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CHAPTER 1 Introduction and Literature Survey

1.1. GENERAL BACKGROUND

Jons Jakob Berzelius coined the term ‘catalysis’ (which means loosening down
in Greek) in 1835 to refer certain chemicals that speed up reaction [1]. However, long
before chemists recognized the existence of catalysts. Ordinary people had been using
the catalytic process for number of purposes like making soap, fermenting wine to
create venegar, leavening bread etc. [2]. The art of producing alcohol from sugar, by
fermentation, has ancient roots and the origins of this process are too remote to trace
[3]. In the early nineteenth century, scientists began to take note of this phenomenon.
In 1812, Russian chemist Gottlieb Kirchhof was studying the conversion of starch to
sugar in the presence of strong acids [3,4]. During the same time, English chemist Sir
Humphry Davy noticed that in certain organic reactions, platinum acted to speed the
reaction without undergoing any change [5,6]. Later, Michael Faraday demonstrated
the ability of platinum to recombine hydrogen and oxygen that had been separated by
the electrolysis of water.

Catalyst is defined as “substance that increases the rate of chemical
attainment of chemical equilibrium without itself undergoing chemical change”.
But, it follows from this definition that if the rate of forward reaction is speeded up in
presence of particular catalyst, the reverse reaction will likewise be facilitated to the
same degree. Catalysts generally react with one or more reactants to form a chemical
intermediate that subsequently reacts to form the final reaction product while
regenerating the catalyst.

Catalysts can either be heterogeneous or homogeneous. Heterogeneous

catalysts are present in different phases from the reactants (e. g. solid catalyst in liquid

Ph. D. Thesis, University of Pune, September 2007 1



CHAPTER 1 Introduction and Literature Survey

reaction mixture), whereas homogeneous catalysts are in the same phase (e. g.
dissolved catalyst in liquid reaction mixture). Heterogeneous catalysts provide surface
on which the reactants (or substrates) temporarily become adsorbed. Bonds in the
substrate become weakened sufficiently for new bonds to be created. The bonds
between the products and the catalyst are weaker, so the products formation takes
place. Active sites on the metal allow partial weak bonding to the reactant gases,
which are adsorbed onto the metal surface. As a result, the bond within the molecule
of a reactant is weakened and the reactant molecules are held in close proximity to
each other. In this way the particularly strong triple bond in nitrogen is weakened and
the hydrogen and nitrogen molecules are brought closer together in the gas phase, so

the rate of reaction increases.

F Y

E,, no catalyst

AH !

| Heactanls |
¥
E,. catalyst

AH, reaction

| Products
L
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Fig. 1.1. Energy profile diagram of chemical reaction with catalyst and without
catalyst [2].

Fig. 1 shows the energy profile diagram of the hypothetical chemical reaction
when carried out with catalyst and without catalyst. The catalysed reaction pathway,
despite having lower activation energy, produces the same final result. Uncatalysed

reaction pathway needs more energy of activation than catalysed pathway. Catalysts
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work by providing (alternative) mechanism involving a different transition state and
lower activation energy. The effect of this is that more molecular collisions have the
energy needed to reach the transition state. Hence, catalysts can perform reactions that,
although thermodynamically feasible, would not run without the presence of a
catalyst, or perform them much faster, more specific, or at lower temperatures. This
means that catalysts reduce the amount of energy needed to start a chemical reaction.
Catalysts cannot have effect on chemical equilibrium of a reaction because the rate of
both the forward and the reverse reaction are equally affected [8]. The net free energy
change of a reaction is the same whether a catalyst is used or not; the catalyst just
makes it easier to activate. Energy is an important component in the chemical reaction
because a certain threshold, called the activation energy (E,), must be crossed before
the reaction occurs. A temperature increase raises the energy of the collisions,
increasing the chance that the activation-energy threshold will be crossed, resulting in
the breaking of molecular bonds.

More than 90 % of the chemical manufacturing processes in use throughout the
world utilize catalysts. Catalysis is of paramount importance in the chemical industry.
The production of most industrially important chemicals involves catalysis. The
earliest commercial processes are the Haber process for ammonia synthesis and the
Fischer-Tropsch synthesis. Research into catalysis is a major field in applied science,
and involves many fields of chemistry, notably in organometallic chemistry, and
physics. Catalysis is important in many aspects of environmental science, from the

catalytic converter in automobiles to the causes of the ozone hole. Catalytic, rather
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than stoichiometric reactions are preferred in environmentally friendly green
chemistry due to the reduced amount of waste generated.

Porous materials have been extensively studied with regard to technical
applications as catalysts and catalyst supports. According to the IUPAC definition,
porous materials are divided into three classes: microporous (pore size < 2 nm),
mesoporous (2-50 nm), and macroporous (>50 nm) materials [9]. In addition, also the
term ‘nanoporous’ is increasingly being used. Many kinds of porous materials such as
(pillared) clays, anodic alumina, carbon nanotubes and related porous carbons and so
on, have been extensively described in the literature [10].

McBain introduced the term ‘molecular sieve’ in 1932 to define porous solid
materials (mainly activated carbons and zeolites) that act as sieves at a molecular
level. Zeolites are crystalline molecular sieves of microporous hydrated
aluminosilicates. They are highly useful catalysts in oil refining and petrochemicals.
More recently attention has been focused on their use in the manufacture of fine
chemicals. The synthetic utility of zeolites and related molecular sieves has been
considerably extended by the incorporation of redox metals into their frameworks. The
resulting redox molecular sieves catalyze a variety of selective oxidations under mild
conditions in the liquid phase. Among the family of microporous materials, the best-
known members are zeolites, which have a narrow and uniform micropore size
distribution due to their crystallographically defined pore system. In recent years,
environmental and economic considerations have raised strong interest to redesign
commercially important processes so that the use of harmful substances and the

generation of toxic waste could be avoided. In this respect, heterogeneous catalysis
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plays key role in the development of environmentally benign processes in petroleum
chemistry and in the production of chemicals, for instance by substitution of liquid
acid catalysts by solid materials. Especially, zeolites have attracted strong attention as
such acids, base and redox catalysts. However, zeolites present severe limitations
when large reactant molecules are involved, especially in liquid-phase systems, as
found in the synthesis of fine chemicals, due to the fact that mass transfer limitations
are very severe for microporous solids. Attempts to improve the diffusion of reactants
to the catalytic sites have so far focused on increasing the zeolite pore sizes [11], on
decreasing zeolite crystal size [12], or on providing an additional mesopore system
within the microporous crystals [13]. An important line of research has focused on the
enlargement of the pore sizes into the mesopore range, allowing larger molecules to
enter the pore system, to be processed there and to leave the pore system again.

The first synthesis of an ordered mesoporous material was described in the
patent literature in 1969. However, due to a lack of analysis, the remarkable features
of this product were not recognized [14]. In 1992, a similar material was synthesized
by scientist at Mobil Oil Corporation who discovered the remarkable features of this
novel type of silica and opened up research in this field [15]. MCM-41 (Mobil
Composition of Matter No. 41) shows a highly ordered hexagonal array of
unidimensional pores with a very narrow pore size distribution [16]. The walls,
however, very much resemble amorphous silica. Other related phases such as MCM-
48 and MCM-50, which have a cubic and lamellar mesostructure, respectively, were
reported in these early publications as well. At the same time, Yanagisawa et al.

described less versatile approach to mesoporous materials [17]. Kanemite, a layered
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silicate, serves as a silica source, the pathway leading to the ordered mesoporous
material is thought to proceed via surfactant intercalation into the silicate sheets,
distorting of the sheets and transformation to the hexagonally packed material.
Modifying and optimizing the reaction conditions yielded highly ordered mesoporous
silicates and aluminosilicate [18]. The obtained materials are designated as FSM-n,
Folded Sheet mesoporous. Materials-n, here n is the number of carbon atoms in the
surfactant alkyl chain used to synthesize the material. Since these early discoveries,
research effort has been emphasized in the synthesis and characterization of a variety
of different, although related materials. Many reviews hade been published covering
various aspects of ordered mesoporous materials, such as their synthesis, surface
modification, application as host materials and in catalysis [18,19-22]. It has been

possible to synthesize stable non-silica mesoporous materials [23].

1.2. SYNTHESIS AND MECHANISM OF FORMATION OF

MESOPOROUS SILICA

1.2.1. Liquid Crystal Templating (LCT) Mechanism

The researchers of Mobil Corporation proposed ‘liquid crystal templating’
(LCT) mechanism to explain the formation of M41S type mesoporous materials [16].
It was based on the similarity between liquid crystalline surfactant assemblies (i.e.
lyotropic phases) and M41S [16,24]. The mesostructure formation depends on the
hydrocarbon chain length of the surfactant tail group, [25] the effect of variation of the

surfactant concentration and the additional organic swelling agents. The lowest
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concentration at which surfactant molecules aggregate to form spherical isotropic
micelles is called critical micelle concentration (CMC;). Further increase in the
surfactant concentration initiates aggregation of spherical into cylindrical or rod-like
micelles (CMC,). There are three main liquid crystalline phases with hexagonal, cubic
and lamellar structures. The hexagonal phase is the result of hexagonal packing of
cylindrical micelles, the lamellar phase corresponds to the formation of surfactant
bilayers and the cubic phase may be regarded as a bi continuous structure. The Mobil
researchers proposed two synthesis mechanisms [16b]. In the first route, the
CuHb,:1(CH;3)3N™ surfactant species organize into lyotropic liquid crystal phase, which

can serve as template for the formation of hexagonal MCM-41 structure.

Surfactant Mlcellar Hexagonal rod
Micelle rad —

.
M )  — A
—o ¢

4

Silicate
B

Scheme 1.1. Liquid crystal templating (LCT) mechanism proposed for the formation

of MCM-41; (A) liquid crystal phase initiated and (B) silicate anion initiated [Ref.
16b].

Firstly, the surfactant micelles aggregate into a hexagonal array of rods
followed by interaction of silicate or aluminate anions present in the reaction mixture

with the surfactant cationic head groups. Thereafter condensation of the silicate
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species occurs, leading to the formation of an inorganic polymeric species. After
combusting off the surfactant template by calcination, hexagonally arranged inorganic
hollow cylinders are produced (Scheme 1.1).

However, the drawbacks of this synthesis pathway was pointed out by Cheng
et al. [26], according to whom the hexagonal liquid-crystal phase does not form below
40 % of surfactant concentration. It is known that MCM-41 may be formed at low
surfactant concentrations (1 wt %) with respect to water content, and in situ SN NMR
spectra indicated that the hexagonal liquid crystalline phase was not present anytime

during formation of MCM-41.

Silicate Condensation Further
Condensation

Scheme 1.2. Silicate rod assembly proposed for the formation of MCM-41; (1) and (2)
random ordering of rod-like micelles and interaction with silicate species, (3)

spontaneous packing of the rods, and (4) remaining condensation of silicate species on

further heating [Ref. 25].

In the second route, the hexagonal ordering is initiated by the presence of
silicate species in the reaction mixture [16]. Chen et al. explained that randomly
distributed surfactant micelles with rod-like morphology form initially, and their

interaction with silicate oligomers generate randomly oriented surfactant micelles
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surrounded by two or three silica monolayers [25]. The presence of rod-like micelles
in solution was supported by isotropic in situ "N NMR [25]. Further condensation
between silicate species on adjacent rods occurs on heating, initiating the long-range

hexagonal ordering (Scheme 1.2).

1.2.2. Charge Density Matching and Folded Sheet Mechanism

Both the charge density matching and folded sheet mechanistic models are
based on the transformation of lamellar phase to hexagonal phases. The ‘charge
density matching’ model proposed by Stucky et al. suggested that condensation occurs
between initially formed silicate species by the electrostatic interactions between the
anionic silicates and the cationic surfactant head groups [27,28,18a]. This eventually
reduces the charge density and therefore, curvature was introduced into the layers to
maintain the charge density balance with the surfactant head groups, which leads to
transformation of the lamellar mesostructure into the hexagonal one (Scheme 1.3A).

The ‘folded-sheet mechanism’ postulated by Inagaki et al. indicated the
presence of intercalated silicate phases in the synthesis medium of the reaction
products [18a]. The flexible silicate layers of kanemite fold around the surfactant
cations and cross-linking of the interlayer occurs by condensation of silanol groups on
adjacent silicate sheets. This folding and cross-linking process is facilitated by the
flexibility of the single-layered kanemite sheets. On increase of pH, the amount of
occluded alkyltrimethylammonium cations in kanemite increases and as a result the

interlayers of kanemite expand to form a regular hexagonal structure called FSM-16.
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The undissolved portion of kanemite converts to FSM-16 materials whereas the

dissolved species yield amorphous silica (Scheme 1.3B).
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Scheme 1.3. Mechanisms proposed for the transformation of surfactant-silicate
systems from lamellar to hexagonal mesophases: (A) Hexagonal mesophases obtained
by charge density matching and (B) folding of kanemite silicate sheets around

intercalated surfactant molecules [Ref. 27, 28].

1.2.3. Silicatropic Liquid Crystals

Firouzi et al. have developed a model based on cooperative organization of
inorganic and organic molecular species into three-dimensional structured arrays [29].
According to this model, the physicochemical properties of a particular system were
not determined by the organic arrays having long-range pre-organized order, but by
the dynamic interplay among ion-pair inorganic and organic species, so that different
phases can be readily obtained through small variation of controllable synthesis
parameters. The silicate anions exchanged with the surfactant halide counter ions

formed the ‘silicatropic liquid crystal’ (SLC) phase, which exhibited very similar
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behavior to that of typical lyotropic systems and finally condensed irreversibly into
MCM-41 (Scheme 1.4).

Precurzor solutions

Inorgamic silicate anlons

Micelles and isolated catonic {e.g. D4R olizomers)

surfactant molecules

-

ITon exchange

%m% Phaze -

Sardie

Lamellar SLC Hexagonal SLC

1F .
ﬁ}b tranzformation &5 1S

Scheme 1.4. Cooperative organization for the formation of silicatropic liquid crystal
phase/silicate-surfactant mesophases: (A) organic and inorganic precursor solutions,
(B) preliminary interaction of the two precursor solutions after mixing (C) multidentae

interaction of oligomeric silicate units with the surfactants [ref. 23].

1.2.4. Generalized Liquid Crystal Templating Mechanism

Many researchers have tried to explain the possible ways by which a surfactant
species interacts with the silica species under various synthesis conditions for the
development of mesoporous materials having interesting textual and structural

properties. In all cases, a favorable interaction between the surfactant and silicate
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species 1is reported, unless results in disordered materials with any ordered pore
structures. A brief summary of the possible interactions between surfactant and silicate
species is discussed in this section and a summary of the various synthesis opted under

different pathways are depicted in Table 1.1.

Table 1.1. Synthesis of various mesoporous materials under different reaction

conditions

Interaction Template source ~ Pathway Examples

Strong electrostatic interactions

Direct interaction Ammonium ST MCM-41, KIT-1
surfactant MCM-48, FSM-16,
Anion mediated interaction Ammonium SYXT SBA-1,2,3
surfactant
Triblock (S°HHXT SBA-15,16
Copolymers

Weak Van der Waals interaction

Hydrogen bonding interaction Amine Sr° HMS
surfactant
Hydrogen bonding interaction Non-ionic N°I° MSU-n

Ethylene oxides

1.2.4.1. Ionic Route (Electrostatic Interaction)

Huo et al. proposed a generalized mechanism for the formation of
mesostructures, which was based on specific types of electrostatic interaction between
an inorganic precursor (I°) and a surfactant head group (S°). In this concept, four
different approaches were proposed to synthesize transition metal oxide
mesostructures [30]. The first route involves the charge density matching between

surfactant cations and inorganic anions (S'T). The second route deals with the charge-
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reversed situation, i.e. anionic surfactant and cationic inorganic species (ST). Both the
third and fourth routes are counter ionmediated pathways. The third one demonstrates
the assembly of cationic species via halide ions (S"X'T"), while the fourth one depicts
the assembly of anionic species via alkali metal ions (S*X I'). These synthesis
strategies are acceptable for the formation of a wide variety of hexagonal, cubic or
lamellar mesophases, but a common problem encountered was the instability of the

inorganic framework after the removal of template.

1.2.4.2. Neutral Templating Route (Hydrogen Bonding Interaction)

Tanev and Pinnavaia proposed another route to synthesize hexagonal
mesoporous silicas (HMS) having thicker pore wall, high thermal stability and smaller
crystallite size [31,32]. This route is essentially based on hydrogen bonding between
neutral primary amines (S°) and neutral inorganic precursors (I°), wherein hydrolysis
of tetraethyl orthosilicate (TEOS) in an aqueous solution of dodecylamine yields
neutral inorganic precursor. However, these materials lacked long range ordering of
pores and have broader pore size distribution and higher amounts of interparticle
mesoporosity than MCM-41 materials. Using the same approach, porous lamellar
silicas with vesicular particle morphology (MSU-V) have been synthesized with the
help of double headed alkyl amines linked by a hydrophobic alkyl chain (a,®-dialkyl
amine). Bagshaw et al. used nonionic polyethylene oxide surfactants (PEO) to prepare
mesoporous materials (MSU) having pore size in the range 20-60 A. An advantage of
this method endows the low cost, non-toxic and biodegradable nature of surfactants

and the facile recovery of the templates [31]
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1.2.4.3. Ligand-Assisted Templating Route (Covalent Interaction)

Antonelli and Ying proposed a ligand-assisted templating mechanism for the
synthesis of hexagonally packed mesoporous metal oxides [32]. In a typical synthesis,
the surfactant was dissolved in the metal alkoxide precursor, before addition of water,
to form metal-ligated surfactants by nitrogen—metal covalent bond formation between
the surfactant head group and the metal alkoxide precursor. The existence of this
covalent interaction was confirmed by N NMR spectroscopic studies. In this
approach, the structure of the mesophases can be controlled by adjustment of the
metal/surfactant ratio, which led to a new class of mesoporous transition metal oxides

analogous to the M41S family.

1.3. SURFACE MODIFICATIONS OF MESOPOROUS SILICA

The applications of siliceous mesoporous materials itself is restricted because
of the limitations in the active sites and have to be modified according to the
requirements. Hence, in order to utilize the unique properties of the mesoporous
material for specific applications in catalysis, sorption, sensor, ion exchange, etc.
introduction of reactive organic functional groups by the incorporation of organic
components as part of the silicate walls or trapped within the channels to form
organic-inorganic hybrid materials remains the key issues [34]. The advantages of
organic-inorganic hybrid materials arise from the fact that inorganic components can
provide mechanical, thermal or structural stability, while the organic features can be
readily modified for various specific applications [35]. Further, organic modification

of the silicates permits precise control over the surface properties and pore sizes of the
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mesoporous sieves and at the same time stabilizing the materials towards hydrolysis.
Through the development of organic-inorganic hybrid mesoporous solids, much
progress has been made in the last few years towards application of mesoporous solids
in a variety of fields. Mesoporous solids have been functionalised at specific sites and
were demonstrated to exhibit improved activity, selectivity, and stability in a large
number of catalytic reactions and sorption processes [36]. The synthesis procedures
developed so far effectively utilized the large amount of silanol groups resting in the
surface of M41S related materials. Another advantage of these materials is that the
hydrophilic hydrophobic properties can be tailored by the judicious choice of the
organo alkoxy silanes [37]. This section briefly highlights the possible ways of surface
modifications over mesoporous materials for the formation of organic-inorganic

hybrid mesoporous materials.

1.3.1. Grafting Methods

Grafting refers to post synthesis modification of the inner surface of a
mesoporous support, where the organic functional groups are introduced as the
terminal groups of organic monolayers, usually after surfactant removal (Scheme 1.5)
[38]. Mesoporous silicas possess surface silanol groups (Si-OH) in high concentration
and, like in amorphous silica; it can act as convenient anchoring points for organic
functionalisation. Silylation generally occurs on free (=Si—~OH) and geminal silanol
(=Si(OH),) groups, while hydrogen-bonded silanol groups are less accessible to
modification because they form hydrophilic networks among themselves [39]. The

original structure of the mesoporous support is usually maintained after grafting.
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However, if a high surface coverage of organic functional groups is required, it is
important to maintain a large number of surface silanol groups, after the removal of
surfactants. Surfactant removal is usually carried out either by calcination or by
appropriate solvent extraction methods. Since calcinations at higher temperatures can
lead to the condensation of silanol groups, a decrease in the density of silanol groups
is often obtained than the solvent extraction process (e.g. with acid/alcohol mixtures

for cationic surfactants or with alcohols for neutral surfactants).

Scheme 1.5. Synthesis of organic-inorganic hybrid mesoporous silicates by grafting
reactions [Ref. 40].

