxidation of EB at an EB to

TBHP mole ratio of 1:3. As the V content increases, EB conversion also increases.
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Table 6.5 Effect of Mole ratio of ethylbenzene to TBHP and -catalyst

concentration in the oxidation of EB

EB: Catalyst TOS EB TBHP A B C D E
TBHP Weight (h) Conv. Conv.

Mole (g)

ratio

1:1 0.050 12 18.0 71.9 22 36 42 410 487
18 20.7 88.0 26 13 62 526 37.1
24 28.0 90.0 27 - 0.5 68.9 27.7

1:2 0.050 12 233 42.4 44 - 10.5 67.3 17.6

24 44.1 91.7 1.8 1.2 03 734 232

1:3 0.025 12 31.9 37.8 43 12 83 628 23.1
18 38.3 47.0 40 1.1 53 655 240
24 40.5 54.5 38 1.1 29 677 243

1:3 0.050 12 44.7 474 32 07 20 77.0 169
18 54.1 58.8 31 06 16 813 133
24 64.0 73.1 25 05 - 856 11.2

1:3 0.10 12 46.6 66.2 20 08 - 81.8 15.2
18 57.2 90.4 1.8 09 05 8l6 150
24 61.9 98.1 14 10 04 829 14.1

Reaction conditions: Catalyst- V-MCM-41 (99), T = 353 K, EDC = 5 g, oxidant-
TBHP in EDC (3 M). A- Benzaldehyde, B- Phenyl acetaldehyde, C- 1-phenyl ethanol,
D- Acetophenone, E- EBHP.
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Table 6.6 (A) Effect of metal content in the oxidation of EB over V-MCM-41
with EB: TBHP mole ratio 1:1

Catalyst TOS EB TBHP A B C D E
(Si/metal ratio) (h) Conv. Conv.

12 180 719 22 36 42 410 487
V-MCM-41(99) 4 280 900 27 - 05 689 277

12 8.1 38.0 37 - 5.0 479 43.1
V-MCM-41(82) 24 18.5 97.0 21 41 7.2 512 351

12 6.2 19.7 56 48 46 425 420
V-MCM-41(46) 24 12.2 49.7 37 6.1 49 464 385

Table 6.6 (B) Effect of metal content for oxidation of EB over V-MCM-41 with
EB: TBHP mole ratio 1:3

© Catalyst TOS EB TBHP A B C D E
(Si/metal ratio) (h) Conv. Conv.
12 44.7 47.4 32 07 20 77.0 169
18 54.1 58.8 31 06 1.6 813 133
V-MCM-41(99) 24 64.0 73.1 25 05 - 85.6 11.2
12 30.5 29.3 38 28 3.6 361 534
V-MCM-41(82) 18 44.3 43.5 32 20 54 472 421
24 45.0 59.2 28 50 22 520 372
12 26.5 28.2 34 - 57 439 468
V-MCM-41(46) 18 38.7 46.0 32 59 31 485 39.1
24 49.1 53.0 28 21 32 519 397

Reaction conditions: Oxidant: TBHP in EDC (3 M), T= 353 K, catalyst =0.05 g, A-
Benzaldehyde, B- Phenyl acetaldehyde, C- 1-phenyl ethanol, D- Acetophenone, E-
EBHP, EDC-5 g.
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Table 6.7 Comparison for activity of MCM-41 catalysts in EB oxidation with

TBHP oxidant
Catalyst EB: TOS EB TBHP A B C D E
(Si/metal ratio) @TBHP (h) Conv. Conv.
Mole
ratio
V-MCM-41 (99) 1:3 12 44.7 47.4 32 07 20 770 169
24 64.0 73.1 25 05 - 856 11.2
1:2 12 23.3 42.4 44 - 10.5 673 17.6
24 44.1 91.7 1.8 12 03 734 232
Fe-MCM-41(20) 1:3 12 11.6 11.2 - - 82 38 878
24 26.1 32.7 78 - 19.8 127 594
1:2 12 4.8 8.0 - - 243 73  68.1
24 12.6 36.0 109 - 403 53 434
Sn-MCM-41(22) 1:3 12 2.6 3.8 - - 376 403 21.6
24 9.1 4.3 - - 452 222 325
1:2 12 3.2 13.1 - - 443 25.6 30.0
24 5.3 23.3 - - 45.0 241 3038

Reaction conditions: T = 353 K, EDC =5 g, catalyst wt = 0.05 g, oxidant - TBHP in
EDC (3M). A- Benzaldehyde, B- Phenyl acetaldehyde, C- 1-phenyl ethanol, D-
Acetophenone, E-EBHP.