In order to retain high-density silanol groups for the anchoring of large
concentration of organic groups, the calcined mesoporous silica will be treated with

boiling water [41] or steam [42] or by the acid hydrolysis [43]. Recently, supercritical
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fluids have been used as a reaction medium to anchor the siloxane to the mesopore
channels. This method is particularly suitable for small pore materials due to the low
density, viscosity, surface tension and the high diffusivity of the supercritical fluids
like CO,. It was also observed that when this technique was applied to mesoporous
silica a high degree of cross-linking was observed, resulting in a higher hydrothermal

stability for the materials [44].

1.3.1.1. Grafting with Passive Surface Groups

Organic functional groups with lower reactivity could be grafted to enhance
the hydrophobicity of the surface and protecting the material towards hydrolysis.
Further, the pore diameter of mesoporous materials can also be adjusted by varying
the alkyl chain length of the silylating agent or by increasing the quantity of the
silylating agent [45]. The commonly used surface modifying agents are the trimethyl
chlorosilane (MesSiCl), trimethyl ethoxysilane (Me;Si(OC,Hs)) and
hexamethyldisilazane ((Me3Si1),NH) [46]. Hexamethyldisilazane functionalization was
widely used to quantify the number of surface silanols, to passivate the surface

silanols and also to depolarize the surface for selective adsorption experiments [47].

1.3.1.2. Grafting with Reactive Surface Groups

Grafting of the mesoporous silica surfaces with organic units containing
reactive functional groups like olefin, cyanide, thiol, amide, halide, etc. permits further
functionalization of the surface as their terminal end contains a reactive functional

group. For instance, modification of these reactive materials includes hydroboration
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[48] and bromination of olefins [49], (vinyl-terminated materials), hydrolysis of
cyanide to carboxylic acids [50], oxidation of thiols to sulphonic acids [51],
nucleophilic substitution of amines and halides [52]. After, modification of these
materials with the desired functionalities, catalytically active homogenous transition
metal complexes as well as organometallic complexes can be anchored over these
organic-inorganic hybrid materials. For instance, the functionalization of Mn (III)
schiff base salen complex to surface-modified MCM-41 containing 3-chloro propyl

silane (3-CPTY) is feasible by the nucleophilic replacement of the halogen atom [53].

1.3.1.3. Site-Selective Grafting

The external surface silanols of the mesoporous materials are kinetically more
accessible than the internal surface silanols. Hence, in order to minimize the grafting
of reactive surface sites on the external surface and thereby to utilize the inner pore
channels, it is necessary to passivate the external silanol groups before functionalizing
on the internal surfaces [54]. Shepherd et al. had passivated the external surface of the
MCM-41 surface with dichloro diphenyl silane (Ph,SiCl) first and then 3-
aminopropyl triethoxy silane (3-APTS) was grafted over the internal channels for the
heterogenization of an active ruthenium cluster. The existence of amine functional
groups in the inner pore channels of MCM-41 was confirmed by the high-resolution
transmission electron microscopy (HRTEM) [55]. Another approach effectively
utilized was the template ion exchange property, for the grafting of Mes;SiCl, without
removing the surfactants from the pore channels. The advantage of this method is that

this procedure avoids the two-step synthesis procedure and that the grafting
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exclusively occurs in the external surfaces due to the steric constraint of the
surfactants [56]. Following solvent extraction, for the removal of surfactant groups,
the internal surface of the materials is free for further modifications while the external
surface is passivated. In another way, Antochshuk and Jaroniec carried out
simultaneous grafting and extraction of template molecules by modification of
uncalcined MCM-41 with trialkylchlorosilanes. As-synthesized MCM-41 was
refluxed in neat trialkylchlorosilane, first by itself, and then with added anhydrous
pyridine, followed by multiple washing with different solvents, leading to surfactant-
free mesoporous products [57]. The loading of surface organic groups exceeded on
calcined supports that were otherwise treated in a similar way. The advantages of this
method include the increased concentration of surface hydroxyl groups and the
decreased reduction in pore size of the materials, as this procedure avoids the high

temperature calcination process for the removal of surfactant groups.

1.3.2. Co-condensation Reactions

Organic-inorganic hybrid mesoporous materials can be also prepared at room
temperature or at higher temperatures by the one-step co-condensation method
between tetraalkoxy silanes [Si(OR)s, R = Et, Me] with one or more organoalkoxy
silanes [RSi( OR)3, R = Et, Me], through the sol-gel process in presence of a structure
orientor [58]. Depending on the nature of the R groups, a variety of
organofunctionalized mesoporous materials attached covalently with the silica surface
can be synthesized. The advantages of this method than the grafting procedures

include the stability of the inorganic framework even at higher organic loadings,
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homogenous distribution of the organic groups in the pore channels as well as the
single step preparation procedures [59]. Solvent extraction of the as-synthesized
materials in an acidic-alcohol mixture helps to remove the occluded surfactants from
the pore channels and to obtain the organofunctionalized ordered mesoporous material
(Scheme 1.6). Several research groups had employed this co-condensation procedure
for the synthesis of organic-inorganic hybrid mesoporous materials under S+I-, S*XT",
S°I° and N°I° pathways [61].
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Scheme 1.6. Synthesis of organic-inorganic hybrid mesoporous silicates by

cocondensation reactions. [60].

14. METAL-SUBSTITUTED MESOPOROUS MOLECULAR

SIEVES

The advantages of using ordered mesoporous solids in catalysis are due to the
relatively large pores, which facilitate mass transfer, and the very high surface area,
which allows a high concentration of active sites per mass of material [62]. Although
mesoporous materials posses unique textual as well as morphological features,
siliceous M41S materials show limited catalytic activity in various organic
transformations and hence ample modifications are necessary to make them as suitable

candidates for various catalytic organic transformations. The incorporation of
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heteroatoms into the inert framework or walls of pure siliceous mesoporous materials
is an important route to modify the nature of the framework. In fact, the first catalytic
studies with mesoporous molecular sieves were focused on metal-substituted MCM-41
materials, in which the active species were incorporated into the silicate matrix [63].
However, since the wall structure of mesoporous silica resembles more to amorphous
silica, incorporation of heteroatoms does not lead to the formation of defined sites as
in zeolites, but as a rather wide variety of different sites with different local
environments. Therefore, the catalytic properties of such materials resemble more to
metal-containing amorphous silica rather than the framework-substituted zeolites [64].
Modification of the framework composition of mesoporous materials is possible by
the direct synthesis i.e. from mixtures containing both silicon and the hetero element
to be incorporated or by post synthesis treatment of an initially prepared mesoporous
material. The direct method usually results in a homogeneous incorporation of the
hetero element while post synthesis methods help in an increased concentration of
heteroatoms on the surface. Various heteroatoms are incorporated into the pore
channels of mesoporous supports and it is generally observed that apart from the
synthesis conditions, viz. gel pH, temperature and time, the degree of metal
incorporation as well as coordination of metal sites in the mesopore structure is
dependant on the nature of metal precursor used [65]. Thus, the incorporation of
trivalent metal ions such as B, Al, Ga, etc. in the silica frame walls produces
framework negative charges that can be compensated by protons providing acid sites
and hence serve as important materials in acid catalysis. The substitution of various

transition metals like Ti, V, Cr, Mn, Fe, etc. helps in the development of mesoporous
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materials with redox catalytic properties. Although the chemical elaboration of the
surfactant templated mesoporous materials has been extensively applied to catalysis,
the Si-MCM-41 type mesoporous materials potentially suffers from a plumbing
problem. Since the periodic porosity is one-dimensional and nanoscopic in MCM-41,
any internal blockage can shutoff the catalyzed walls from reaction [66]. However, the
three dimensionally channel oriented mesoporous architectures, like the hexagonal
mesoporous silica (HMS) materials, with continuous but periodically porous network
offer new transport routes and has less diffusion limitations and are reported to be
catalytically more active than the M41S materials. For instance, Tanev et al had
shown that Ti-HMS catalyst shows improved catalytic activity than Ti-MCM-41
catalysts in the oxidation reaction of 2,6-DTBP, MMA and styrene [67]. Even though,
the catalytic transformations of bulky organic molecules can be carried out in the
‘nanoreactors’ of the mesoporous materials, there exist significant differences between
metal-substituted zeolites and mesoporous silica materials. A comparison of metal
incorporated zeolitic molecular sieves with mesoporous materials shows that the
activity and heterogenity of the zeolitic catalysts lie far ahead than the mesoporous
molecular sieves [68]. Hence, an important question arise that what causes for the
much lower activity observed on the M-MCM-41 samples than the zeolitic
metallosilicates, even though they share almost similar metal local environments.
Obviously, diffusion limitations and steric constraints due to reactants or transition-
state intermediates are not the only factors that govern the activity of metal sites in
molecular sieves. The crucial difference in the structure of M41S and zeolite is that the

M41S materials have no long-range order and the pore walls are essentially
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amorphous. Thus, the Si-O-M bonds sitting in the amorphous environment of M41S
are supposed to be connected by more comfortable bond angles and are
thermodynamically more stable than those of metal incorporated silicates, which had
crystalline frameworks. Therefore, the Si-O-M bonds in mesoporous materials should
be less reactive and have lower redox potential than those in zeolite samples. Further,
since a part of active metal sites can be located inside the walls in mesoporous
materials, these sites are not accessible for the reactants and this property was
commonly observed when the metal precursor was introduced together with the silica
source during the synthesis [69]. Another difference with zeolite concerns the nature
of framework itself. In zeolites the number of defect groups like silanols is low, as
they are located on the outer surface of the crystals. Hence, zeolites have a relatively
high hydrophobic character, well suited for oxidation reactions in aqueous medium
[70]. In contrast, mesoporous silica contain large amounts of internal silanol groups,
capable of hydrogen bonding with water molecules, which will affect their
performance in aqueous catalytic reactions. The catalytic activity of metal-containing
mesoporous materials is strongly influenced by the hydrophobic properties of the
support surface, the local environment and the stability of the metal introduced.
Hence, bifunctional organic-inorganic hybrid mesoporous materials containing
heteroatoms like titanium and organic groups such as methyl silanes were prepared in
a one step co-condensation method in order to improve the hydrophobic features of the
metal-containing periodic mesoporous silica materials [71]. The methyl-tethered Ti-
MCM-41 showed better epoxidation activity than the nonmodified Ti-MCM-41, in the

epoxidation reaction of cyclohexene. Bhaumik and Tatsumi synthesized a wide range
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of organically modified Ti-MCM-41 samples by cocondensation of TEOS, organo-
triethoxy silanes like methyl, vinyl, allyl, 3-chloropropyl, pentyl, phenyl and titanium
tetrabutoxide [72]. Higher titanium incorporation as well as enhanced epoxide
selectivity was observed in presence of organic groups than in their absence and were
attributed to the improved hydrophobicity of the organo-modified mesoporous surface.
Akin to periodic mesoporous silicas, periodic mesoporous organosilicas also offer
advantages for various surface modifications due to the presence of T type silanol
sites [73]. For instance, titanium-containing PMO materials show exceptional catalytic
activity and oxime selectivity in the ammoxidation reaction of ketones, whereas the
conventional Ti-MCM-41 catalysts are not active for the same reaction [74]. Among
the reasons put forward to explain this dependence was the hydrophobicity of the
matrix; as the more hydrophobic the surface, the higher the reaction rate because of
the increased concentration of the organic substrate at the active titanium site. One of
the major drawbacks of metal-containing M41S materials is the decreased
hydrothermal stability. However, because of the presence of organic fragments,
especially ethane groups, in the frame wall positions the PMO materials show better
hydrothermal stability than the M41S materials [75]. Thus the presence of
hydrophobic organic groups, integrated inside the frame wall positions, improved the

catalytic activity and overall structural stability of the mesoporous materials.

Ph. D. Thesis, University of Pune, September 2007 24



CHAPTER 1 Introduction and Literature Survey

1.5. MESOPOROUS SILICA AS SUPPORT OR HOST FOR THE
HETEROGENIZATION OF HOMOGENEOUS CATALYSTS

Materials with well-defined pores belong to the most interesting class of
compounds, because they can be converted into organic-inorganic hybrid
nanocomposites by various surface modifications. The microporous and organized
mesoporous materials obtained after the hydrothermal synthesis are in fact a
nonporous organic-inorganic hybrid since the organic structure director (template or
surfactant) is usually trapped in the cavities of the solid. Hence, to obtain completely
porous solid and to introduce reactive organic functional groups inside the channels of
ordered materials, it is necessary to remove the entrapped organic species from the as-
synthesized samples. The commonly employed method for the removal of surfactant
consist of calcining the materials, in a flow of air, typically >400 °C. However, the
high-cost template reactant is destroyed and such treatments further cause damage to
the porous materials, since during calcination high local temperature and water
formation may occur, and therefore extra framework sites may be formed [76]. An
alternative method involves the removal of the template by mild treatments such as
liquid extraction using acidic solutions, alcohols or a mixture of both [77]. This
method is especially effective for mesoporous materials where the framework-
surfactant interactions are weak (electrostatic, van der Waals or hydrogen bonding
interactions) and because of the larger pore sizes. An added advantage of this method
is that under acidic extraction conditions, exchange of sodium ions for protons is also
achieved simultaneously with the removal of surfactants. Moreover, the mild routes

for the removal of templates helps in the reuse of the organic templates for a
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subsequent synthesis with similar textual properties [78]. The materials obtained after
the removal of surfactant groups contains ordered pore channels with abundant silanol
sites. These mesoporous hosts can be utilized for the synthesis of organic-inorganic
hybrid mesoporous materials having reactive functional groups and have stimulated
fundamental research interests in the inclusion of metals and metal complexes inside
the mesoporous channels [79]. During the last few years, organic-inorganic hybrid
mesoporous materials constitutes an emerging area in the field of materials science
and had shown its impact in a wide range of heterogeneous catalysis reactions [80].
However, the main problem encountered in heterogenized catalysts is that the bonds
between metal and ligand are often broken and reformed during catalytic reactions,
leading to leaching of the metal from the catalyst in the product, thus decreasing the
reaction rate and activity [81]. Hence the nature of interaction between the
homogenous catalyst and the support surface decides the overall stability and
reusability of the heterogenized catalysts and in general, if the anchoring is covalent, it
can be robust enough to withstand the harsh conditions of the catalytic reactions. The
most common immobilization techniques used for this purpose include grafting or
tethering, physical entrapment, ship-in-a-bottle synthesis and supported liquid phase
catalysis [82]. Earlier, the supports used to tether the homogeneous catalyst are the
organic polymers, which are soluble in the reaction media. The advantage of this
support is that the active sites are distributed through out the reaction solution and
hence the catalyst architecture is similar to that of the homogeneous catalyst that it is
trying to mimic [83]. Insoluble supports are preferable than the homogeneous supports

because of several reasons i.e. they are readily recovered, they have potential
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applications in flow process and they do not need extra solvents for precipitation.
Insoluble organic polymers are effective supports, but the polymer had to be carefully
chosen and tuned so as to avoid swelling and to ensure that the homogeneous complex
catalyst is tightly bound with the support not merely occluded inside. In contrast to the
insoluble organic polymers, inorganic silica materials like amorphous silica gels or
mesoporous silicas did not swell or dissolve in organic solvents. However, because of
the lack of ordered pore channels, amorphous silica gels are unable to provide the
size/shape specificity properties. Hence the immobilization of various homogeneous
metal catalysts over solid organic-inorganic hybrid mesoporous supports as a mean of
‘heterogenization’ has particular significance. Heterogenization of useful homogenous
catalysts or active centers will improve the overall efficiency of the catalytic process
due to: (1) it is easier to separate the catalyst from the liquid by simple filtration, where
the homogenous catalyst often leads to complicated and laborious extraction or
distillation requirements, (ii) often the catalysts can be regenerated and recycled, (ii1)
confinement of the catalyst in the mesopores provides a means of introducing the
size/shape selectivity and thus a greater specificity to a desired reaction. Moreover, if
the functional groups or the catalytic active site was attached firmly to the solid
support, the leaching problem, usually encountered in liquid phase reactions, can be

greatly reduced.

1.6. PHYSICOCHEMICAL CHARACTERIZATION
Understanding the structural and electronic properties of the catalyst by

spectroscopic techniques is one of the major goals in catalysis research because they
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can provide fundamental information about catalytic structures and surface reaction
intermediates under controlled environments and also gives insight into the relation
between physical and chemical properties of the catalyst and its activity. In catalytic
research, a number of techniques will be used to characterize a sample and a
summation of all characterization techniques will reveal the active sites in a catalyst
and these in turn will help in the design of a new catalyst or to improve the catalytic
performances. The commonly used characterization techniques, their principles,

advantages and limitations are briefly described in this section.

1.6.1. X-Ray Diffraction (XRD)

XRD has been applied as the most important tool to determine the structure of
the materials characterized by long-range ordering, to identify bulk phases, to monitor
the kinetics of bulk transformations and to estimate particle sizes [84]. The XRD
method involves the interaction between the incident monochromatized X-rays (like
Cu K, or Mo K, source) with the atoms of a periodic lattice. X-rays scattered by atoms
in an ordered lattice interfere constructively in directions given by Bragg’s law: nA =
2dsin®, where, A is the wavelength of the X-rays, d is the distance between two lattice
planes, 0 is the angle between the incoming X-rays and the normal to the reflecting
lattice plane and n is an integer known as the order of reflection [85]. Bragg peaks are
measured by observing the intensity of the scattered radiation as a function of
scattering angle 20. The angles of maximum intensity enable one to calculate the
spacings between the lattice planes and allow phase identifications while the width of

diffraction peaks carries information on the dimensions of the reflecting planes. The
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width of the diffraction lines can be further used to estimate the crystal size by the
Debye-Scherrer formula: Dy = kA/BcosO, where Dy, A, B and 6 are the volume
averaged particle diameter, X-ray wavelength, full width at half maximum (FWHM)
and diffraction angle, respectively, and k is a constant, often taken as unity [86].
Isomorphous substitution of heteroatoms in the framework of molecular sieves can be
calculated from the changes in the unit cell parameters and unit cell volume. Unit cell
parameter (a,) of a hexagonal lattice can be calculated from, a,= 2d;00/N3 and a cubic
lattice can be determined by the following equation: a, = d>11/N6. The unit cell
dimension determined by XRD is also used to calculate the frame wall thickness
(FWT) of the channels of the mesoporous materials. A major limitation of XRD is that
this technique requires samples, which possess sufficient long-range order.
Amorphous phases and small particles give either broad and weak diffraction lines or

no diffraction at all, which makes them virtually invisible for XRD.

1.6.2. Porosity Measurements by N, Adsorption Method

The most common method of measuring surface area and textural
characteristics of catalytic materials is that based on the theory developed by
Brunauer, Emmett and Teller (BET), considering the multilayer adsorption. The BET
equation can be represented as: P/V(Pyp-P) = 1/cVy, + [(c-1)/cVn] (P/Py), where P is
adsorption equilibrium pressure, Py is saturation vapor pressure of the adsorbate at the
experimental temperature, V is volume of N, adsorbed at pressure P, V, is volume of
adsorbate required for monolayer coverage and c, a constant that is related to the heat

of adsorption and liquefaction [87]. A linear relationship between P/V(Py-P) and P/P,
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is required to obtain the quantity of nitrogen adsorbed. The monolayer volume, V,, is
given by 1/(S+I), where S is the slope and is equal to (c-1)/cVy, and 1 is the intercept
equal to 1/cVy. The surface area of the catalyst (Spgr) is related to Vi, by the
equation, Sger =(Vn/22414) N,c, where N, is Avogadro number and ¢ is mean cross
sectional area covered by one adsorbate molecule. The ¢ value generally accepted for
N, is 0.162 nm. Several computational procedures are available for the derivation of
pore size distribution of mesoporous samples from physisorption isotherms. Most
popular among them is the Barrett-Joyner-Halenda (BJH) model, which is based on
speculative emptying of the pores by a stepwise reduction of P/Py, and allowance
being made for the contraction of the multilayer in those pores already emptied by the
condensate [88]. The mesopore size distribution is usually expressed as a plot of

AV, /Ar, versus r,, where V, is the pore volume, and r;, is the pore radius.

1.6.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a straightforward technique to probe the
morphological features of mesoporous molecular sieve materials. SEM scans over a
sample surface with a probe of electrons (5-50 eV) and detects the yield of either
secondary or back-scattered electrons as a function of the position of the primary
beam. Contrast is generally caused by the orientation that parts of the surface facing
the detector appear brighter than parts of the surface with their surface normal pointing
away from the detector. The interaction between the electron beam and the sample
produces different types of signals providing detailed information about the surface

structure and morphology of the sample [89]. When an electron from the beam

Ph. D. Thesis, University of Pune, September 2007 30



CHAPTER 1 Introduction and Literature Survey

encounters a nucleus in the sample, the resultant Coulombic attraction leads to a
deflection in the electrons path, known as Rutherford elastic scattering. A fraction of
these electrons will be completely backscattered, re-emerging from the incident
surface of the sample. Since the scattering angle depends on the atomic number of the
nucleus, the primary electrons arriving at a given detector position can be used to
produce images containing topological and compositional information [90]. A major

advantage of SEM is that bulk samples can also be directly studied by this technique.

1.6.4. Transmission Electron Microscopy (TEM)

Transmission electron microscopy is typically used for high resolution imaging
of thin films of a solid sample for micro structural and compositional analysis. The
technique involves: (i) irradiation of a very thin sample by a high-energy electron
beam, which is diffracted by the lattices of a crystalline or semi crystalline material
and propagated along different directions, (ii) imaging and angular distribution
analysis of the forward scattered electrons (unlike SEM where backscattered electrons
are detected) and (iii) energy analysis of the emitted X-rays [91]. In detail, a primary
electron beam of high energy and high intensity passes through a condenser to produce
parallel rays, which impinge on the sample. As the attenuation of the beam depends on
the density and the thickness, the transmitted electrons forms a two-dimensional
projection of the sample mass, which is subsequently magnified by the electron optics
to produce the so-called bright field image. The dark field image is obtained from the
diffracted electron beams, which are slightly off angle from the transmitted beam.

Typical operating conditions for TEM instruments are 100-200 keV electrons, 10-6
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mbar vacuum, 0.5 nm resolution and a magnification of 105 to 106. The topographic
information obtained by TEM in the vicinity of atomic resolution can be utilized for
structural characterization and identification of various phases of mesoporous

materials viz. hexagonal, cubic or lamellar [92]

1.6.5. Fourier Transform Infrared Spectroscopy (FT-IR)

Infrared spectroscopy (IR) can be considered as the first and the most
important of the modern spectroscopic techniques that has found profound
applications in the field of catalysis. This is primarily due to the fact that IR provides
actual information on the structure, geometry and orientation of practically all
molecules that are present in the reaction mixture, irrespective of the physical state,
temperature or pressure. IR is therefore a feasible tool to identify phases that are
present in the catalyst or its precursor stages, the adsorbed species, adsorption sites
and the way in which the adsorbed species are chemisorbed on the surface of the
catalyst [93]. Infrared spectroscopy is the common form of vibrational spectroscopy
and it depends on the excitation of vibrations in molecules or in solid lattices by the
absorption of photons. Absorption of an infrared photon occurs only if a dipole
moment changes during the vibration. However, it is not necessary that the molecule
possess a permanent dipole, it is sufficient if a dipole moment changes during the
vibrations. The intensity of the infrared band is proportional to the change in the
dipole moment. Although this statement is of little practical value, as the magnitude of
dipole moments during the vibrations are not known, it explains why species with

polar bonds such as CO, NO and OH exhibit strong IR bands, where as covalent bonds
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such as C-C absorb infrared light only weakly and molecules such as Hj, N, are not
infrared active at all. A variety of IR techniques have been used to attain information
on the surface chemistry of different solids. A great advantage of infrared
spectroscopy is that the technique can be used to study catalysts in situ. In case of
porous silicates, the FTIR spectra in the 1300-400 cm™ region provides information
about the structural details, whereas the bands in the 4000-3000 cm’! region allows to
determine different Brgnsted and Lewis acid sites and silanol groups of the material
[94]. The band at 980-960 cm™ in the framework region is very important in metal-
containing molecular sieves, as this region provides information about the
incorporation of metal species in the frame wall positions [95]. Acidic and basic
properties as well as their strength can also be estimated using ammonia (NHj3),
pyridine (CsHsN), carbon dioxide (CO,) etc as probe molecules and their quantitative
estimation by FTIR [96]. One drawback of IR is that almost all compounds absorb IR
radiation so that the spectra of reaction mixtures can be very complex, hampering
straightforward interpretation and assignments. However, data manipulation and
processing techniques like deconvolution, spectral subtraction and chemometrics are

helpful in extracting the desired information [97].

1.6.6. Diffuse Reflectance UV-Visible Spectroscopy (DR UV-Vis)

Diffuse reflectance spectroscopy (DRS) is a technique based on the reflection
of light in the ultraviolet (UV), visible (VIS) and near-infrared (NIR) region by a
powdered sample. In a DRS spectrum, the ratio of the light scattered from an

‘infinitely thick’ closely packed catalyst layer and the scattered light from an infinitely
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thick layer of an ideal non-absorbing (white) reference sample is measured as a
function of the wavelength, A. The scattered radiation, emanating from the sample, is
collected in an integration sphere and detected. The most popular continuum theory
describing diffuse reflectance effect is the Schuster-Kubelka-Munk (SKM) theory
[98]. If the sample is infinitely thick, the diffuse reflection of the sample (Ry) is
related to an apparent absorption (K) and apparent scattering coefficient (S) by the
SKM equation: F(R,) = (1- R.)*/2R., = K/S. At low concentrations of supported
transition metal ions (TMI), this equation is a good representation of the absorption
spectrum and allows a quantitative determination of the transition metal ions. UV-Vis
spectroscopy generally deals with the study of electronic transitions between orbital or
bands of atoms, ions or molecules. One of the advantages of DRS is that the obtained
information is directly chemical in nature since outer shell electrons of the transition
metal ions are probed. This further provides information about the oxidation state and
coordination environment of transition metal ions in the solid matrices. Thus DRS is a
sensitive technique to examine the type of the metal sites, viz., framework or extra-
framework, in which metal ion or cluster exist [99]. For most of the isomorphously
substituted metal-containing molecular sieves, transitions in the UV region (200-400
nm) are of prime interest. The disadvantage of DRS is that the signals are usually
broad and overlap with each other, leading to a biased spectral analysis. In addition,
the origin of the specific electronic transition is sometimes difficult to isolate due to its
dependence on the local coordination environment, the polymerization degree and the

specific oxidation state.
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1.6.7. X-Ray Photoelectron Spectroscopy (XPS)

XPS (also referred by the acronym ESCA, Electron Spectroscopy for Chemical
Analysis) is a non-destructive surface analysis technique, based upon one of the
fundamental interactions of photons with matter viz. the photoelectric effect [100].
XPS provides information on the elemental composition, the oxidation state of the
elements and in favorable cases on the dispersion of one phase over another. In this
technique, sample surface is irradiated with X-rays and the emitted photoelectrons are
measured. When an atom absorbs a photon of energy hv, a core or valence electron
with binding energy E, is ejected with kinetic energy Ex: Ex = hv- E;,, where h is
Planck’s constant, v is the frequency of the exciting radiation, Ey is the binding energy
of the photoelectron relative to the Fermi level of the sample and is the work function
of the spectrometer. The photoelectrons ejected from an atom in the solid have
different kinetic energies, according to the electronic level and the type of atom they
come from. As the electronic structure of an atom is a unique fingerprint of this atom,
photoelectron spectra allow an excellent elemental analysis of the target sample. XPS
entails emission from both core and valence electrons of the solid, the stimulating X-
ray sources being Al K, (1486.6 eV) or Mg K, (1253.6 eV). Their photon energy is
high enough to reach at least one core level of any element and also their natural line
width is small enough to allow the recording of well-resolved photoelectron spectra.
XPS spectrum is usually a plot of the intensity of photoelectrons versus binding
energy. Since the electrons whose energies are analyzed in XPS arise from a depth of
not greater than about 5 nm, this technique is highly surface specific. A set of binding

energies 1s characteristic for an element and hence XPS can be used to analyze the
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composition of samples, considering the area of the peak and cross section for
photoemission [101]. An experimental problem in XPS is that electrically insulating
samples may charge during measurements, as photoelectrons leave the sample. Due to
the positive charge on the sample, all XPS peaks in the spectrum shift by the same
amount to higher binding energies. Calibration for this effect can be done by using Cj
binding energy of 284.9 eV from carbon contamination, which is present on most of
the catalysts. Though XPS provides information about the oxidation state and the
chemical environment of a given atom due to shift in the binding energies, the
structural information is, however, limited in case of supported vanadium oxides and

chromium oxides [102].

1.7. CATALYTIC APPLICATIONS AND PROSPECTS

In recent years, environmental and economic considerations have raised strong
interest to redesign commercially important process so that the use of harmful
substances and the generation of toxic wastes can be avoided. Zeolite plays a key role
in the development of environmentally benign process in the production of fine
chemicals. However, zeolites posses severe limitations when large reactant molecules
are involved, due to the diffusional restrictions imparted from the small pore channels
of microporous solids [103]. Hence, because of the large pore size than the zeolite
based porous materials, mesoporous materials stood for the extension of catalytic
applications of zeolites for the conversion of bulky molecules. Through the
development of hybrid organic-inorganic mesoporous solids, much progress has been

made in the last few years towards the applications of mesoporous solids in various
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areas of heterogeneous catalysis. The concept of ‘heterogenization’ of homogenous
catalysts over organic-inorganic hybrid mesoporous materials possessing reactive
functional sites provide the prospective for extending the benefits of heterogeneous
catalysis to homogeneous systems. These benefits include easier separation of catalyst
and reaction products leading to shorter work up times, improved process efficiency
and better reuse of the supported catalysts. However, the prime requirement of the
heterogenization approach is to maintain the stability of the heterogenized complex,
such that it does not decompose or leach out from the solid support to the liquid phase
during the course of reaction, and at the same time retains high activity and selectivity.
Reactions that have been studied using functionalised mesoporous solids include acid-
base catalysis [104,105], oxidations [106], reductions [107], enantioselective catalysis
[108] and other catalytic for fine chemicals [109]. It has been noted that the
confinement of the catalyst or active sites in the mesoporous channels improved the
overall activity of the catalysts compared to attachment over amorphous or non-porous
silica supports. These improved results apparently stemed out due to the confined
environment of the mesopore channels. In some cases, the performance of the
mesoporous catalyst was found to be directly depend on the pore size of the mesopore
host, since depending on the pore size the accessibility of the active sites in the
mesopores gets varied [110]. For instance, in the hydrogenation of olefins (styrene,
trans-and cis-stilbene, a-methyl styrene and limonene), the hydrido chloro carbonyl
tris-(triphenylphosphine) ruthenium complex (RuHCI(CO)(PPhs); immobilized over
aminopropyl functionalised mesoporous SBA-15 shows superior catalytic activity than

the MCM-41 sample, even though both mesoporous supports shows higher conversion
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and turnover frequency than the unsupported ruthenium complex. The superior
catalytic activity of SBA-15 than MCM-41 is attributed to the easier access of
substrate molecules to the active sites in SBA-15 due to its larger pore size than the
MCM-41 host matrix [111]. In this section, the catalytic applications and prospects of
metal-containing mesoporous materials and organo-modified mesoporous materials

for various oxidation and epoxidation reactions are briefly reviewed.

1.7.1 Oxidation Reactions

The first examples of liquid phase catalytic oxygen transfer dates back to 1936.
The so-called Milas reagents were formed by reaction of transition metal oxides with a
solution of H,O; in tert-butanol resulting in soluble inorganic peracids [112]. These
catalysts were used for the vicinal dihydroxylation of olefins but with certain metal
oxides like MoO3 or WOs, selective epoxidation was observed. From these basics, a
great deal of effort has been put into the development of transition metal based
catalysts, as homogeneous and heterogeneous, for various selective oxidation reactions
[113]. Based on the key intermediate involved in the oxygen transfer step, the metal
catalyzed oxidations can be divided mainly into two categories [114]. The first one
involves a peroxometal species, while the second one involves an oxometal pathway.
In general, titanium, vanadium and molybdenum catalyzed reactions are believed to
occur via peroxometal pathway [115], while chromium [116] and ruthenium [117]
catalyzed reactions are supposed to proceed through oxometal species [118].
Metallosilicate molecular sieves with MFI topologies (e.g. TS-1, VS-1) have been

extensively investigated as heterogeneous catalysts for various selective oxidation and
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epoxidation reactions [119]. However, as mentioned earlier, the catalytic properties of
these molecular sieves can be utilized only for small molecules, due to the small pore
size of these materials. In this regard, the advent of metal-containing mesoporous
solids that can accomodate bulky molecules inside the pore channels widened the
range of catalysts available for selective oxidation reactions using peroxides and air as
oxidants, few of which are summarized in Table 1.2. Further, the advent of various
organic-inorganic hybrid mesoporous materials having reactive functional groups
helps to immobilize various metal and metal complexes inside the pore channels of the
mesoporous materials. Compared to the metal-substituted mesoporous materials, these
methods provides better active site isolations and also helps to increase the stability of
the metal-containing mesoporous materials, if the bonding between the ligand and
metal is robust.

Recently, there is much interest in substituting process that use pollutant
oxidants with more environmentally acceptance ones. Besides the prime properties
like price and ease of handling, the choice of oxidants depends mainly upon two
factors viz., the nature of the corresponding by-product and the active-oxygen content.
The former property is important in terms of environmental considerations, while the
latter factor influences the overall productivity of the process. In this respect,
molecular oxygen is an attractive choice. However, the free radical nature of the
reaction restricts its applicability to a rather small number of molecules. Hence, for the
catalytic epoxidation and oxidation reactions of a wide variety of organic molecules,
organic peroxides as well as hydrogen peroxide was used as single oxygen donors.

Even though, organic peroxides are more active oxidants than hydrogen peroxide, they
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are more expensive and the active oxygen content is rather low. Moreover, usage of
organic peroxides generates stoichiometric amount of corresponding alcohols, which
in most cases complicates the separation process. Hence the preferred oxidant in most

of the oxidation or epoxidation process is hydrogen peroxide.

Table 1.2. Oxidation reactions over surface modified mesoporous silica

No. Catalyst Reaction References
1 Ti-MCM-41 Epoxidation of styrene, 1-octene, cyclododecane 120
2 Ti-HMS Epoxidation of cyclooctene, styrene 121
3 Cr-MCM-41 Oxidation of 1-naphthol, cyclohexane 122
4 Cr-MCM-48 Oxidation of ethylbenzene 123
5 Fe-MCM-41  Epoxidation of styrene 124
6 Co-MCM-41 Oxidation of styrene, benzene, 1-hexene 125
7 Sn-MCM-41  Oxidation of 1-naphthol, Baeyer-Villiger reaction 126

Although hydrogen peroxide (H»O;) provides distinguishable advantageous
feature than the organic peroxides, two main problems are generally encountered
when H,0, was used as an oxidant in presence of redox molecular sieves and both
these problems are related to the presence of water formed during the reaction. The
first and most important problem is related to the irreversible hydrolysis of the siloxy-
metal (Si-O-M) units in the active sites. The second problem frequently observed is
that, water obstructs the active sites of the catalyst and thereby sterically prevents the
alkene, in epoxidation reaction, or hydrocarbons, in oxidation reactions, to react with
the active site. This usually results in a decreased activity of the catalyst while the

former problem severely limits the reusability of the catalysts [127]. Since the
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commercially available oxidant sources of hydrogen peroxide and organic peroxides,
like the tert-butyl hydroperoxide, contain water to some extent, use of oxidants like
urea-hydrogen peroxide (UHP) or hydrophobic catalyst surface are better alternatives
to overcome such difficulties [128]. However, in heterogeneous systems with clean
oxidants like H,O,, it is an environmentally friendly alternative to traditional oxidation
reactions and hence attention had also been devoted to the synthesis of stable metal-
containing mesoporous materials by the judicious decoration of the internal pore size
of the mesoporous materials with various organic groups [129]. Hence, the
development of environmentally friendly, safer and effective heterogeneous redox

catalysts seems to be a challenging task to the research community.

1.8. SCOPE AND OBJECTIVES OF THE THESIS

The main aim of this thesis was to heterogenize transition metals over solid
mesoporous supports for the oxidation reaction under different set of conditions.
Recently, the area of catalysis for the transformation of bulkier molecules over metal
containing and organo-modified metal containing mesoporous materials assumes
significant importance for fine chemical synthesis and petroleum [130]. The
incorporation of various heteroatoms in the framework and pore channels of different
mesoporous materials had been systematically studied, characterized and used as
catalysts in various oxidation reactions. Various intriguing physical properties like
high surface area, ordered pore channels and high-density silanol sites of the
mesoporous molecular sieves were also exploited for the heterogenization of

catalytically reactive species by post synthesis method. In-depth characterizations of
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all catalyst systems are highlighted to understand the mode of interaction of the active
sites with the mesoporous silicate network and thereby to evaluate the structure-
catalytic activity relations and stability of the mesoporous solids.

Cobalt and zirconium containing mesoporous materials were active in a
number of liquid phase oxidation reaction especially the side chain oxidation using
H,0, and TBHP as oxidants. However, the catalytic performance depends on the
cobalt species viz. incorporated, grafted and immobilized. Environmental concern
gives further impetus for the development of stable and leaching free catalyst.

The specific problems chosen are:

(1)  Synthesis of mesoporous silica materials viz. Si-MCM-41 and HMS.

(i1)) Synthesis of cobalt-containing mesoporous materials MCM-41 by various
preparation routes and application of these materials in the oxidation reaction
of ethylbenzene and diphenylmethane.

(ii1)) Synthesis of cobalt-containing mesoporous materials HMS by various
preparation routes and application of these materials in the oxidation reaction
of ethylbenzene and diphenylmethane.

(iv) Synthesis of zirconium-containing mesoporous materials MCM-41 and HMS
by various preparation routes and application of these materials in the
oxidation reaction of aniline and styrene.

(v)  Synthesis of zirconium-containing mesoporous materials HMS by various
preparation routes and application of these materials in the oxidation reaction

of aniline and styrene.
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(vi) Detailed characterization of cobalt and zirconium containing MCM-41 and

HMS.

1.9. OUTLINE OF THE THESIS

The thesis is presented in SIX chapters, a brief summary of which is given below.
Chapter 1 presents brief history of catalyst and the phenomenon of catalysis. The
thermodynamic aspects of the catalyst were discussed in short with the energy profile
diagram. The information about development and applications of various porous
materials has been stated. The general introduction about various physicochemical
aspects of mesoporous had been mentioned. The different characteristic properties of
these materials, synthesis parameters, formation mechanisms, different approaches for
surface-functionalization, characterization techniques and application as supports for
different catalytically active transformations are discussed in brief. The scope and
objectives of the present work have been outlined at the end of this chapter.

Chapter 2 deals with the synthesis of cobalt-containing mesoporous MCM-41 and
HMS by different synthesis methods (direct substitution, grafting and immobilization).
The materials were characterized by XRD, N, sorption technique, FT-IR, UV-Vis,
AAS, TEM and SEM. The main emphasis was given on determining the local
environment of metal species.

Chapter 3 deals with the catalytic activity of the cobalt containing MCM-41 and
HMS for the oxidation of ethylbenzene and diphenylmethane using different oxidant

[30 wt % hydrogen peroxide (H,O,) and 70 wt % ter. butyl hydroperoxide (TBHP)]
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under different reaction conditions and compared with zirconium containing MCM-41
and studied in detail.

Chapter 4 deals with the synthesis of zirconium-containing mesoporous MCM-41 and
HMS by different synthesis methods (direct substitution, grafting and immobilization).
The materials were characterized by XRD, N, sorption technique, FT-IR, UV-Vis,
AAS, TEM and SEM. The characterization was mainly focused to trace out
coordination and oxidation state of the zirconium species.

Chapter 5 deals with the potential use of zirconium containing MCM-41 and HMS
for the oxidation of aniline and styrene with different reaction parameters. The main
focus was to use these zirconium containing MCM-41 and HMS for the selective
oxidation reactions.

Chapter 6 summarizes the results obtained and the basic findings of the present study.
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2.1. Introduction

In 1992, scientist at Mobil Oil Corporation discovered new family of
mesoporous materials, M41S family (MCM-41, MCM-48, MCM-50) [1,2]. MCM-41
posses hexagonal arrangement of mono dimensional pores with pore diameter of 20-
100 A. It has large surface area (more than 1000 ng'l), which is attractive for the
designing new selective heterogeneous catalyst in production of fine chemicals on
large scale [1-3]. Moreover, the large pore volume is noticeable that facilitate its
application for the bulkier molecules. One of the striking features of this material is
that the wide range of pore diameters can be obtained very easily by changing the
alkyl chain length of the template molecule. Moreover, it has higher surface areas as
well as high hydrocarbon sorption capacity [2]. It is believed that MCM-41 materials
are formed by LCT (Liquid Crystalline Templating) mechanism where the ionic
interaction of surfactant and silica takes place. Later, some innovative mesoporous
materials like SBA-15 [4], KIT-6 [5] and HMS [6] were reported.