(vi) Comparison of the activity of MCM-41 catalysts

The activity of Sn-MCM-41, Fe-MCM-41 and V-MCM-41 catalysts was
compared for EB oxidation using TBHP (Table 6.7) and H,O, (Table 6.8) as oxidants.
When TBHP is used as oxidant the order for the EB as well as TBHP conversion over
MCM-41 catalysts is: V-MCM-41 > Fe-MCM-41 > Sn-MCM-41. Selectivity for
acetophenone increases in the order, Fe-MCM-41 < Sn-MCM-41 < V-MCM-41. The
selectivity for 1-phenyl ethanol varied as Sn-MCM-41 < Fe-MCM-41 < V-MCM-41.

When H;0; is used as oxidant (Table 6.8) the EB conversion is found to vary as Fe-
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MCM-41 > V-MCM-41 > Sn-MCM-41. Selectivity for acetophenone increase in the
order, Sn-MCM-41 < Fe-MCM-41 < V-MCM-41. Selectivity for EBHP is more over
Fe-MCM-41 and follows the order: Fe-MCM-41 > Sn-MCM-41 > V-MCM-41.
Selectivities for other products such as benzaldehyde and 1-phenylethanol are similar

for all the catalysts.

Table 6.8 Comparison for activity of MCM-41 catalysts in EB oxidation with
H,0; oxidant

Catalyst TOS EB A B C D F

(Si/Metal) (h) Conv.

Sn-MCM-41 (20) 12 6.6 13.0 - - 58.7 28.1
18 30.1 10.6 - - 583 242
24 45.2 95 - 7.8 63.8 183

Fe-MCM-41(20) 12 36.9 50 - 30 652 26.6
18 70.8 42 - 44 647 265
24 91.9 39 - 55 639 265

V-MCM-41 (20) 12 37.1 11.1 20 51 799 1.6
18 48.9 10.1 29 7.0 777 20
24 62.9 &1 27 7.8 805 0.8

Reaction conditions: Catalyst = 0.05 g, oxidant-H,0, (26 %), EB: oxidant mole ratio
= 1:3, T= 353 K. A- Benzaldehyde, B- Phenyl acetaldehyde, C- 1-phenyl ethanol, D-

Acetophenone, F- benzoic acid.

(vii) Study of heterogeneity for V-MCM-41 (Leaching test)

Rapid leaching of metal ions is a general problem associated with the use of
heterogeneous metal catalysts in liquid-phase oxidations. Leaching is a result of
solvolysis of the metal-oxygen bonds, through which the catalyst is attached to the
support (for example SiO,, Al,O3), by polar molecules such as H,O, ROH, or RCO,H.
Although the same situation is present on the (internal) surface of a molecular sieve,
the metal-oxygen bonds appear to be more stable in this microenvironment.
Nevertheless, it should be emphasized that, with the exception of TS-1, the long or

even short-term stability of the various redox molecular sieves towards leaching has
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not been unequivocally demonstrated. The definitive test for heterogeneity is to filter
the catalyst during the course of the reaction at the reaction temperature and allow the

filtrate to react further [58].
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Figure 6.19 Heterogeneity test for EB oxidation over V-MCM-41 (20). Reaction
conditions: oxidant- T= 353 K, EB: TBHP in EDC (3 M) mole ratio= 1:3, catalyst
amount = 0.05 g.