For the first time Pinnavaia and co-workers used the neutral surfactant (amine
surfactant) for the synthesis of mesoporous materials. In the formation of these
materials neutral templating mechanism (S°I°) is operative which is based on hydrogen
bonding and self-assembly between neutral primary amine surfactant (S°) and neutral
inorganic precursor (I°) [6,7]. This neutral S°I° templating route afforded a
distinguishable subset of hexagonal molecular sieves, designated as HMS [6]. Unlike
MCM-41, HMS materials lack higher order Bragg reflections in the XRD patterns
while the electron diffraction patterns showed that they possessed hexagonal

symmetry similar to MCM-41. Tanev et al reported the synthesis of titanium
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containing hexagonal mesoporous silica (Ti-HMS) by using neutral amine surfactant
for the first time and shown its high catalytic activity than the Ti-MCM-41 catalysts
for bulky substrates [6,8]. Mesoporous materials have the potential to use as catalyst
and support materials for catalytically active metal and metal oxides.

Compared to conventional microporous zeolite, mesoporous materials possess
many advantages such as high surface area, large pore size, narrow pore size
distribution, and an ordered structure. However, the amorphous framework and the
lack of active centers in the pure silica mesoporous material restricted their direct
application. As a result, more research work concerning mesoporous material has been
focused on enhancing their activity through chemical modification. Synthetic routes
exploit various advantageous properties of mesoporous silica by the isomorphous
substitution, impregnation, grafting and encapsulation of metal and metal complexes.
Metal containing mesoporous materials had been studied as model catalyst for shape
selective reactions of larger molecules, as a catalytic membrane, and for other
important reactions such as reforming, oxidation and polymerization [9-12]. Because
of the flexible structure of the amorphous silica wall, different kinds of heteroatom
have been incorporated into the silica matrix with little structural deterioration. After
the invention of mesoporous molecular sieves, efforts have been made in the area of
incorporation of metal by different methods. Further investigation of different types of
metal species and their effect in overall performance of the catalyst in the reaction of
bulky molecules have been studied. The incorporation of cations like Al and Ti in the
Si0, matrix results in a substantial increase of surface acidity as in the case of zeolites

and such solids can be employed as acid catalyst whereas incorporation of cations like
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Mn, Ni and Co lead to material with sites suitable for redox catalytic operations [13-
17]. The silicate framework of MCM-41 is modified by isomorphous substitution of
Al, Ti, Cr, Fe, Co and Sn [2,18-24]. Until now, elements like Ti, V, Al, B, Ga, and Fe
were successfully incorporated in the framework of HMS [8,25,26].

This chapter describes in detail the synthesis (by different methods) and
characterization of cobalt containing mesoporous silica materials. The chapter is
divided into two sections, the first section deals with cobalt containing MCM-41 and

second section deals with cobalt containing HMS.
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2.2. Synthesis and Characterization of Cobalt containing MCM-41

2.2.1 Experimental

Chemicals used were fumed silica (99 % SiO,, Aldrich), cetyl trimethyl
ammonium bromide (CTMABr, Aldrich), sodium hydroxide (NaOH, Merck),
trimethoxy propyl amine silane [97 %, (CH3;CH,0);Si(CH;);NH;] and cobalt
acetylacetone [Co(acac),, 99 %, Across]. All the chemicals were used without further

purification.

2.2.1.1 Synthesis
2.2.1.1.1. Synthesis of Mesoporous MCM-41

Fumed silica and cetyltrimethylammonium bromide were used as silica source
and surfactant, respectively. In a typical synthesis, CTMABr was dissolved in Sodium
hydroxide (NaOH) solution. To this, fumed silica was added slowly and stirred for 6 h.
The molar gel composition was as follows

1Si0;: 0.19CTMABT: 0.4 NaOH: 78H,0

Finally, pH of the gel was maintained at 10.9 using dil. HCI. The gel was transferred
to glass bottle (autoclavable) and kept in oil bath maintained at 100 °C for 48 h.
Mixture was filtered, washed several times with distilled water under vacuum and

dried at 100 °C. The as synthesized material was calcined at 525 °C for 12 h.

2.2.1.1.2. Synthesis of cobalt substituted MCM-41 (Co-MCM-41)

Co-MCM-41 was synthesized by direct hydrothermal method with different

Si/Co ratio. Fumed silica was added slowly to the mixture, containing NaOH and
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CTMABET, with constant stirring. After 1 h, calculated amount of cobalt acetylacetone
for the respective Si/Co ratio was added and stirring was continued for another 5 h.
The molar gel composition was

1 Si0,: x Co(acac),: 0.19 CTMABTr: 0.4 NaOH: 120 H,O
Where ‘x’ is the calculated amount of cobalt acetylacetone for different Si/Co ratios.
The pH of the gel was maintained at 10.5. The gel was transferred to autoclavable
bottle kept in oil bath maintained at 100 °C for 3 days. Finally it was filtered, washed
several times with distilled water and dried in air at 100 °C for 12 h. As synthesized
material was calcined as described earlier. The materials were designated as Co-
MCM-41 (100) and Co-MCM-41 (50) for Si/Co ratio of 100 and 50, respectively.
2.2.1.1.3. Synthesis of cobalt-grafted MCM-41 (Co/MCM-41)

Cobalt acetylacetone (0.094 and 0.182 g for 1 and 2 wt. % loading
respectively) was dissolved in anhydrous toluene. To this, 2 g MCM-41 was added
and refluxed at 100 °C for 12 h with constant stirring. Solvent was removed at its
boiling temperatures using rotavapor. The sample was dried and calcined at 450 °C to
remove the organic matter. Samples were designated as Co/MCM-41 (100) and
Co/MCM-41 (50) for 1 and 2 wt % cobalt loading, respectively.

2.2.1.1.4. Synthesis of cobalt immobilized on MCM-41 (Co-/MCM-41)

Equal moles of trimethoxy propyl amine silane and cobalt acetylacetone (0.175
g of Cobalt acetylacetone and 0.126 g of trimethoxy propyl amine silane) were mixed
in 100 ml toluene and stirred at room temperature for 6 h. After half an hour, 2 g

MCM-41 was added to the solution. The resulting solution was kept in oil bath
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maintained at 100 °C for 10 h with constant stirring. It was filtered, washed with

acetone and dried at 70 °C for 6 h. Sample was designated as Co-/MCM-41.

2.2.1.2. Characterization

Powder X-ray diffraction pattern of the samples were recorded on a Rigaku D
max III VC Ni filtered Cu Ko radiation, A = 1.54 A between 1 and 10 (20 angle) with a
scanning rate of 1°/min. The specific surface area, total pore volume and average pore
diameter were measured by the N, adsorption desorption method using NOVA 1200
(Quanta Chrome) instrument. The samples were activated at 300 °C for 3 h under
vacuum and then adsorption desorption was conducted by passing nitrogen over the
samples which was kept under liquid nitrogen. Pore size distribution was obtained by
applying BJH pore analysis method to the desorption branch of nitrogen adsorption
isotherm. SEM micrograph of the cobalt containing samples were obtained on JEOL-
JSM 520 scanning microscope while the TEM images were performed on a JEOL-
TEM 1200 EX instrument with 100 kV accelerating voltage to probe the mesoporosity
of the material. Cobalt content in the samples was determined by atomic absorbance
analysis using Perkin Elmer 11013 spectrometer after dissolution of the samples in
HCI-HF solution. Diffuse reflectance UV-Vis spectra of the powder samples were
recorded in the range 200-800 nm on Shimadzu UV 2101 PC spectrometer equipped
with a diffuse reflectance attachment, using BaSO, as the reference. XPS
measurements were performed on a VG Microtech ESCA 3000 instrument using non-

monochromatized Mg Ka radiation at a pass energy of 50 eV and an electron take off
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angle of 60 °. The correction of binding energy (B.E.) was performed by using the C;

peak of carbon at 285 eV as reference.

2.2.2. Results and discussion
2.2.2.1. Powder X-ray diffraction
The low angle XRD patterns of the calcined MCM-41, Co-MCM-41,

Co/MCM-41 and Co-/MCM-41 were shown in Fig. 2.1A. MCM-41 mesoporous
material exhibits four Akl diffraction peaks consistent with the highly ordered structure
of a hexagonal pore arrays. The first diffraction peak in MCM-41 related to the (100)
plane exhibits the highest intensity among all the calcined samples. In addition to main
reflection peak at low angle (20), the less intense secondary reflections due to plane
(100), (200) and (210) are well distinguished which indicate the higher long range
ordering of the mesoporous channels [1,2]. In cobalt incorporated MCM-41 (Si/Co =
100 and 50), four reflection peaks, characteristic of the hexagonal mesoporous
structure, are clearly seen although the intensity is less when compared with pure
MCM-41.

It has been found that with the increase in cobalt content, intensity of the main
peak (100) decreases. This indicates fall in long range ordering of the mesoporous
channels after incorporating the cobalt ion. Lattice parameter value (ap) was observed
40.8 A for pure MCM-41. In Co-MCM-41 (100), a, value is 44.1 A, which is more

than the corresponding value for pure MCM-41. This shows the incorporation of
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cobalt in the framework. However, the decrease in the ay value has been observed for

the sample Co-MCM-41 (50) but it is more than pure MCM-41 (Table 1).

This is due to some cobalt ions settled on the mesoporous silica wall and

slightly decreases the ay value when it is compared with Co-MCM-41 (100). Hence we

conclude that only certain amount of cobalt is accommodated in the framework

beyond which it prefers to settle on the silica framework.

Table 2.1. Physical properties of cobalt containing MCM-41

Entry Catalyst Si/Co ? 20 angle ap° SeT ¢ D, d
(molar ratio)  (deg.) A)  @m¢H A

1 MCM-41 - 2.50 40.80 1010  31.00
2 Co-MCM-41 (100) 107 2.31 44.11 1073 32.67
3 Co-MCM-41 (50) 47 2.37 43.00 1035 31.80
4 Co/ MCM-41 (100) 121 2.56 39.82 832 2991
5 Co/ MCM-41 (50) 56 2.65 38.46 810 28.40
6 Co-/ MCM-41 62 2.90 35.15 700 -

* Cobalt content estimated by AAS analysis.

® Unit cell parameter values calculated using ag = 2d100/N3.

¢ Sper is the surface area calculated by BET method.

d D, is the average pore diameter.
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Fig. 2.1. XRD patterns of [A] (a) Co-MCM-41 (100), (b) Co-MCM-41 (50), (c) pure
MCM-41, (d) Co/MCM-41 (100), (e) Co/MCM-41 (50) and (f) Co-/MCM-41; [B]
Higher angle XRD pattern for samples (a) Co-MCM-41 (100) and (b) Co-MCM-41
(50).
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In cobalt grafted MCM-41 samples, ap value decreases with the increasing amount of
cobalt loading due to placement of the cobalt on the framework of MCM-41 thereby
blocking the mesoporous channels. In cobalt immobilized MCM-41 samples, only
(100) reflection peak is present. Absence of higher order reflection peaks indicates less
ordering and homogeneity is lost after immobilization and hexagonal structure gets
distorted. Moreover decrease in ap value is remarkable because of the presence of 3-
amino propyl trimethoxy silane and cobalt. The higher angle XRD shows the presence
of characteristic peaks of Co30; in cobalt incorporated MCM-41 (Fig. 2.1B). However
the intensity is too low indicating the low amount of formation of microcrystal of
cobalt oxide on the wall of MCM-41. It is very interesting to know that even for small
amount of cobalt in Co-MCM-41 (100), peaks appeared in higher angle XRD. This
may be due to synthesis procedure carried out in basic medium. Cobalt has property to
form cluster like compound in highly basic condition. No such higher angle reflection

peak was found in grafted cobalt samples.

2.2.2.2. N, adsorption desorption isotherms

Nitrogen adsorption-desorption isotherms and the corresponding BJH pore size
distribution were shown in Fig. 2.2 and 2.3 [27,28]. All the isotherms exhibit type IV
isotherms (IUPAC classification), characteristic of mesoporous material, with a sharp
inflection at a relative pressure (P/P,) in the range 0.3-0.5 due to condensation of N, in
the pore channels [1,2]. In pore size distribution curve (Fig. 2.3), narrow and sharp
peak is observed in the diameter range 20-25 A showing uniform pore size. The

isotherms of the cobalt incorporated samples (Co-MCM-41) show small hysterisis
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loop in the lower pressure regions. We noted that the surface areas of Co-MCM-41
samples (1073 m’g™) are comparatively more than pure MCM-41 (1010 m*g™) and it
is decreasing with the increase in metal content. The more surface area for Co-MCM-

41 is an indication of well dispersion of cobalt atoms. In grafted Co/MCM-41 (with
cobalt loading 1 and 2 wt %) and immobilized Co-/MCM-41samples surface area,
pore volume and pore diameter was found decreased (Table 2.1). It is expected since
in grafting and immobilization cobalt resides on the wall of mesoporous silica. It is
found that for immobilized cobalt samples decrease in the surface area, pore volume
and average pore diameter is more because of covalent bonding of the spacer on the

wall of silica wall. This is in accordance with XRD result.

Volume (cc/g)
*s
ah!
X
=

P/P

Fig. 2.2. N, adsorption desorption isotherms of (a) Co-MCM-41 (100), (b) Co-MCM-

41 (50), (c) pure MCM-41, (d) Co/MCM-41 (100), (e) Co/MCM-41 (50) and (f) Co-
/MCM-41.
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Fig. 2.3. Pore size distribution curves (calculated by BJH method) for the samples (a)
Co-MCM-41 (100), (b) Co-MCM-41 (50), (c) pure MCM-41, (d) Co/MCM-41 (100),
(e) Co/MCM-41 (50) and (f) Co-/MCM-41.

2.2.2.3. IR spectroscopy

Fig. 2.4A show the FT-IR spectra of the MCM-41 and cobalt containing

MCM-41 in the range of 4000-400 cm™'. Two bands around 1082 and 1228 cm™' are
associated to the internal and external asymmetric Si—O stretching modes. A strong
band at 960 cm™ is seen in the FT-IR spectra of MCM-41 and Co-MCM-41, attributed
to stretching vibration of Si—O-Si and Si—O—Co bond. This band can be interpreted in

terms of the overlapping of both Si-OH and Co—O-Si bond vibrations [29].
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Fig. 2.4. FT-IR of [A] (a) Co-MCM-41 (100), (b) Co-MCM-41 (50), (c) pure MCM-
41, (d) Co/MCM-41 (100), (e) Co/MCM-41 (50) and (f) Co-/MCM-41; [B] for

samples (a), (b) and (c), it is shown in the range 1100-600 cm’.
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In Fig. 2.4B, it is clearly seen that the intensity of the peak at 960 cm™ is

increasing with the cobalt content, which is taken as the proof for the incorporation of

cobalt jons. A sharp absorption band at 3738 cm™ ascribed to free Si—OH groups. In
the Co-/MCM-41 sample, the broad NH; stretching band at 3250-3450 cm™!' and N-H
deformation peak around 1540-560 cm™ confirm the successful functionalisation of 3-
amino propyl trimethoxy silane on the wall of MCM-41. It also displays the N-H
bending mode (primary amine) at 1546 cm™ and C—H stretching at 2944 cm™', which

indicate the presence of —Si(CH, )3 NH; on the wall surface [29].

2.2.2.4. Electron Microscopy

Fig. 2.5. Shows the SEM and TEM of MCM-41 and Co-MCM-41 (100). From
the XRD results as discussed earlier, it is clear that that morphology is hexagonal since
high reflection peaks are present (characteristic of hexagonal structure). However the
SEM and TEM show the morphology, which seems like spherical with uniform

particle size. Earlier Haskouri et al. [30] reported the transformation of hexagonal to
spherical morphology for the Co-MCM-41 material in spite of high reflection peaks in
the XRD. TEM images clearly indicate that most of the particles are agglomerated in

Co-MCM-41.
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Fig. 2.5. SEM picture of (A) pure MCM-41, (B) Co-MCM-41 (100); TEM picture of
(C) pure MCM-41, (D) Co-MCM-41 (100).

2.2.2.5. UV-Vis spectroscopy

Fig. 2.6A shows the DR UV-Vis spectra of the calcined cobalt incorporated
samples. All samples exhibit triplet absorption bands viz 15472, 17015, and 19019
cm’ in the visible region. The triplet is assigned to 4A2(F) — 4T1(P) transition of
Co(II) in the tetrahedral environment in the framework [31-34]. We observed that the
intensity of the triplet is increasing with the metal content. Moreover, the position of
the peak at 17015 cm™ is shifting towards the lower wavenumber which clearly shows
the peak corresponding to framework tetrahedral Co(I) and extraframework

tetrahedral Co(II) (which arises at 17300 and 16850 cm'l) is overlapping [35]. After

the triplet, shoulder appears in the energy range of 19500-22400 cm™.
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Fig. 2.6. UV-Vis spectra of [A] (a) Co-MCM-41 (100), (b) Co-MCM-41 (50), (c) Co-
/MCM-41; [B] (a) Co/MCM-41 (100), (b) Co/MCM-41 (50).

However, the intensity of this shoulder is more prominent in Co-MCM-41 with Si/Co
ratio of 50 than 100. This shoulder is due to octahedral Co(II) species and suggest that
with increasing the cobalt content, octahedral species are increasing. Co/MCM-41
(grafted) samples with different cobalt loading show characteristic transition
corresponding to extraframework cobalt (II) in tetrahedral and octahedral coordination
[Fig. 2.6B]. All the as synthesized cobalt containing samples were pink colored and
after calcination color turns to deep blue [blue color is the characteristic of tetrahedral
Co(II)] indicate the cobalt ions incorporated in the framework of mesoporous silica are

in the divalent state with tetrahedral coordination geometry [36,37]. The spectrum of
Co-/MCM-41 sample is same as Co-MCM-41 exhibiting triplet absorption bands at

15472, 17015, and 19019 cm’! in the visible region.
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2.2.2.6 X-ray Photoelectron Spectroscopy
Fig. 2.7A illustrates the X-ray photoelectron spectra of Co-MCM-41 samples

with Si/Co ratio 100 and 50.
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Fig. 2.7. XPS spectra of [A] (a) Co-MCM-41 (100) and (b) Co-MCM-41 (50); [B]
Co/MCM-41 (50).

The Co2p transition splits into two peaks, 2ps3» and 2p;p. For the isolated cobalt
binding energy value occurs at 782.2 and 797 eV for the 2p3, and 2p;.,, respectively.
We observed that intensities of 2ps, and 2p;,; peaks are increased with increasing the
cobalt content. In these samples 2ps3, peak was found at the energy value 782.4 eV
suggesting the strong interaction of tetrahedral Co(Il) with the silica wall [38]. It is
important to note that the relative intensity of the shake up satellite slightly increases
with respect to the increasing cobalt content and this feature is indicative of the

presence of Co(II) species in the octahedral symmetry as found in CoO [39]. In cobalt-
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grafted samples (Fig. 2.7B), Co/MCM-41 (50), the position of the 2p3/, and 2p;,, peaks
was not been well identified. This shows the absence of bulk cobalt species on the

framework.

2.3. Synthesis and Characterization of cobalt containing HMS

2.3.1 Experimental

The silica source used was tetraethyl orthosilicate (TEOS) [Si(OC,Hs)4, 98 %]
obtained from Lancaster. Hexadecyl amine (HA) [C;¢H3sN, 95%] and trimethoxy
propyl amine silane [97 %, (CH3CH,0);Si(CH;);NH;] was obtained from Aldrich.
Ethyl alcohol [C,HsOH, 99.9%] was purchased from Merck. Cobalt acetylacetone,
[Co(acac),, 99 %], was supplied by Across. All reagents were used as received without

further purification.

2.3.1.1. Synthesis
2.3.1.1.1. Synthesis of HMS

HMS was prepared by direct hydrothermal method. Tetraethyl orthosilicate
(TEOS) and hexadecyl amine (HA) were used as inorganic precursor and structure
directing agent, respectively. In a typical synthesis, first ethyl alcohol was added to
water followed by addition of hexadecyl amine. It was stirred for half an hour at 30

°C. To this, TEOS was added very slowly. Stirring was continued for 3 h. The pH was
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maintained at 7 with dil. HCI solution. The molar gel composition of the mixture was
as follows,
1 TEOS: 0.35 HA: 10.75 EtOH: 139 H,O

The gel was transferred to autoclavable bottle, kept in oil bath maintained at 100 °C
for two days. Finally it was filtered, washed several times with distilled water and
dried at 100 °C for 12 h. The as synthesized material was calcined at 525 °C for 12 h.
2.3.1.1.2. Synthesis of cobalt substituted HMS (Co-HMS)

Procedure for the synthesis of Co-HMS was same as for the synthesis of HMS.
After the addition of TEOS to surfactant solution, ethanolic solution of cobalt
acetylacetone was poured into gel in a dropwise manner. Stirring was continued for 3
h. P" was maintained at 7. The molar gel composition of the mixture was as follows,

1 TEOS: x Co: 0.35 HA: 10.75 EtOH: 139 H,O

Where ‘x’ is the calculated amount of cobalt acetate for different Si/Co ratios.
The gel was transferred to autoclavable bottle kept in oil bath maintained at 95 to 100
°C for two days. Finally it was filtered, washed several times with distilled water and
dried at 100 °C for 12 h. The as synthesized material was calcined at 525 °C for 12 h.
It was designated as Co-HMS (100) and Co-HMS (50) for Si/Co ratio 100 and 50,
respectively.
2.3.1.1.3. Synthesis of cobalt-grafted HMS (Co/HMS)

Cobalt acetylacetone (0.094 and 0.182 g for 1 and 2 wt. % loading,
respectively) was dissolved in anhydrous toluene. To this 2 ¢ HMS was added and
refluxed at 100 °C for 12 h with constant stirring. Solvent was removed at its boiling

temperatures using rotavapor. The sample was dried and calcined at 450 °C to remove
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the organic matter. They were designated as Co/HMS (100) and Co/HMS (50) for 1
and 2 wt % cobalt loading, respectively.
2.3.1.1.4. Synthesis of cobalt immobilized on HMS (Co-/HMS)

Equal moles of trimethoxy propyl amine silane and cobalt acetylacetone (0.175
g of cobalt acetylacetone and 0.126 g of trimethoxy propyl amine silane) were mixed
in 100 ml toluene at room temperature for 6 h. After half an hour 2 g HMS was added
to the solution. The resulting solution was refluxed for 10 h with constant stirring. It
was filtered, washed with acetone and dried at 70 °C for 6 h. Sample was designated

as Co-/HMS.

2.3.1.2. Characterization

Powder X-ray diffraction pattern of the samples were recorded on a Rigaku D
max III VC Ni filtered Cu Ko radiation, A=1.5404 between 1 and 8 (20) with a
scanning rate of 1°/min. The specific surface area, total pore volume and average pore
diameter measured by the N, adsorption desorption method using NOVA 1200
(Quanta Chrome) instrument. The samples were activated at 300 °C for 3 h under
vacuum and then adsorption desorption was conducted by passing nitrogen over
samples which was kept under liquid nitrogen. Pore size distribution was obtained by
applying BJH pore analysis method to the desorption branch of nitrogen adsorption
isotherm. SEM micrograph of the cobalt containing samples were obtained on JEOL-
JSM 520 scanning microscope while the TEM images were performed on a JEOL-
TEM 1200 EX instrument with 100 kV accelerating voltage to probe the mesoporosity

of the material. Cobalt content in the samples was determined by atomic absorbance
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analysis using Perkin Elmer 11013 spectrometer after dissolution of the samples in
HCI-HF solution. Diffuse reflectance UV-Vis spectra of the powder samples were
recorded in the range 200-800 nm on Shimadzu UV 2101 PC spectrometer equipped
with a diffuse reflectance attachment, using BaSO4 as the reference. XPS
measurements were performed on a VG Microtech ESCA 3000 instrument using non-
monochromatized Mg Ka radiation at a pass energy of 50 eV and an electron take off
angle of 60 °. The correction of binding energy (B.E.) was performed by using the C;

peak of carbon at 285 eV as reference.

2.3.2. Results and discussion

2.3.2.1. Powder X-ray diffraction
Fig. 2.8 shows the X-ray diffraction (XRD) pattern of calcined cobalt
substituted and grafted HMS samples with different amounts of cobalt. The XRD
patterns are similar to the reports of Tanev et al. [3]. Unlike MCM-41 material, HMS
shows only djg reflection peak and the higher order Bragg’s reflections are absent
which suggests that the structure of the material is poorly ordered [40,41]. In Co-HMS
samples, increasing cobalt amount results in a decrease in the intensity of djo
reflection peak and the peak gets broadened with a slight shift in 20 angle towards
lower value (Fig. 2.8A).
Moreover, compared to pure HMS sample, the cobalt containing
samples shows an increase in the d-spacing values (Table 2.2) and thereby increases
the unit cell values. In cobalt containing HMS, we observed that the ap values are

greater than reported value [3,26,40,41].
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Fig. 2.8. Powder X-ray diffraction of calcined [A] (a) Co-HMS (100), (b) Co-HMS
(50); [B] (a) HMS, (b) Co/HMS (100), (c) Co/HMS (50) and (d) Co-/HMS.

This phenomenon may be due to the high temperature hydrothermal synthesis
performed in the present case, than the earlier reported room temperature synthesis.
Indeed, Thomas et al claimed that with increase in synthesis temperature, pore- pore
correlation distance systematically increased [40]. On the contrary, in case of Co/HMS
sample, with an increase in amount of cobalt loading, the djoo reflection peak
decreases with a corresponding shift to higher 26 values due to accumulation of cobalt

on surface of the wall (Fig. 2.8B).
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Table. 2.2. Physical properties of cobalt containing HMS catalyst

Entry Catalyst Si/Co? 20 angle ap Sger ¢/ Pore volume
(molar ratio) (deg.) (10%) (mz/ 2) V,/ (cclg)
1 HMS - 1.420 71.78 503 1.32
3 Co-HMS (100) 101 1.400 72.81 538 1.29
4 Co-HMS (50) 52 1.390 73.33 618 1.20
5 Co/HMS (100) 93 1.429 71.31 485 1.25
6 Co/HMS (50) 49 1.440 70.78 462 1.17
7 Co-/HMS 60 1.493 68.28 390 0.91

* Cobalt content estimated by AAS analysis.
® Unit cell parameter values calculated using ay = 2d 100/\/3.

¢ Sper is the surface area calculated by BET method.

2.3.2.2. Nitrogen adsorption desorption measurements

N, adsorption-desorption isotherms and pore size distribution curves,
determined from the BJH method, of cobalt containing HMS materials are shown in
Fig. 2.9 and 2.10 and the corresponding textural parameters are given in Table 2.2
[27,28]. Isotherms of all samples show isotherm of type IV, according to IUPAC
classification, at higher relative pressures (P/P,), which is typical of mesoporous
materials with one dimensional cylindrical channels having bigger pore size [42].
Unlike MCM-41, the capillary condensation for the HMS samples was observed at
higher relative pressure, indicating a pore enlargement and are consistent with the
XRD results. Moreover, unlike the pore size distribution (PSD) curves obtained for

M41S samples, the present HMS samples produce broad PSD curves.
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Fig. 2.9. N, adsorption desorption isotherms of (a) HMS, (b) Co/HMS (100), (c)
Co/HMS (50), (d) Co-HMS (100), (e) Co-HMS (50).

These structural differences show a different pore array for the HMS materials,
prepared by the amine templated inorganic materials. In addition we observed that the
pore size of Co-HMS samples are higher than pure HMS samples. Such kind of result
is noted for V-MCM-41 samples and is attributed to the substitution of vanadium in
the frame wall positions [43]. Such a consideration in the present Co-HMS samples
suggest that cobalt gets incorporated inside the framework and thereby enlarges its
pore size. Surface area of pure HMS sample shows a high surface area of 503 m’g”
and after cobalt substitution surface area gets increased to 538 m’g’ for Co-HMS
(100) and 618 ng'l for Co-HMS (50). However, as expected, the surface area of the
grafted catalysts gets decreased and amounts to 96.4 % and 92 % for Co/HMS (100)

and Co/HMS (50) respectively. This decrease in surface area may be due to the partial
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blockage of pores by forming cobalt oxide particles inside the pore channels by the
post synthesis method. The decrease in surface area is more for the immobilized cobalt
containing HMS samples. However, these modifications had not changed the overall

structural features of the material, as observed from the XRD and sorption isotherms.
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Fig. 2.10. BJH pore diameter of cobalt containing mesoporous material (a) HMS, (b)
Co/HMS (1), (c) Co/HMS (2), (d) Co-HMS (100), (e) Co-HMS (50).
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2.3.2.3. Electron Microscopy

Morphology and structural ordering of cobalt containing HMS samples were
analyzed by electron microscopy studies and are shown in Fig. 2.11. SEM picture of
Co-HMS samples shows discrete spherical particles of diameter ~ 0.5-2 um. Contrary,
cobalt grafted HMS samples show disordered spherical structures with the presence of
agglomerated particles. Moreover, TEM images show the characteristic wormhole like
morphology for both the cobalt-containing samples [40]. Similar to SEM results, TEM
images of cobalt-grafted samples also show the presence of agglomerated particles.
Thus, the electronic microscopic studies show that the morphology of the HMS
sample differs with the way of introduction of metal species inside the HMS matrix

viz. direct synthesis and post synthesis method.

Fig. 2.11. SEM images of calcined cobalt containing mesoporous [A] Co-HMS (100),
[B] Co/HMS (1); and TEM images of calcined cobalt containing mesoporous [C] Co-
HMS (100), [D] Co/HMS (100).
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2.3.2.4. Diffuse reflectance UV-Vis spectra

Diffuse reflectance UV—Vis spectroscopy is a powerful technique for gaining
information about the coordination environment and oxidation states of metal species
in various molecular sieves. Hence, to determine the coordination environment of
cobalt inside the HMS samples, DR UV-Vis analyses was carried out in the range

12000- 35000 cm™ and are given in Fig. 2.12.
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a
a
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Fig. 2.12. Diffuse reflectance UV-Vis spectra of cobalt containing mesoporous
materials [A] (a) Co-HMS (100), (b) Co-HMS (50), [B] (a) Co/HMS (100), (b)
Co/HMS (50) and (c) Co-/HMS.

Irrespective of the synthesis method, UV-Vis analysis display an intense, three
absorption maxima in the visible region. This triplet is assigned to the *A(F) —

*T\(P) transitions of high spin (d’) Co™ in tetrahedral position. This clearly indicates
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that cobalt is in the tetrahedral coordination with the support surface and the blue
colour of the samples further supports this assignment [31,33,34,44]. For Co-HMS
(50), a broad peak was observed around 27000 cm™ corresponding to the charge
transfer bands of Co** in distorted tetrahedral position [34,45]. Moreover, it is
apparent (from Fig. 2.12) that the intensities of the triplet bands gets increased and
broadened with an increase in the cobalt content. Bands above the 35000 cm™ are
assigned to either charge transfer from 0% to Co** or own absorption of molecular

sieves [36,37].

2.3.2.5. X-ray photoelectron spectra

XPS helps in the identification of oxidation state by exact measurement of
peak positions and separation as well as from certain spectral features. X-ray
photoelectron spectra of cobalt incorporated and grafted samples are shown in Fig.
2.13. For the grafted samples, the Co 2ps; transition peak occurs at 781.7 eV while
2pi at 797.9 eV. With increase in the metal content, intensity of the 2ps, and 2pi,
peaks was increased with some broadening. The energy difference between 2p;, and
2ps3p peaks is 15.6 eV. It is close to that of Co** (16 eV) rather than Co** compounds
(15.0 eV) [38,39]. This clearly indicates the presence of cobalt in +2 oxidation state,
which is in good agreement with the result from UV-Vis spectra. Interestingly, the Co-
HMS samples were devoid from the characteristic 2p peak (2p;» and 2ps35), which
may be due to the fewer amounts of surface cobalt species in case of hydrothermally
synthesized Co-HMS samples. However, for the grafted Co/HMS the percentage of

the cobalt species detected is very high because of the post synthesis grafting method.
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Since XPS is a surface technique, the present results suggest that more cobalt species

resides on the support surface in Co/HMS samples, while since the cobalt gets

substituted inside the framework for Co-HMS samples, they are not detectable by the

XPS. Hence the Co 2p,,; and 2p3/, peaks are very prominent for the Co/HMS than Co-

HMS samples, even though both the catalysts contain similar cobalt content.
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Fig. 2.13. XPS spectra of [A] (a) Co-HMS (100), (b) Co-HMS (50); [B] (a) Co/HMS

(100), (b) Co/HMS (50).
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3.1. INTRODUCTION

Metal containing mesoporous molecular sieves emerged as research field
particularly in catalysis because of its intriguing properties like high surface area and
large pore volume. Researchers employed these molecular sieves in various
industrially important reactions e.g. acid-base, oxidation, reduction, hydrocarbon
synthesis (from syn gases) etc. The commercial processes of selective side chain
oxidation of alkyl aromatics are mainly based on homogeneous catalysis in solvents
such as acetic acid and using oxygen as an oxidant [1-4]. The identification and
implementations of effective catalytic systems for liquid phase oxidation, particularly
in the manufacturing of fine chemicals is considered to be one of the major aims of
chemical industries. The need for such a system is widely accepted, specifically to
replace inorganic oxidants that are using stoichiometric amounts and other
environmental issues. Heterogeneous catalysts had many inherent advantages such as
ease of recovery and recycling of the catalyst as well as suitable for continuous
processing. A number of different strategies for the heterogenisation of the redox
active elements are being explored and include framework substituted molecular
sieves.

The reaction temperature is more and demands the use of autoclave reactors,
which is made using the special and costly material due to the corrosive medium.
Furthermore, the formation of brominated byproducts (when used bromine as an
activator) is an issue. Therefore there is a need for the development of new
heterogeneous catalytic process for the synthesis of aromatic aldehydes and ketones.

Vanadium and molybdenum based catalysts have been widely studied for the side
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chain oxidation of alkyl aromatics [5-11]. Besides this iron based catalyst was studied
for the selective oxidation of alkyl aromatics but the success is very limited [12,13].

Cobalt acts as a very good catalyst for Fischer-Tropsch reaction and had been
further exploited for long chain hydrocarbon synthesis [14]. Besides this, its excellent
performance in side chain oxidation of aromatics urged researchers to deal more about
the redox properties. Selective oxidation of ethylbenzene and diphenylmethane are
industrially important reactions. Acetophenone, one of the products from the oxidation
of ethylbenzene finds uses as a specialty solvent, resin, flavoring agents, intermediates
in the manufacture of pharmaceuticals and in organic synthesis. It can be synthesized
from benzene and acetyl chloride, but it is prepared commercially by the air oxidation
of ethylbenzene. Benzophenone and its variant are important chemicals.
Benzophenone is commonly used as a photosensitizer in photochemistry. Its triplet is
readily quenched by oxygen and can also react with a suitable hydrogen donor to form
a ketyl radical [15].

The reports on oxidation of ethylbenzene over different catalysts are available.
Ti, V and Sn containing silicalites with MFI structure were used by Mal et al [16].
Hermans et al. elucidated the mechanism of oxidation of ethylbenzene [17]. Mn
containing MCM-41 was used by Pandurangan et al [18] for the oxidation of
ethylbenzene. The oxidation of diphenylmethane over MnO, ™' exchanged hydrotalcite
and clay, alumina supported Cr and Mn were reported [19-21]. Earlier, attempts had

been made to synthesize benzophenone using different strategies [22-30].
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In this chapter, we reported in detail the liquid phase oxidation of ethylbenzene
and diphenylmethane over cobalt containing mesoporous molecular sieves under

different reaction parameters.

3.2. CATALYTIC OXIDATION OF ETHYLBENZENE OVER COBALT
CONTAININING MCM-41 AND HMS
3.2.1. Reaction Procedure

Oxidation reactions of ethylbenzene (99 % purity, Lancaster) were performed
in a round bottom flask fitted with a water condenser using fert. butyl hydroperoxide
(TBHP, 70 wt %, Lancaster) as an oxidant. The reaction mixture of the ethylbenzene
(1 g, 9.4 mmol) and TBHP (1.22 g, 9.4 mmol) was added to catalyst (5 wt % with
respect to ethylbenzene) and heated at constant temperature 80 °C under magnetic
stirring. At different time interval, the reaction mixture was withdrawn by syringe. The
products were analyzed by gas chromatograph (Agilent, HP 6890) equipped with a
flame ionization detector (FID) and a capillary column (5 um cross linked methyl
silicone gum x 0.2 mm x 50 m) and was further confirmed by GC-MS (Shimadzu
200A). Leaching of the metal during the course of reaction was verified by

resubmission of the filtrate for further reaction at same reaction conditions.

CH,CH, CHO COCH, COOH

Co Catalyst

TBHP,80°C
EB BZ AP BA

Scheme 3.1. Oxidation of Ethylbenzene
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3.2.2. Oxidation of Ethylbenzene over Cobalt containing MCM-41

The oxidation of ethylbenzene was carried out in liquid phase results in the
formation of three main important products viz. benzaldehyde (BZ), acetophenone
(AP) and benzoic acid (BA) [Scheme 3.1]. BA is formed by over oxidation of BZ in
the consecutive reaction steps. The EB oxidation was carried out using different
oxidants such as hydrogen peroxide (H,0O,) [30 wt %], fer. butyl hydrogen peroxide
(TBHP) [70 wt %] and sodium hypochlorite (NaOCI) [4 wt %]. When NaOCI and
H,0, used as oxidant, the activity for the EB oxidation was negligible.

Remarkable activity was found when TBHP was used as an oxidant. In order
to check the effect of substrate to oxidant ratio on the catalytic performance, the
reactions were studied at ratio of EB:TBHP (1:1, 1:2 and 1:3). It was observed that
catalytic activity is not affected by different ratio of EB: TBHP. This result is opposite
as observed by Singh et al with Co-APO-11 where EB conversion and selectivity to
AP were affected by different amount of TBHP [31].

We noted that all the cobalt-containing catalysts perform excellently in
absence of solvent for the oxidation of EB. When different solvents were used, EB
conversion was found lower than in the absence of solvent. This indicates that there is
competition between the EB and solvent molecules for the active cobalt sites. With all
the cobalt containing catalysts, conversion increases with reaction time. It was
observed that EB conversion is found higher over incorporated cobalt catalyst than

grafted and immobilized cobalt (Table 3.1).

Ph. D. Thesis, University of Pune, September 2007 96



CHAPTER 3 Reactions over Co containing MCM-41 and HMS

Table 3.1. Performance of cobalt containing catalyst for ethylbenzene oxidation

Entry Catalyst EB Con. Selectivity (wt %)

(wt %) BZ AP BA

1 MCM-41 -

2 Co-MCM-41 (100) 36.1 18.2 71.0 9.5
3 Co-MCM-41 (50) 46.7 16.8 73.1 9.8
4 Co/ MCM-41 (100) 25.0 20.3 65.1 14.5
5  Co/ MCM-41 (50) 33.0 20.6 67.2 11.5
6 Co-/ MCM-41 26.8 9.1 85.0 5.9

Reaction Conditions: ethylbenzene 1 g; TBHP 1.22 g; catalyst 0.05 g, temperature 80
°C; reaction time 24 h (absence of solvent).

EB- ethylbenzene, BZ- benzaldehyde, AP- acetophenone, BA- benzoic acid.

Moreover, it is observed that with Co-MCM-41 samples, EB conversion
increases with the increase in the amount of cobalt. For Co-MCM-41 (100) and Co-
MCM-41 (50), the EB conversions in absence of solvent, after 24 h, were found 36.1
and 46.7 %, respectively (Fig 3.1A). The selectivity to AP was increased slightly after
24 h in absence of solvent [71 and 73 % for Co-MCM-41 (100) and Co-MCM-41 (50),
respectively (Fig. 3.2B)]. Some extraframework octahedral cobalt species were found
in Co-MCM-41 (50) as evident from UV-VIS spectra.

The catalytic results indicate that, the extra framework cobalt species also
contribute to the EB conversion. Co/MCM-41 (100) and Co/MCM-41 (50) catalysts in
the absence of solvent after 24 h gives 25 and 33 % EB conversion, respectively,
which is lower than cobalt substituted MCM-41 catalyst. Even the selectivity to AP

[65.1 and 67.2 % for Co/MCM-41 (100) and Co/MCM-41 (50) after 24 h,
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respectively] is lower than observed with cobalt substituted MCM-41 catalyst (Table

3.1).