The results of the leaching test carried out for V-MCM-41 is presented in
Figure 6.19. At 3 h reaction time, the EB conversion was 15.2 %. The catalyst was
filtered in hot conditions after 3 h and then the reaction was continued in the absence
of the catalyst. After 3 h, the sample was analyzed and an increase in EB conversion
was observed which increased further with run duration as shown in Figure 6.19.
When TBHP was used as oxidant, the peroxide species attack the framework V and it
goes into solution. Therefore after filtration of the catalyst, EB conversion continues
to increase due to homogeneous catalysis by leached V-species. Apparently, even
though solid catalysts are used in the reactions, the oxidation of EB is catalyzed
mainly by the leached ions (V) in the homogeneous phase. It is believed that the

situation will be similar in case of the other metallosilicates, Sn- and Fe-MCM-41.
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6.3.4 CONCLUSIONS

In the present section, Sn, Fe and V-MCM-41 incorporated metal catalysts are
studied for the liquid phase oxidation of EB in the presence of TBHP and H,O, as
oxidants. The effects of different reaction parameters such temperature, substrate to
oxidant mole ratio, catalyst concentration and metal content are reported for V-MCM-
41 catalysts. The activities of Sn, Fe and V-MCM-41 incorporated catalysts, were
compared at similar reaction conditions. V-MCM-41 is found to be the most active
catalyst for oxidation of EB. When acetonitrile is used as the solvent and TBHP as the
oxidant, the oxidation of EB takes place with high selectivity for acetophenone even
in the absence of catalyst. Heterogeneity tests conducted for V-MCM-41 suggests that

the reaction occurs mainly in the homogeneous phase with the leached V-ions.
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SUMMARY AND CONCLUSIONS

The thesis reports the synthesis of mesoporous metallosilicate catalysts such as
modified MCM-41 and SBA-15. In the present work AI-MCM-41, Ga-MCM-41, Sn-
MCM-41, Fe-MCM-41 and V-MCM-41 with different metal loadings have been
synthesized by direct hydrothermal methods while AI-SBA-15 and PW/SBA-15
catalysts were prepared by impregnation methods. Different physicochemical
techniques, such as XRD, IR, UV-Vis, NMR, TPD, TPR, ESR and adsorption studies
have been used for the characterization of the mesoporous catalysts. The catalytic
activities of above synthesized catalysts in different organic reactions such as Claisen
rearrangement, Beckmann rearrangement, acylation of anisole, alkylation of m-cresol,
esterification of p-cresol, Prins condensation of P-pinene and oxidation of
ethylbenzene have been investigated. The influence of reaction parameters were
studied for the above reactions and the catalytic activity of different catalysts has been
compared. In order to understand the reactions better and to obtain effective
comparisons of the activity of the different catalysts, a kinetic analysis of the data for
some reactions has been carried out.

The XRD patterns of MCM-41 and SBA-15 based catalysts were similar to
those reported by earlier workers. The adsorption-desorption isotherms were of the
type IV for all the catalysts. The pore diameters for MCM-41 were around 35 A and
about 60 A for SBA-15. Incorporation of Al into MCM-41 (by direct synthesis) and
SBA-15 (by post synthetic impregnation method) makes the materials acidic, acidity
increases with increasing amount of Al. Similar results were reported for PW/SBA-15
catalysts also, acidity increasing with PW content. The acidity characterization studies
were carried out by the TPD of ammonia. UV-Vis and ESR studies reveal at least two
types of metal species in V and Fe-MCM-41.

The Claisen rearrangement of APE over AI-MCM-41 proceeds with ease in
TCE. o0-AP is produced initially, which then undergoes cyclization to form 2, 3-
dihydro-2-methylbenzofuran. Both the catalyst acidity and substrate conversion
increase with the Al content in MCM-41. There is a close relationship between acidity
and conversion, which suggests that the reaction occurs inside the pores of MCM-41.
The reaction kinetics was analyzed assuming it to be a first order consecutive

reaction. The Claisen rearrangement has also been investigated over Ga-MCM-41, Al-
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SBA-15 and PW/SBA-15. The order of activities of the catalysts for the
rearrangement was: Al-SBA-15 > AI-MCM-41 > Ga-MCM-41 > PW/SBA-15.