{| —A— Co-MCM-41 (100) A
45| —w— Co-MCM-41 (50)
—m— Co/MCM-41 (100)
1| —e— coMCM-41 (50)
404 | —e— Co-/MCM-41

T T T T T T T T T T
8 12 16 20 24

Time (h)

EB Conversion (wt %)
S b
1 1 n

Y
(3]
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e
o
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—A— Co-MCM-41 (100)
75 —w— Co-MCM-41 (50)
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—e— Co/MCM-41 (50)
—&— Co-/MCM-41
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Selectivity to AP (%)
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1 @ -
./
60 T T T T T T T T T

8 12 16 20 24

Time (h)

Fig. 3.1. Performance of various catalysts on (A) Ethylbenzene conversion Vs time
and (B) Selectivity to acetophenone Vs time. Reaction Conditions: ethylbenzene 1 g,

TBHP 1.22 g, catalyst 0.05 g, temperature 80 °C (in absence of solvent).
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For Co-/MCM-41, though the EB conversion (26.8 %) is less, the highest
selectivity to AP (85 %) was achieved among all the cobalt containing MCM-41
catalyst under study. When the cobalt species were immobilized on the solid support
through the spacer, their points of attachment are removed from one another. Thus
these active species are so far apart that the resulting solid can be seen as single site
catalyst [32]. Another reason for the high selectivity to AP may be from the bond
formed between cobalt and nitrogen (of the spacer), which makes the cobalt less
hungry (because of donation of lone pair of electron from nitrogen to vacant d orbital).
This may effect in reacting or coordinating cobalt with the ethylbenzene in selective
manner.

Solvent effect is apparent when the reaction was studied in different solvents
like ethanol, dichloromethane, acetone and acetonitrile. In different solvents, EB
conversion after 24 h over Co-MCM-41 (100) is in the order of acetonitrile >
dichloromethane > acetone > ethanol (Fig. 3.2A). Selectivity to AP in different
solvents follows the order ethanol > acetonitrile > dichloromethane > acetone (Fig.
3.2B). When acetone was used as solvent, the reaction follows the pathway more
selectively to BZ and BA. In acetone, AP is converting to BZ by over oxidation of
methyl group of AP followed by release of CO, [33]. This shows rate of side reaction
becomes faster with the progress of reaction. Thus it leads to increase in the selectivity

to BZ and BA.
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Fig. 3.2. Effect of various solvents on (A) Ethylbenzene conversion Vs time and (B)
Selectivity (after 24 h) over Co-MCM-41 (100). Reaction Conditions: ethylbenzene 1
g, TBHP 1.22 g, catalyst 0.05 g, temperature 80 °C, solvent 5 g.
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Fig. 3.3. Performance of the various catalysts in presence of acetonitrile with time.
Reaction Conditions: ethylbenzene 1 g, TBHP 1.22 g, catalyst 0.05 g, temperature 80

°C, acetonitrile 5 g.

The catalytic activity of Co-MCM-41 (100), Co-MCM-41 (50), Co/MCM-41
(100), Co/MCM-41 (50) and Co-/MCM-41 were studied in acetonitrile medium. The
rate of EB conversion after 24 h over different catalyst follows the order Co-MCM-41
(50) > Co-/MCM-41 > Co/MCM-41 (50) > Co-MCM-41 (100) > Co/MCM-41 (100)
[Fig. 3.3]. Unlike, in the absence of solvent, the selectivity to AP decreased with the
progress of reaction. This indicate that rate of side reaction becomes more prominent
with the progress of the reaction leading to increase in the selectivity to BZ and BA.

In order to find the heterogeneity of the catalyst, leaching study was carried out
using hot filtrate (catalyst was removed after 6 h) at similar reaction conditions. From

Figs. 3.4 and 3.5, it is clear that catalysts are prone to leaching. However, the Co-
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/IMCM-41 shows less leaching [Fig. 3.4 (C) and Fig. 3.5 (C)] compared with

Co/MCM-41 (50) and Co-MCM-41 (50).

40 55
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s [y Hotfinrate ] [oa- ot itrate |
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Fig. 3.4. Leaching study over different catalysts in absence of solvent [A] Co/MCM-
41 (50), [B] Co-MCM-41 (50) and Co-/MCM-41 (for leaching study, catalyst was
removed after 6h and filtrate was used for the further reaction). Reaction conditions

are same as mentioned in footnote of Fig. 3.1.
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Fig. 3.5. Leaching study over different catalysts in presence of acetonitrile [A]
Co/MCM-41 (50), [B] Co-MCM-41 (50) and Co-/MCM-41 (for leaching study,
catalyst was removed after 6 h and filtrate was used for the further reaction). Reaction

conditions are same as mentioned in footnote of Fig. 3.3.
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This can be explained in terms of the dative bond (which is strong) formation
between the cobalt and nitrogen (of the spacer) in the immobilized sample. It was
observed that the leaching in the ethylbenzene oxidation reaction, when carried out in
the solvent (acetonitrile) medium, is more than in the absence of the solvent. This
indicates that cobalt species have more affinity for the solvent molecules. Thus it is
concluded that cobalt is well heterogenized in the immobilized sample than in
incorporated and grafted samples.

Finally taking into account all the above reaction results, the probable
mechanism is shown in Scheme 3.2. The oxidation of the ethylbenzene with TBHP is
supposed to occur by free radical mechanism, yielding primarily
ethylbenzenehydroperoxide [34,35]. The reaction may proceed by two ways (path A
and B). Since the secondary radical is more stable than primary radical, path A is more
favorable. In the reaction mixture, no products (2-phenyl acetaldehyde and 2- phenyl
acetic acid) were detected from path B. BZ and BA are forming as overoxidized

products of AP.
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Path A OOH T’H [O] Q
— |

C,H,CHCH, CH,CHCH,  C.H.CCH,

i[O]
Co—O00’ [O]

CeH;CH,CH, C,H,COOH <—— C.H,CHO

Path B
= C.H.CH,CH,00H — C.H,CH,CH,OH

i [O]

[O]
CH.CH,COOH <—— CH,CH,CHO

Scheme 3.2. Mechanistic pathway for the formation of different products in the

oxidation of ethylbenzene
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3.2.3. Oxidation of Ethylbenzene over Cobalt containing HMS

In order to evaluate the catalytic activity of the cobalt containing HMS
samples, oxidation reaction of ethylbenzene was carried out as a model reaction.
Catalytic results show the formation of three oxidized products viz. benzaldehyde
(BZ), acteophenone (AP) and benzoic acid (BA) [Scheme 3.1]. The choice of the
oxidant was tert. butyl hydroperoxide (TBHP) since aq. hydrogen peroxide (H,O,) had
not shown any conversion of the ethylbenzene.

In order to probe the role of solvents, series of solvent like CH3CN, CH,Cl,,
(CH3),CO, C,H50H were used in the present reaction. When solvents were used for
the oxidation of ethyl benzene, the conversions are less and follows the order CH3;CN
(32.4) > CH,Cl, (29.4) > (CH3),CO (12.8) > C,HsOH (0.8) and the selectivity towards
the desired product acetophenone follows the order (CH3),CO (39.0) > CH3CN (36.8)
> CH,Cl, (31.2) over the catalyst Co-HMS (100), after 24 h of the reaction (Fig.
3.6B). Interestingly, the conversion was more under solvent free conditions for both
the cobalt-containing samples Co-HMS (100) and Co/HMS (100) showed maximum
conversion of 49.5 and 39.0 wt %, respectively, after 24 h (Fig. 3.6A, Table 3.2).

The selectivity towards acetophenone was found greater than 59 % in absence
of solvent over cobalt containing HMS catalysts. The formation of other products viz.
benzaldehyde may arise from the cleavage in the C-C bonds while the presence of
benzoic acid may result from the oxidation of benzaldehyde formed. Hence, it is clear
that solvent had negative impact over the performance of the cobalt containing
catalyst, which may possibly arise from the blocking of the active catalytic sites by the

solvent molecules. Moreover, cobalt incorporated HMS samples (Co-HMS) shows a
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decrease in conversion with an increase in the cobalt content in the HMS matrix. The
decreased conversion obtained for Co-HMS having lower Si/Co ratio may be due to
the presence of nanosized cobalt particles that are unable to detect by the UV-Vis and
XPS techniques. Thus, the higher catalytic activity of Co-HMS (100) sample shows
the well dispersion of cobalt in the framework and the presence of isolated cobalt sites
are easily accessible for the substrate. In grafted cobalt samples also the conversion
gets decreased with increasing the percentage of cobalt loading. Thus the decreased
conversions obtained at higher cobalt loadings can be ascribed to the formation of
Co30y4 species, irrespective of the synthesis method. Co-/HMS catalyst shows lower
conversion (31%) of ethylbenzene, but the selectivity to acetophenone is maximum

(82 %).

Table 3.2. Catalytic activity of Co-HMS and Co/HMS for the oxidation of

ethylbenzene in absence of solvent

Entry  Catalyst EB Conv. Selectivity (wt %)

(wt %) BZ AP BA

1 HMS -

2 Co-HMS (100) 49.5 25.0 60.0 15.0

3 Co-HMS (50) 36.9 21.7 59.2 18.5

4 Co/HMS (100) 39.0 37.2 65.4 14.0

5 Co/HMS (50) 35.0 34.8 63.3 15.0

6 Co-/HMS 31.0 14.0 82.0 4.0

Reaction Conditions: ethylbenzene 1 g, TBHP 1.22 g, catalyst 0.05 g, temperature 80

°C; reaction time 24 h (absence of solvent).
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Fig. 3.6. [A] Conversion of ethylbenzene vs. time in solvent free media for different

catalyst; [B] Influence of different solvent on activity of the catalyst Co-HMS (100).

Ph. D. Thesis, University of Pune, September 2007 108



CHAPTER 3 Reactions over Co containing MCM-41 and HMS

The heterogeneity of the catalyst was verified by performing the typical hot filtrate
experiments, under solvent free as well as in presence of solvents. The catalyst applied
under the reaction condition was removed after 6 h catalytic run and the filtrate was
monitored for further reactions. In presence of acetonitrile solvent, the Co-HMS (100)
and Co/HMS (100) catalysts show the leaching of active sites and among them the
grafted catalyst shows an almost similar conversion like the fresh cycle (Fig. 3.7). This
finding is in contradiction to the earlier report, that leached cobalt species are not
active in oxidation reactions [36]. However, the immobilized cobalt containing HMS

(Co-/HMS) sample is not prone to leaching.

35
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Fig. 3.7. Leaching study: Conversion of ethylbenzene vs. time using acetonitrile as
solvent for (a) Co-HMS (100), (b) Co-HMS (100) was removed and filtrate used after
6h, (c) Co/HMS (100), (d) Co/HMS (50) was removed and filtrate used after 6h.
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3.3. CATALYTIC OXIDATION OF DIPHENYLMETHANE OVER COBALT
CONTAININING MCM-41 AND HMS

3.3.1. Reaction Procedure

Liquid phase oxidation of diphenylmethane was performed in a stirred round
bottom flask fitted with a water-cooled condenser using 70-wt % TBHP as an oxidant
[Scheme 3.3]. The catalyst (5 wt % with respect to diphenylmethane) was added to the
reaction mixture consisting of diphenylmethane (99 %, 1 g, 5.9 mmol), TBHP (70 wt
%, 0.76g, 5.9 mmol) and acetonitrile (5 ml) and heated at constant temperature of 80
°C under magnetic stirring. After certain interval of time, the reaction mixture was
cooled to room temperature and catalyst was separated by centrifugation. The products
were analyzed by gas chromatograph (Agilent, HP 6890) equipped with a flame
ionization detector (FID) and a capillary column (5 um cross linked methyl silicone
gum 0.2 mm x 50 m) and was further confirmed by GC-MS (Shimadzu 200A).
Leaching of the metal during the course of reaction was verified by resubmission of

the filtrate for further reaction at same reaction conditions.

TBHP ”
CH; —_— C
Cobalt catalyst

Scheme 3.3. Oxidation of diphenylmethane
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3.3.2. Investigation of Catalytic Activity

Oxidation of diphenylmethane was carried out with 70 % ter. butyl
hydroperoxide as oxidant. Other oxidants, 30 wt % H,0, and 4 wt % NaOCl were also
used as oxidant with cobalt catalyst. With H,O, and NaOCl, negligible conversion of
diphenylmethane was obtained (1.5 and 2.5 % with H,O, and NaOClI, respectively).
Benzophenone is the major product in the oxidation of diphenylmethane. The reaction
was studied taking into consideration of temperature, solvent, framework and
extraframework cobalt.

The catalytic activity of cobalt incorporated, grafted and immobilized catalysts
have been shown in the Table 3.3. It is clear that, selectivity remains almost the same
irrespective of catalyst used in the reaction. However, the conversion varies depending
upon the different cobalt species. It is found that immobilized cobalt catalyst gives
higher conversion followed by grafted and incorporated cobalt catalysts, respectively.
The order of activity of different catalysts is as follows: Co-/HMS [33.0 %] > Co-
/MCM-41 [29.0 %] > Co/HMS (50) [22.0 %] > Co-HMS (50) ([8.70 %] > Co/MCM-
41 (50) [15.5 %] > Co-MCM-41 (50) [15.10 %] > Co-HMS (100) [14.36 %] > Co-
MCM-41 (100) [11.50 %] > Co/HMS (100) [9.50 %] > Co/MCM-41 (100) [6.80 %].
It was observed that catalytic activity of immobilized cobalt species is more than
grafted and incorporated cobalt species, respectively (Table 3.3). The results also
indicate that catalytic activity of cobalt species in HMS is more than MCM-41. It may
be due to wormhole like pore structure of HMS with larger pore diameter. The pore
structure with wormhole like pore structure is easily accessible to the reactant.

Moreover, from the performance of catalyst (prepared by different methods), it seems
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that oxidation of diphenylmethane requires more exposure of active cobalt species for

the oxidation of diphenymethane.

Table 3.3. Comparison of catalytic performance for the oxidation of diphenylmethane

in acetonitrile.

Catalyst Conversion of Selectivity to

diphenylmethane Benzophenone

(wt %) (wt %)
Co-MCM-41 (100) 11.5 100
Co-HMS (100) 14.3 100
Co-MCM-41 (50) 15.1 100
Co-HMS (50) 18.7 100
Co-/MCM-41 29.0 100
Co-/HMS 33.0 100
Co/MCM-41 (100) 6.8 100
Co/HMS (100) 9.5 100
Co/MCM-41 (50) 15.5 100
Co/HMS (50) 22.0 100

Catalyst: 0.05 g, temperature - 80 oC, diphenylmethane: TBHP = 1:1, time - 12 h,

solvent - acetonitrile.

This is why incorporated cobalt (active sites are in the framework) species are less
active when compared with grafted and immobilized cobalt species. Moreover, the
selectivity remains always high with cobalt catalyst (irrespective of synthesis
methods). Thus, it proved that cobalt catalyst is very much selective and can be

successfully employed for the oxidation of diphenylmethane.
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The reaction temperature have prominent role in the reaction. It is found that
conversion of diphenylmethane increases very slightly with the increase of
temperature without any change in selectivity to benzophenone (Table 3.4). The
temperature above 80 °C was intentionally avoided because of the decomposition of

TBHP at higher temperature.

Table 3.4. Effect of temperature on catalytic performance of Co-/MCM-41.

Temperature Conversion of Selectivity to

diphenylmethane  benzophenone

(°C) (wt %) (wt %)
50 21 100
65 26 100
80 29 100

Catalyst: 0.05 g, solvent: acetonitrile, diphenylmethane: TBHP = 1:1, time: 12 h.

The role of solvent is very crucial in the oxidation of diphenymethane and
selectivity to benzophenone. For this, the reaction was examined using different
solvents like acetonitrile, acetone, ethanol, methanol and dichloromethane. No
catalytic activity was found with methanol and ethanol. Table 3.5 shows that with
dichloromethane, conversion of diphenylmethane is more. However, the selectivity to
benzophenone is low. Further, ortho and para hydroxy derivative of benzophenone
were formed from benzophenone when dichloromethane was used as solvent. This
results in the decrease of selectivity to benzophenone. In other solvents, selectivity to

benzophenone was obtained in the range of 90-100 %. In chlorinated solvent, C—H
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bond at ortho and para position of phenyl ring is more weakened and radical hydroxy

substitution occurs at ortho and para positions of phenyl ring.

Table 3.5. Effect of solvent on catalytic performance over Co-MCM-41 (50).

Solvent Conversion of Selectivity to

diphenylmethane benzophenone

(Wt %) (Wt %)
Acetonitrile 13 100
Acetone 10 100
Dichloromethane 22.8 70.2
Isopropyl alcohol 6.3 92

Catalyst - 0.05 g, temperature - 80 oC, diphenylmethane: TBHP = 1:1, time - 12 h.

The feasibility of oxidation of diphenylmethane was examined in solvent free
media. In the absence of solvent, the selectivity to benzophenone reduced to 72 % and
some unusual hydroxy derivatives of benzophenone were formed. In benzophenone,
phenyl radical is stabilized by resonance. Further, the resonance is extended by C=0
group. In solvent free media, it seems that cobalt ion in the transition state stabilize the
phenyl radical at ortho and para position via resonance more explicitly and formation
of hydroxy substituted derivative of benzophenone becomes more viable. This is not
the case when reaction was carried out in presence of solvent except dichloromethane
(among the tested solvents). It is conceptualized that there is some mechanism
operating to arrest the stabilization of phenyl radical at ortho and para position and
subsequently avoiding the formation of hydroxy derivative of benzophenone.

However, the mechanism is not yet understood. Table 3.6 shows that the increase in
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the conversion of diphenylmethane was observed with increase in the cobalt content in
solvent free media. However, the selectivity decreases with increase in the metal
content. It was also observed that cobalt immobilized catalyst still remains very
selective (more than 95 % selectivity to benzophenone) and decrease in the selectivity
to benzophenone is more in grafted and incorporated cobalt catalyst in solvent free
media for the oxidation of diphenylmethane. In immobilized cobalt catalyst, the
acidity of cobalt reduced due to transfer of electron from the nitrogen (of the spacer
group) to cobalt species via formation of dative bond. Thus it seems that more
selective (to benzophenone) nature of immobilized catalyst is due decrease of acidity
to certain extent. Wang et al reported that in acetic acid (as solvent), cobalt grafted on
MCM-41 forms hydroxy derivative of benzophenone [37].

Table 3.6. Oxidation of diphenylmethane in solvent free media.

Catalyst Conversion of Selectivity to

diphenylmethane (wt %)  benzophenone (wt %)

Co-MCM-41 (100) 7.4 89.2
Co-MCM-41 (50) 10.0 85.0
Co/MCM-41 (100) 5.0 82.0
Co/MCM-41 (50) 7.5 77.8
Co-/MCM-41 12.2 100

Co-HMS (100) 11.5 90.0
Co-HMS (50) 13.0 78.3
Co/HMS (100) 8.7 75.9
Co/HMS (50) 10.4 72.0
Co-/HMS 15.0 100

Catalyst - 0.05 g, temperature - 80 o, diphenylmethane: TBHP, time - 12 h.
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Finally, the leaching of the catalyst was examined by submitting the hot filtrate
(after removal of catalyst) for further reaction. From the Fig. 3.8, the immobilized
cobalt catalyst functions heterogeneously. Incorporated and grafted cobalt catalysts are
prone to leeching. In this case, leaching is due to weak interaction of metal ion with
the silica. In immobilized catalyst, cobalt is strongly held to nitrogen of the spacer
group via dative bond. This reveals that strong interaction is necessary for leaching
resistive catalyst.

It have been shown that oxidation of diphenylmethane took place by radical
mechanism [38,39]. It is generally believed that oxidation of benzophenone is initiated
via hydrogen abstraction by C(CHj); followed by formation of diphenyl radical,

which subsequently undergo reaction to form benzophenone (Scheme 3.4).

(CH,),COOH —# (CH,),C" + 'O—OH
(0]
Cobalt catalyst @_H_@
—
Solvent
OO
+ -
' 0—OH [
C

| Cobalt cataly_slt
Without solvent

Hydroxylated derivative of
benzophenone

Scheme 3.4. Plausible radical mechanism for oxidation of diphenylmethane
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Fig. 3.8. Leaching study over the catalyst [A] Co-/MCM-41, [B] Co-MCM-41 (50)
and [C] Co/MCM-41 (50).

Ph. D. Thesis, University of Pune, September 2007 117



CHAPTER 3 Reactions over Co containing MCM-41 and HMS

References

(1]

(2]

(3]

[4]

[5]

[6]

[7]
[8]

[9]

G. Centi, F. Cavani, F. Trifiro, M.V. Twigg, M.S. Spencer (Eds.), Selective
Oxidation by Heterogeneous Catalysis: Recent Developments, Fundamental
and Applied Catalysis, Kluwer/Plenum Publishing Corporation, New York and
London, 2001.

P. Arpentinier, F. Cavani, F. Trifiro, The Technology of Catalytic Oxidations.
1. Chemical Catalytic and Engineering Aspects, Paris, France, 2001.

G. Centi, S. Perathoner, Selective Oxidation, Section E, Industrial Processes
and Relevant Engineering Issues, .T. Horvath, Encyclopedia of Catalysis,
Wiley, New York, 2003.

E.O. Ohsol, Hydrocarbon oxidation, in: J.J. McKetta (Ed.), Encyclopedia of
Chemical Processing and Design, vol. 33, Marcel Dekker, New York, 1987, P.
36.