The vapor phase Beckmann rearrangement has been studied for the
transformation of cyclohexanone oxime to €-caprolactam on SBA-15 and Al-SBA-15
samples with different Si/Al ratios. The influence of reaction conditions such as
temperature, space velocity, and time on stream and also the effect of polarity of
solvents have been investigated over the AI-SBA-15 catalyst. Caprolactam yield was
highest for AI-SBA-15 (59 %) with Si/Al ratio 9 at 623 K and WHSV of 3.02 h™.
While the acidic sites appear to catalyze the rearrangement, Si-OH groups catalyze
the formation of side-products. The medium polar solvent methanol shows the best
performance for caprolactam selectivity. The Beckmann rearrangement has also been
studied over Fe -MCM-41, V -MCM-41, Sn-MCM-41, Ga-MCM-41, AI-MCM-41,
and PW/SBA-15. The results show that both the oxime conversion and selectivity for
caprolactam over the catalysts is in the order: Si-SBA-15 < NHy-exchanged SBA-15
< Fe-MCM-41 < V-MCM-41 < Sn-MCM-41 < Ga-MCM-41 < Al-SBA-15 < Al-
MCM-41 < PW/SBA-15.

The Friedel-Crafts acylation of anisole with acetic anhydride catalyzed by
heteropolyacids shows that both catalyst acidity and substrate conversion increase
with the PW content of SBA-15. Conversion and para-methoxyacetophneone
formation increase with run duration while ortho-methoxyacetophenone decreases.
The temperature effects on conversion and selectivity show that a conversion of 100
% with para-methoxyacetophenone yields greater than 95 % can be achieved at 373
K. A comparison of conversion and selectivity of MCM-41 and SBA-15 shows that
the order of performance of the catalyst is: AI-SBA-15 < AI-MCM-41 < PW/SBA-15.
Al-MCM-41 catalysts have lower acidity than Al-SBA-15 (for similar Si/Al ratios)
but exhibit higher activity for acylation.

Vapor phase m-cresol isopropylation has been studied over AI-MCM-41, Al-
SBA-15 and PW/SBA-15 catalysts. Among the products, thymol, isothymol, 2-
isopropyl-3-methylphenol and dialkylated products 2, 4-di-isopropyl-3-methylphenol
are the major ones. Other products, such as 2, 6-di-isopropyl-3-methylphenol,
Isopropyl-3-methylphenylether and Isopropyl-2-isopropyl-5-methylphenylether are

also formed in minor amounts. The effects of different reaction parameters and
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catalyst acidity have been studied over a number of catalysts. The performance of the
catalysts was in the order, PW/SBA-15 < AI-MCM-41 < Al-SBA-15.

An eco-friendly and benign catalytic process, employing a solid acid catalyst
(PW/SBA-15) is reported for the esterification of p-cresol with phenyl acetic acid to
give p-cresylphenyl acetate. The influence of various reaction parameters has been
studied over PW/SBA-15 catalysts. Activity and acidity increased with PW loading,
and the reaction was 100 % selective towards p-cresylphenyl acetate. A pseudo first
order kinetic model was built to fit the experimental data and the apparent activation
energies were calculated. The low E, values suggest that the reaction is not
intrinsically kinetically controlled.

Prins condensation of B-pinene with para formaldehyde to yield nopol was
studied over a number of metallosilicates prepared by direct synthesis. A detailed
investigation was done over Sn-MCM-41 catalysts. The activity of the different
catalysts, for the condensation of B-pinene with paraformaldehyde was found to be in
the order: Sn-MCM-41 > Fe-MCM-41 > Ga-MCM-41 > AI-MCM-41 > Al-SBA-15 >
Si-SBA-15 > Si-MCM-41. The exceptional activity of Sn-MCM-41 is attributed to
the Lewis acidity of Sn** ions in the catalyst.

Sn, Fe and V-MCM-41 incorporated metal catalysts were investigated in the
oxidation of ethylbenzene with TBHP and H,0, as oxidants. The activity of the
different catalysts was compared for Sn, Fe and V-MCM-41. It is found that V-MCM-
41 was the most active catalyst for oxidation of EB. However it appears that oxidation
reactions over these metallosilicates may be partially (or fully) catalyzed by the metal

ions leached into the solution by the peroxide.
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