A. Bruckner, U. Bentrup, A. Martin, J. Radnik, L. Wilde, G.-U. Wolf, Stud.
Surf. Sci. Catal. 130 A (2000) 359.

D.A. Bulushev, L. Kiwi-Minsker, V.I. Zaikovskii, A. Renken, J. Catal.193
(2000) 145.

F. Konietzni, H.W. Zanthoff, W.F. Maier, J. Catal. 188 (1999) 154.

S. D. Val, M.L. Granados, J.L.G. Fierro, J. Santamaria-Gonzalez, A. Jimenez-
Lopez, J. Catal. 188 (1999) 203.

J.S. Yoo, J.A. Donohue, M.S. Kleefish, P.S. Lin, S.D. Elfine, Appl. Catal. A

105 (1993) &3.

Ph. D. Thesis, University of Pune, September 2007 118



CHAPTER 3 Reactions over Co containing MCM-41 and HMS

[10]
[11]
[12]
[13]

[14]

[15]

[16]
[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

J.S. Yoo, C. Choi-Feng, J.A. Donohue, Appl. Catal. A 118 (1994) 87.

J.S. Yoo, Appl. Catal. A Gen. 143 (1996) 29.

G. Centi, S. Perathoner, S. Tonini, Topics Catal. 11 (2000) 195.

G. Centi, S. Perathoner, S. Tonini, Catal. Today 61 (2000) 211.

(a) E. Iglesia, S. C. Reyes, R. J. Modon, S. L. Soled, Adv. Catal. 39 (1993)
221. (b) A. C. Vosloo, Fuel. Process. Technol. 71 (2001) 149.

C. S. Marvel, W. M. Sperry, Organic Syntheses, Collected Volume 1, (1941)
P. 95.

N. K. Mal, A. V. Ramaswamy, Appl. Catal. A 143 (1996) 75.

I. Hermans, J. Peeters, P. A. Jacobs, J. Org. Chem. 2007, 72, 3057.

S. Vetrivel, A. Pandurangan, J. Mol. Catal. A 217 (2004) 165.

V. R. Choudhary, J. R. Indurkar, V. S. Narkhede, R. Jha, J. Catal. 227 (2004)
257.

A. Shaabani, A. Bazgir, F. Teimouri, D. G. Lee, Tetrahedron Lett. 43 (2002)
5165.

J. H. Clark, A. P. Kybett, P. Landon, D. J. Macquarrie, K. Martin, J. Chem.
Soc., Chem. Commun. (1989) 1355.

J. Muzart, Tetrahedron Lett. 28 (1987) 2131.

J. Muzart, A. N’ Ait Ajjou, J. Mol. Catal. 66 (1991) 155.

J. Muzart, Chem. Rev. 92 (1992) 113.

B. M. Choudary, A. D. Prasad, V. Bhuma, V. Swapna, J. Org. Chem. 57,

(1992) 5841.

Ph. D. Thesis, University of Pune, September 2007 119



CHAPTER 3 Reactions over Co containing MCM-41 and HMS

[26] R. A. Sheldon, J. D. Chen, J. Dakka, E. Neeleman, Stud. Surf. Sci. Catal. 83
(1994) 407.

[27] T. K. Das, K. Chaudhari, E. Nandanan, A. J. Chandwadkar, A. Sudalai, T.
Ravindranathan, S. Sivasanker, Tetrahedron Lett. 38 (1997) 3631.

[28] A.J.Pearson, G. R. Han, J. Org. Chem. 50 (1985) 2791.

[29] K. Nakayama, M. Hamamoto, Y. Nishiyama, Y. Ishii, Chem. Lett. (1993)
1699.

[30] Y. Ishii, S.Y. Fujibayashi, K. Nakayama, M. Hamamoto, S. Sakaguchi, Y.
Nishiyama, J. Mol. Catal. 110 (1996) 105.

[31] P. S. Singh, K. Kosuge, V. Ramaswamy, B.S. Rao, Applied Catalysis A:
General 177 (1999) 149.

[32] J. M. Thomas, R. Raja, J. Organo. Chem. 689 (2004) 4110.

[33] L L. Finar, Organic Chemistry, Vol. 1, 6 th edition, 617

[34] J.D. Chen, R.A. Sheldon, J. Catal. 154 (1995) 1.

[35] S.H.Jhung, Y.S. Uh, H. Chan, Appl. Catal. 62 (1990) 61.

[36] W. A. Carvalho, M. Wallau, U. Schuchardt, J. Mol. Catal. A, 144 (1999) 91.

[37] F. Chang, W. Li, F. Xia, Z. Yan, J. Xiong, J. Wang, Chem. Letter 11 (2005)
1540.

[38] R. L. Brutchey, 1. J. Drake, A. T. Bell, T. D. Dilley, Chem. Commun. (2005)
3736.

[39] Y. Ogata, H. Tezuka, T. Kamei, J. Org. Chem. 34 (1969) 845.

Ph. D. Thesis, University of Pune, September 2007 120



CHAPTER 4 Synthesis of Zr containing MCM-41 and HMS

4.1. Introduction

Ordered mesoporous silica has been emerged as an area of intense research in
catalysis and material research [1-3]. The narrow and controllable pore size
distribution, relatively large pore openings, large surface areas and greater absorption
capacity are the significant properties of mesoporous material in catalysis [4]. The
active sites can be created using different types of methods like synthesis, post
synthesis and immobilization. The metal containing molecular sieves find wide
application in oxidation, reduction and acidic reactions. Zirconia catalysts are finding
widespread use due to their moderate acidity and their oxidizing capability [5,6].
Zirconium has been introduced into the framework of ordered (MCM-41 and MCM-
48) and disordered (HMS) mesoporous silicas [7-16]. These solids combine high
surface area (usually higher than 800 mz/g) and size selectivity, but the synthetic
procedures used severely affect the catalytic performances of the resulting materials.
An important condition for having very active supported zirconia catalysts lies in site
isolation: the Zr atoms must be isolated and well dispersed throughout the silica
network, thus avoiding the formation of ZrO; clusters [17].

In this chapter, synthesis and characterization of zirconium containing MCM-

41 and HMS were studied in detail.
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4.2. Synthesis and Characterization of Zirconium containing MCM-
41

4.2.1. Experimental

The starting materials and their sources were fumed silica (99 %, Aldrich),
zirconium ter. butoxide (99.95 %, Lancaster), cetyltrimethylammonium bromide (98
%, Loba Chemie), trimethoxy propyl amine silane and sodium hydroxide (Merck). All

the chemicals were used without further purification.

4.2.1.1. Synthesis
4.2.1.1.1. Synthesis of hexagonal mesoporous molecular sieves MCM-41

Fumed silica and cetyl trimethyl ammonium bromide (CTMABTr) were used as
silica source and surfactant, respectively. In a typical synthesis, CTMABr was
dissolved in Sodium hydroxide (NaOH) solution. To this, fumed silica was added
slowly and stirred for 6 h. The molar gel composition was as follows

1 SiO: 0.19 CTMABT: 0.4 NaOH: 78 H,O

Finally pH of the gel was maintained at 10.9 using dil. HCI. The gel was transferred to
glass bottle (autoclavable) and kept in oil bath maintained at 100 °C for 48 h. Mixture
was filtered, washed several times with distilled water under vacuum and dried at 100

°C. As synthesized materials was calcined at 500 °C for 12 h.
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4.2.1.1.2. Synthesis of Zirconium substituted MCM-41 (Zr-MCM-41)

Zr-MCM-41 was synthesized by direct hydrothermal method with Si/Zr ratio

of 100 and 50. Fumed silica was added slowly to the mixture of NaOH and CTMABr
with constant stirring. After 1 h, calculated amount of Zirconium (IV) fer. butoxide
was added and stirring was allowed for another 5 h. The molar gel composition was

1 SiOs: x Zr(O'Bt)s: 0.19 CTMABr: 0.4 NaOH: 120 H,O
Where ‘x’ is the calculated amount of Zirconium (IV) fer. butoxide for different Si/Zr
ratios. The pH of the gel was maintained at 10.5. The gel was transferred to
autoclavable bottle kept in oil bath maintained at 100 °C for three days. Finally, it was
filtered, washed several times with distilled water and dried in air at 100 °C for 12 h.
As synthesized material was calcined as described earlier. The materials were
designated as Zr-MCM-41 (100) and Zr-MCM-41 (50) for Si/Zr ratio of 100 and 50,
respectively.
4.2.1.1.3. Synthesis of zirconium-grafted MCM-41 (Zt/MCM-41)

Zirconium (IV) ter. butoxide (0.064 and 0.128 g for 1.5 and 3 wt % of
zirconium loading respectively) was dissolved in anhydrous toluene (50 ml). To this, 1
g of MCM-41 was added and refluxed at 100 °C for 12 h with constant stirring.
Solvent was removed at its boiling temperatures using rotavapor. The samples were
dried and calcined at 500 °C to remove the organic matter. They were designated as
Zr/MCM-41 (100) and Zr/MCM-41 (50) for 1.5 and 3-wt % loading of zirconium,

respectively.

Ph. D. Thesis, University of Pune, September 2007 123



CHAPTER 4 Synthesis of Zr containing MCM-41 and HMS

4.2.1.1.4. Synthesis of zirconium immobilized on MCM-41 (Zr-/MCM-41)

Equal moles of trimethoxy propyl amine silane and Zirconium (IV) ter.
butoxide (0. 12 g Zirconium (IV) ter. butoxide and 0.06 g trimethoxy propyl amine
silane) were mixed in 100 ml toluene at room temperature for 6 h. After half an hour,
1 g of MCM-41 was added to the solution. The resulting solution was kept in oil bath
maintained at 100 °C for 10 h with constant stirring. Solvent was removed at its
boiling temperatures using rotavapor and the samples were dried at 70 oC. Sample was

designated as Zr-/MCM-41.

4.2.1.2. Characterization

Powder X-ray diffraction pattern of the samples were recorded on a Rigaku D
max III VC Ni filtered Cu Ko radiation, A = 1.54 A between 1 and 10 (20 angle) with a
scanning rate of 1°/min. The specific surface area, total pore volume and average pore
diameter were measured by the N, adsorption desorption method using NOVA 1200
(Quanta Chrome) instrument. The samples were activated at 300 °C for 3 h under
vacuum and then adsorption desorption was conducted by passing nitrogen over
samples which was kept under liquid nitrogen. Pore size distribution was obtained by
applying BJH pore analysis method to the desorption branch of nitrogen adsorption
isotherm. SEM micrograph of the zirconium containing samples were obtained on
JEOL-JSM 520 scanning microscope while the TEM images were performed on a
JEOL-TEM 1200 EX instrument with 100 kV accelerating voltage to probe the
mesoporosity of the material. Zirconium content in the samples was determined by

atomic absorbance analysis using Perkin Elmer 11013 spectrometer after dissolution
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of the samples in HCI-HF solution. Diffuse reflectance UV-Vis spectra of the powder
samples were recorded in the range 200-800 nm on Shimadzu UV 2101 PC
spectrometer equipped with a diffuse reflectance attachment, using BaSO,4 as the

reference.

4.2.2. Results and Discussion

4.2.2.1. Powder X-ray diffraction

Fig. 4.1 shows the XRD diffraction pattern of calcined zirconium containing
MCM-41 materials in the range 1-10 degree of 20 angle. The X-ray powder diffraction
patterns are typical of MCM-41 type materials and show (100), (110), (200) and (210)
diffraction peaks in agreement with the literature [1,2]. The presence of higher order
reflection peaks indicate well-defined long-range mesoporous structural order.
Physicochemical properties of these mesoporous materials are summarized in Table
4.1. For pure MCM-41, the main (100) reflection peak was observed at 20 angle of 2.5
degree. In zirconium incorporated MCM-41 sample, this peak was appeared at slightly
less 20 angle than for pure MCM-41 (Table 4.1), which subsequently results in the
increase in the value of d spacing and unit cell parameter (ay).

The unit cell parameter (ag) was calculated using the formula ap = 2d/\3. The
increase in the ap value is due to incorporation of zirconium in the framework of
MCM-41 (Zr-O and Si-O bond lengths are 1.71160 and 1.5090 A, respectively) [18-
20]. Moreover, the ag value increases with the increase in the zirconium content. For
Zr-MCM-41 (100) and Zr-MCM-41 (50), the ay values are 42.63 and 44.3 A,

respectively, which is higher than pure MCM-41 (the corresponding value for MCM-
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41 was observed at 40.80 A). This fact reveals the successful incorporation of

zirconium in the mesoporous silica framework.
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Fig. 4.1. X-ray diffraction patterns of zirconium containing MCM-41: (a) Zr-MCM-41
(100), (b) Zr-MCM-41 (50), (c) MCM-41, (d) Zr/MCM-41 (100), (e) Zt/MCM-41 (50)
and (f) Zr-/MCM-41.

Furthermore, the incorporation of zirconium in the framework does not affect the
mesoporous hexagonal structural ordering as evidenced from the presence of higher
order reflection peaks in the XRD patterns of incorporated samples. Thus, retaining
the hexagonal structure. The ap value decreased in the zirconium grafted and
immobilized MCM-41 samples when it is compared with pure MCM-41 (Table 4.1).
This is obvious because of the presence of the zirconium on the framework (through

spacer in case of immobilization) of MCM-41. However, the decrease in the ap value
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of immobilized sample is more than grafted one [ay value for Zr-/MCM-41 is 36.39 A;
for Zt/MCM-41 (100) and Zr/MCM-41 (50) are 39.8 and 38.16 A, respectively. Both
values are comparatively less than for pure MCM-41]. No characteristic peaks
belonging to crystalline zirconium oxide related compound has been observed in the

higher angle XRD.

Table 4.1. Physico-chemical properties of zirconium containing MCM-41.

Catalyst Si/Zr* 20 angle  d-spacing ap " SBET D,

(molar ratio)  (degree) (A) (A) (m’g™) (A)
MCM-41 - 2.50 35.30 40.8 1010 31.0
Zr-MCM-41 (100) 108 2.39 36.92 42.6 980 32.1
Zr-MCM-41 (50) 55 2.30 38.36 443 940 33.5
Zr/MCM-41 (100) 98 2.56 34.47 39.8 905 30.2
Zr/MCM-41 (50) 51 2.67 33.05 38.1 835 29.3
Zr-/MCM-41 60 2.80 31.51 36.4 715 n. d.

* Zirconium content estimated by AAS analysis.

® Unit cell parameter values calculated using ap = 2d 100/\/3.
¢ Sper is the surface area calculated by BET method.

d D, is the average pore diameter.

n. d.- not determined

4.2.2.2. N, sorption isotherms

N, adsorption-desorption isotherms and BJH pore size of zirconium containing
mesoporous MCM-41 are shown in Fig. 4.2 [21]. All isotherms showed type IV
character, with completely reversible nature, which is typical for uniform mesoporous

MCM-41 [22]. The isotherms exhibit a sharp inflection in the range of 2.5-3.5 of
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relative pressure (P/P,) because capillary condensation of N, within the mesopores
suggesting a narrow pore size distribution [1,2]. The steep rise in the isotherm shifts
slightly toward higher relative pressure with the incorporation of zirconium (Fig.
4.2A). The hysterisis loop was not observed with the introduction of zirconium in the
framework showing no distortion in the structure. The isotherms for MCM-41 and
zirconium grafted MCM-41 are almost the same with no any difference in the position
of inflection point. For the zirconium immobilized MCM-41 samples, sharpness
diminished in the isotherms and shifts towards low relative pressure because of the
spacer group. BET surface areas, pore volume and pore diameters are reported in
Table 4.1. Highest BET surface area of 1010 m2g'1 was observed for the pure MCM-
41 sample. The BET surface area decreased with increasing zirconium content. For
incorporated samples, Zr-MCM-41 (100) and Zr-MCM-41 (50), surface area was
found to be 980 m2g'1 and 940 ng'l, respectively. However, for grafted and
immobilized samples, decrease in BET surface area is remarkable (Table 4.1). The
pore size distribution curves are very sharp showing a very narrow pore size
distribution (Fig. 4.2B). The more pore volume was observed with the zirconium

incorporated MCM-41 samples.
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Fig. 4.2. [A] N, sorption isotherms and [B] BJH pore size distribution curves of
zirconium containing MCM-41: (a) Zr-MCM-41 (100), (b) Zr-MCM-41 (50), (c) pure
MCM-41, (d) Zrt/MCM-41 (100), (e¢) Zrt/MCM-41 (50) and (f) Zr-/MCM-41.
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4.2.2.3. FT-IR spectroscopy

Fig. 4.3 shows the FT-IR spectra of MCM-41 and zirconium containing MCM-
41 in the range of 4000-400 cm™. Absorption band at 960 cm™ seen in the spectra is
attributed to stretching vibration of Si-O-Si and Si-O-Zr bonds [23]. The intensity of
the peak at 960 em’ s increasing with the zirconium content in zirconium
incorporated MCM-41 samples, which is taken as the proof for the incorporation of

zirconium in the framework.

% Transmittance
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4000 3200 2400 1600 800
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Fig. 4.3. FT-IR spectra of zirconium containing MCM-41: (a) Zr-MCM-41 (100), (b)
Zr-MCM-41 (50), (¢) pure MCM-41, (d) Zt/MCM-41 (100), (e) Zt/MCM-41 (50) and
(f) Zr-/MCM-41.

The bands around 1080 and 1228 cm™ are associated to the internal and external

asymmetric Si-O stretching modes. This band can be interpreted in terms of the
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overlapping of both Si-O-Si and Si-O-Zr bond vibrations [24]. The broad bands in the

hydroxyl region are attributed to surface silanol with hydrogen bonded OH groups. A

sharp absorption band at 3748 cm™ is ascribed to free Si-OH groups. It is to be noted

that the area under this band was found more in zirconium incorporated MCM-41
samples indicating that additional area may be due to free Zr-OH groups. In the Zr-
/MCM-41 sample, the sharp bands at 2927 and 2854 cm™ due to asymmetric and
symmetric stretching vibration of C-H bond confirms the successful functionalisation

of 3-amino propyl trimethoxy silane on the wall of MCM-41 [23-25].

4.2.2.4. Microscopic images

The morphology and the long-range order were investigated by SEM and
TEM. Fig. 4.4 Shows the SEM and TEM of MCM-41 and Zr-MCM-41 (100). From

the XRD results, it is clear that that morphology is hexagonal since high reflection
peaks are present (characteristic of hexagonal structure). However the SEM and TEM
show the morphology, which seems like spherical with uniform particle size. Reports
claim that it is due transformation of hexagonal to spherical morphology (in spite of

high reflection peaks in the XRD) [26]. TEM images clearly indicate that most of the

particles are aggregated in Zr-MCM-41.
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Fig. 4.4. SEM and TEM picture of MCM-41 and Zr-MCM-41 (100).

4.2.2.5. UV-Vis spectroscopy

DR UV-Vis spectra of zirconium containing MCM-41 samples are shown in
the Fig. 4.5. Zirconium containing mesoporous silica absorb at 212 nm [27,29]. The
absorption edge of zirconium is due to O*— Zr"" charge transfer transitions in a
tetrahedral coordination. In ZrO, where there is fully connectivity of Zr-O-Zr linkage,
the LMCT shifts to lower energy value [39]. The intense absorbance edge in range of
200-212 nm is indicative of tetrahedral zirconium in the framework of amorphous
silica framework. No characteristic peak at 230 nm featuring the presence of bulk

zirconia was observed. In grafted and immobilized samples, weak absorption observed
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in the energy range of 200-210 nm, suggesting few zirconium in the tetrahedral
coordination. Moreover, the absorptions in the range 229-240 nm are prominent,
suggesting the presence of Zr-O-Zr linkages. In addition to this, the absorption
features around 275, 330 and 375 nm are observed. In absence of reliable data, it is

difficult to know about these features.

Absorbance (a. u.)
Absorbance (a. u.)

200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

Fig. 4.5. UV-vis spectra of zirconium containing MCM-41: [A] (a) Zr-MCM-41 (100),
(b) Zr-MCM-41 (50), [B] (a) Zt/MCM-41 (100), (b) Zt/MCM-41 (50) and (c) Zr-
/MCM-41.
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4.3. Synthesis and Characterization of Zirconium containing HMS

4.3.1. Experimental

The starting materials were ethyl silicate (40 %, Indoplast), hexadecyl amine
(95 %, Lancaster), zirconium (IV) ter. butoxide (99.95 %, Lancaster), trimethoxy
propyl amine silane (99 %, Aldrich), absolute ethyl alcohol (Merck), and sodium

hydroxide (Merck). All the chemicals were used without further purification.

4.3.1.1. Synthesis
4.3.1.1.1. Synthesis of hexagonal mesoporous molecular sieves (HMS)

Ethyl silicate (ES) and hexadecylamine (HA) were used as silica source and
surfactant, respectively. First, surfactant solution was prepared and it was heated at 60
oc (because of partial miscible nature of HA in water) for half an hour to form
uniform mixture. To this, TEOS in ethyl alcohol was added gently with constant
stirring for 4 h. The pH of the gel was maintained in between 5.2 to 5.5 with dil. HCI.
The final molar gel composition was as follows

1Si0;: 0.14HA: 8.1EtOH: 84H,0
The solution was transferred to glass bottle and kept at room temperature for 48 h. It
was filtered, washed with copious amount of water and dried at 100 °C. It was

calcined at 510 °C for 12 h in air.
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4.3.1.1.2. Synthesis of zirconium substituted hexagonal mesoporous molecular sieves
HMS (Zr-HMS)

The procedure followed for synthesis of Zr-HMS was same as mentioned
above. In a typical synthesis, mixture zirconium (IV) ter. butoxide (0. 62 g and 0.31 g
for Si/Zr 50 and 100, respectively) and 12 g of ES in absolute ethanol was added
dropwise to surfactant solution (2.8 g of HA) with constant stirring for 4 h. The pH of
the gel was maintained at 5.2. The gel was transferred to a glass bottle and kept at
room temperature for 48 h. The final molar gel composition was same as mentioned
above. Finally, it was filtered, washed several times with distilled water and dried at
100 °C. Calcination was carried out at 510 °C for 12 h in air. The template free
samples were designated as Zr-HMS (50) and Zr-HMS (100), respectively.
4.3.1.1.3. Synthesis of zirconium-grafted HMS (Zr/HMS)

Zirconium (IV) ter. butoxide (0.064 and 0.128 g for 1.5 and 3 wt % of
zirconium loading, respectively) was dissolved in anhydrous toluene. To this, 1 g of
HMS was added and refluxed at 100 °C for 12 h with constant stirring. Solvent was
removed at its boiling temperatures using rotavapor. The samples were dried and
calcined at 450 °C to remove the organic matter. They were designated as Zr/HMS

(100) and Zr/HMS (50) for 1.5 and 3 wt % loading of zirconium, respectively.

4.3.1.1.4. Synthesis of zirconium immobilized on HMS (Zr-/HMS)

Equal moles of trimethoxy propyl amine silane and Zirconium (IV) ter.
butoxide (0.12 g of Zirconium (IV) fer. butoxide and 0.06 g of trimethoxy propyl
amine silane) were mixed in 100 ml toluene at room temperature for 6 h. After half an

hour, 1 g of HMS was added to the solution. The resulting solution was refluxed for
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12 h with constant stirring. Solvent was removed as mentioned above. Sample was

designated as Zr-/HMS.

4.3.1.2. Characterization

Powder X-ray diffraction pattern of the samples were recorded on a Rigaku D
max III VC Ni filtered Cu Ko radiation, A = 1.54 A between 1 and 10 (20 angle) with a
scanning rate of 1°/min. The specific surface area, total pore volume and average pore
diameter were measured by the N, adsorption desorption method using NOVA 1200
(Quanta Chrome) instrument. The samples were activated at 300 °C for 3 h under
vacuum and then adsorption desorption was conducted by passing nitrogen over
samples which was kept under liquid nitrogen. Pore size distribution was obtained by
applying BJH pore analysis method to the desorption branch of nitrogen adsorption
isotherm. SEM micrograph of the zirconium containing samples were obtained on
JEOL-JSM 520 scanning microscope while the TEM images were performed on a
JEOL-TEM 1200 EX instrument with 100 kV accelerating voltage to probe the
mesoporosity of the material. Zirconium content in the samples was determined by
atomic absorbance analysis using Perkin Elmer 11013 spectrometer after dissolution
of the samples in HCI-HF solution. Diffuse reflectance UV-Vis spectra of the powder
samples were recorded in the range 200-800 nm on Shimadzu UV 2101 PC
spectrometer equipped with a diffuse reflectance attachment, using BaSO, as the

reference.
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4.3.2. Results and Discussion

4.3.2.1. Powder X-ray diffraction

Powder X-ray diffraction of zirconium containing HMS samples were shown
in Fig. 4.6. The diffraction peak was observed in 20 range of 2-3 degree (observed for
the mesoporous material as observed by Mobil researchers) [1,2,31-33]. XRD peak of
pure HMS and zirconium containing HMS display only main (100) reflection peak
and thus lacks in higher order reflection peaks (110), (200), (210) etc. Absence of
higher order reflection peaks are indicative of deviation from the hexagonal structure.
However, Tanev et al pointed out that electron diffraction pattern is congruent with the
hexagonal structure [31]. Furthermore, it is clearly seen from the XRD pattern that
(100) reflection peak is slightly broad when it is compared with main reflection peak
in MCM-41. The broadness arises from the fact that it has pores in the slightly varying
range. This like broad peak is mostly observed for the porous structure with wormhole
like morphology. The broad nature of the peak results in the slight loss of uniformity
in the pore size dimension. The 26 angle and unit cell parameter of pure HMS, Zr-
HMS, Zt/HMS and Zr-/HMS samples were shown in the Table 5.1. Zirconium
incorporated HMS shows slight shift towards less 20 angle than pure HMS, which
subsequently results in the increase of unit cell parameter. It was observed that the
increase in value of the unit cell parameter is increasing with the increase of zirconium
content. Increase in the unit cell parameter in zirconium incorporated HMS indicate
successful incorporation of zirconium in the framework of HMS. This leads to the
decrease of unit cell parameter value in the zirconium grafted and immobilized HMS

samples from the original values of HMS. Furthermore, it is found that decrease in the
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value of unit cell parameter is related to the quantity of zirconium on the framework or
pores in the grafted and immobilized samples. Higher angle XRD pattern shows the
absence of microcrystals of ZrO, in zirconium incorporated HMS samples since no

peaks related to ZrO, domain was found.

Intensity (a. u.)
(

2 4 6 8 ' 10
2 theta

Fig. 4.6. Power X-ray diffraction pattern of zirconium containing HMS: (a) Zr-HMS
(100), (b) Zr-HMS (50), (c) HMS, (d) Zt/HMS (100), (e) Zr/HMS (50) and (f) Zr-
/HMS.
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Table 4.2. Physico-chemical properties of zirconium containing HMS samples

prepared by different methods.

Catalyst Si/Zr * 20 angle  d-spacing ap " SBET ¢ D,

(molar ratio)  (degree) (A) (A) (m2g'1) (A)
HMS - 1.98 44.57 51.48 828 41.5
Zr-HMS (100) 103 1.94 45.49 52.54 767 42.7
Zr-HMS (50) 58 1.83 48.23 55.70 725 44.0
Zr/HMS (100) 106 2.09 42.23 48.77 702 40.2
Zr/HMS (50) 54 2.15 41.05 47.41 630 39.0
Zr-/HMS 58 2.25 39.23 45.31 579 n. d.

* Zirconium content estimated by AAS analysis.

® Unit cell parameter values calculated using ay = 2d 100/\/3.
¢ Sper is the surface area calculated by BET method.

d D, is the average pore diameter.

n. d. — not determined.

4.3.2.2. N, Sorption Measurements

N, adsorption desorption isotherms and BJH pore size distribution curve of
zirconium containing HMS samples are shown in the Fig. 4.7. All the isotherms are
typical of mesoporous material [1,2]. The isotherms exhibit steep rise in the adsorption
of Ny in the range 0.3-0.5 of P/P, (relative pressure) All the isotherms are almost
reversible with no any hysterisis loop showing the uniformity of the pores. The nature
of the isotherms is of type IV (according to the IUPAC classification) [21-22]. The
steep rise in the adsorption desorption isotherms is due to the capillary condensation of

the N, in the mesoporous channels [2b].
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Fig. 4.7. [A] N, adsorption desorption isotherms and [B] BJH pore size distribution
curve of zirconium containing HMS: (a) Zr-HMS (100), (b) Zr-HMS (50), (c) HMS,
(d) Zt/HMS (100), (e) Zr/HMS (50) and (f) Zr-/HMS.

Ph. D. Thesis, University of Pune, September 2007 140



CHAPTER 4 Synthesis of Zr containing MCM-41 and HMS

In addition to this hysterisis loop was observed at the higher value of relative
pressure. Tanev et al argued the presence of such hysterisis loop due to textural
mesoporosity, which made HMS material distinguishable from other mesoporous
materials [31]. It is clear from the Table 4.2 that BET surface area is more for pure
HMS samples (828 m’g™"). The incorporation of the zirconium ion in the framework of
the HMS results into decrease of surface area. This clearly indicates that zirconium is
uniformly dispersed. However, the decrease in the BET surface area was observed for
the grafted and immobilized samples indicating the zirconium on the wall of
framework. The BJH pore size distribution curves are shown in the Fig. 4.7. All the
curves are sharp and are indicative of uniformly ordered mesoporous structure. The
more decrease in the pore size was observed for the zirconium immobilized samples

suggesting the successful immobilization of zirconium species via spacer group.

4.3.2.3. FT-IR Spectroscopy

The FT-IR spectra of zirconium incorporated, grafted and immobilized HMS
samples are shown in Fig. 4.8. The broad band at 3600-3350 is due to free silanol
groups, which are hydrogen bonded to each other. In addition, the band at 3750 cm™ is
due to free -OH groups linked with Si and Zr. Two bands at around 1082 and 1228
cm’' associated to internal and external asymmetric Si—O stretching modes as well as
two bands (800 and 457 cm™) assigned to symmetric stretching and tetrahedral

bending of Si-O bonds, respectively, were observed [34, 35].

Ph. D. Thesis, University of Pune, September 2007 141



CHAPTER 4 Synthesis of Zr containing MCM-41 and HMS

% Transmittance

13500 3000 2500 2000 1500 1000 500
-1
Wavelength (cm)

Fig. 4.8. FT-IR spectra of zirconium containing HMS: (a) Zr-HMS (100), (b) Zr-HMS
(50), (c) HMS, (d) Zr/HMS (100), (e) Zr/HMS (50) and (f) Zr-/HMS.

The band at 962 cm™ is attributed to Si-O-Si and Si-O-Zr symmetric stretching
[23,24,36,37]. However, the intensity of this band is increasing with the increase in
metal content in zirconium incorporated HMS samples. This is taken as the proof for
the incorporation of zirconium in framework of HMS. For the zirconium immobilized
HMS sample, spectra show the C-H stretching frequency at 2960 and 2850 cm™ [25].
This shows the successful linking of tri-methoxy amino propyl silane on the silica
support. In addition, the peak at 3300 cm’ due to N-H stretching vibration was

observed [25].
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4.3.2.4. Microscopic Images

The SEM pictures of Zr-HMS (50) and Zr/HMS (50) were shown in Fig. 4.9. It
is clear that most of the particles are agglomerated via cross-linking of mesoporous
wall. For pure HMS or metal containing HMS, agglomeration of the particles was
reported earlier and this causes distortion in the hexagonal structure [38]. The
spherical nature of particles as clearly seen from the figure is quite due to the
distortion in the hexagonal structure. This gives rise to wormhole like morphology to

this material.

05pm

Fig. 4.9. [A] SEM pictures of Zr-HMS (50) and [B] Zt/HMS (50)

4.3.2.5. UV-Vis spectroscopy

UV-Vis spectroscopy used to find the presence of isolated zirconium ions
incorporated in the framework of silica framework. Zirconium containing mesoporous
silica absorb at 212 nm [27,29]. The absorption edge of zirconium is due to 0> — Zr**

charge transfer transitions in a tetrahedral coordination. In ZrO, where there is fully

connectivity of Zr-O-Zr linkage, the LMCT shifts to lower energy [39].
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Fig. 4.10. UV-Vis spectra of zirconium containing HMS: [A] (a) Zr-HMS (100) and
(b) Zr-HMS (50); [B] (a) Zr/HMS (100), (b) Zr/HMS (50) and (c) Zr-/HMS.

Zr-HMS (100) sample shows absorption peak at 214 nm indicating that
zirconium ion is in the framework of mesoporous silica walls (Fig. 4.10A). With the
increasing zirconium content in zirconium substituted sample [Zr-HMS (50)],
absorption in low energy range, 230-350 nm, was found. There is no well defined peak
at 230 nm indicating the absence of bulk zirconia. In grafted and immobilized
samples, weak absorption observed in the energy range of 200-210 nm, suggesting
less zirconium in the tetrahedral coordination (Fig. 4.10B). Moreover, the absorptions
in the range 229-240 nm are prominent, suggesting the presence of Zr-O-Zr linkages.
In addition to this, the absorption features around 275, 330 and 375 nm are observed.

However, there are no reports for the assignment of these features.
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5.1. Introduction

Oxidation of aniline is an important reaction. Many industrial routes have been
searched to prepare the azo compound, but most of them are hazardous in nature. The
products from this reaction are highly useful in various industries. The nitroso and
azoxy compounds are used as intermediates, in vulcanization of rubber, stabilization
of halogenated materials and as antioxidant in lubricating ions. Azoxybenzenes are
employed as dyes, reducing agents, chemical stabilizers and polymerization inhibitors.
Some derivatives of azoxybenzenes are used as liquid crystals in electronic display
and therapeutic medicines [1]. Because of these value added products, oxidation of
aniline assumes significant role in the industry. Since then several catalysts were used
(both homogeneous and heterogenous). Oxidation of aniline in homogeneous medium
is reported over transition metal complexes of vanadium [2], iron [3] and molybdenum
complexes [4]. In the heterogeneous medium, various types of molecular sieves [5-7]
and mesoporous silica containing nanometric dispersed titanium oxide [8] have been
reported to effectively catalyze the oxidation of aniline to azoxybenzene.
Stoichiometric oxidants such as MnO, were used in the oxidation of aniline [9].

Styrene oxide is commercially important intermediate used in the synthesis for
fine chemicals, pharmaceuticals and other value added products from the epoxidation
of styrene [10]. Their selective synthesis is a subject of considerable academic and
industrial interest. Conventionally, two methods practiced for its synthesis, namely
dehydrochlorination of styrene chlorohydrin with a base or oxidation of styrene using
stoichiometric amount of organic peracids such as peracetic acid and m-chlorobenzoic

acid [11]. Both these methods require hazardous chemicals and show poor selectivity
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for styrene epoxide, thus leading to the generation of undesirable products. The use of
peracid is not a clean method being equivalent amounts of acid waste is produced. The
safety while handling peracids is also a matter for concern. There is utmost need for
the development of new epoxidation methods, which use safer oxidants and produce
little waste. The use of hydrogen peroxide is an attractive option both on
environmental and economic grounds. It is cheap, readily available and gives water as
the only byproduct. Titanium containing silicates are widely studied catalyst for the
epoxidation reactions. One of the most widely studied catalysts is TS-1 [12,13].
However, the main drawback is its small pore size dimension, which is not fit for the
entry of bulky substrate and formation of phenyl acetaldehyde as the major product
[14,15]. To overcome the steric limitation of TS-1, other large pore size titanium
containing silicates have been developed [16]. For bulky substrates however, steric
effects play an important role.

The present chapter outlines the potential application of zirconium containing

MCM-41 and HMS for the liquid phase oxidation of aniline and styrene.
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5.2. Reaction Procedure

Oxidation reactions of aniline (99.5 % purity, Aldrich) were performed in a
round bottom flask fitted with a water condenser. The reaction mixture of the aniline
(1 g, 10 mmol), equimolar amount of H,O, (30 wt %, 1.14 g, 10 mmol) and 10 ml
acetonitrile to which catalyst (5 wt % with respect to substrate) was added and heated
at constant temperature 80 °C under magnetic stirring. Oxidation of styrene was
performed in a stirred round bottom flask fitted with a water-cooled condenser. The
catalyst (5 wt % with respect to styrene) was added to the reaction mixture consisting
of styrene (99 %, 1.1 g, 10.5 mmol), H,O, (30 wt %, 1.16 g, 10.5 mmol) and
acetonitrile (10 ml) and heated at constant temperature of 75 °C under magnetic
stirring. After certain interval of time, the reaction mixture was cooled to room
temperature and catalyst was separated by centrifugation. The products were analyzed
by gas chromatograph (Agilent, HP 6890) equipped with a flame ionization detector
(FID) and a capillary column (5 pm cross linked methyl silicone gum 0.2 mm x 50 m)
and was further confirmed by GC-MS (Shimadzu 200A). Leaching of the metal during
the course of reaction was verified by resubmission of the filtrate after some interval

of time for further reaction at same reaction conditions.
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5.3. Investigation of Catalytic properties

5.3.1. Oxidation of aniline over zirconium containing MCM-41

The catalytic activity of zirconium containing mesoporous MCM-41 (prepared
by different methods) was investigated for the liquid phase oxidation of aniline. The
possible products formed from the oxidation reaction of aniline viz. nitrosobenzene
(NSB), nitrobenzene (NB), azobenzene (AZO) and azoxybenzene (AZY) were shown
in Scheme 5.1. The catalyst was studied under different temperatures and solvents for
the oxidation of aniline. It was also studied with oxidants like hydrogen peroxide

(H20,, 30 wt %) and ter. butyl hydroperoxide (TBHP, 70 wt %).

Zr catalyst
NH, ————» NHOH
30 % H,0,

Aniline Phenylhydroxyl amine

/
O — Oy

Nitrosobenzene Nitrobenzene

/ C,H,NH, 1CGH5NH2
OO — OO

Azobenzene Azoxybenzene

Scheme 5.1. Oxidation of aniline
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Effect of temperature

The oxidation of aniline was studied in the temperature range of 60-80 °C over
the catalyst, Zr-MCM-41 (50), with H,O, (30 %) as oxidant in acetonitrile medium.
Temperature more than 80 °C was intentionally avoided since it causes the
decomposition of H,O, and reduces the activity of the catalyst. Table 5.1 summarizes

the catalytic activity of Zr-MCM-41 (50) with different temperatures.

Table 5.1. Effect of temperature on the performance of the catalyst [Zr-MCM-41 (50)]

in oxidation of aniline.

Temperature Conversion Selectivity (wt %)
(‘'0) of aniline . g NB AZO  AZY
(Wt %)
60 6 - - - 100
70 21.7 - - - 100
80 35.4 - - 2 98

Time — 24 h, NSB - nitrosobenzene, NB - nitrobenzene, AZO - azobenzene, AZY -
azoxybenzene, Solvent - acetonitrile, aniline - 1 g, H,O, - 1.14 g, catalyst amount -

0.05 g.

It was observed that at 60 °C, catalytic activity is very low (6 % conversion of aniline).
At 70 °C, its catalytic activity was found good (21.7 % conversion of aniline).
However, at 80 °C, the activity of the catalyst was significant (35.4 % conversion of
aniline). It is clear from the Table 5.1, at low temperature AZY is only the product.
But, at higher temperature (80 OC), other product (AZO) was also formed (though the

amount is low) in addition to AZY. It is well known that AZO and AZY are formed
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from the reaction of NSB and aniline in a consecutive step (discussed later). It seems
that at low temperature, the rate of formation of NSB is low and entirely used for the
formation of AZY. It seems that at higher temperature, overoxidation of AZO into
AZY not occurred completely and certain quantity of AZO was identified.
Effect of solvent

As the reaction is carried out in the liquid phase the catalyst performance is
very much influenced by the nature of the solvent. The activity of the catalyst for the
oxidation of aniline was studied with different solvents such as acetonitrile, acetone,
ethanol, methanol and dichloromethane. Table 5.2 indicates that with acetonitrile
solvent, the activity and selectivity of the catalyst [Zr-MCM-41 (50)] is found highest

and minimum with dichloromethane.

Table 5.2. Effect of solvent on the performance of catalyst [Zr-MCM-41 (50)].

Solvent Conversion of Selectivity (wt %)

aniline (Wt %) ~ NSB NB AZO AZY
Acetonitrile 35.4 - - 2 98
Acetone 13.5 - 80 6.2 13.8
Ethanol 15.2 - - 13.2 86.8
Methanol 14.4 - - 4 96
Dichloromethane 4 28 - - 72

Time - 24 h, NSB - nitrosobenzene, NB - nitrobenzene, AZO - azobenzene, AZY-
azoxybenzene, aniline - 1 g, H,O, - 1.14 g, catalyst amount - 0.05 g, solvent amount -

10 ml, temperature - 80 oC.
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In acetone, ethanol and methanol, it presents nearly the same activity. However, the
product distribution is substantially different because of the different polarities of the
solvents [5,17]. The conversion of aniline in different solvents follows the order:
acetonitrile (35.4 %) > ethanol (15.2 %) > methanol (14.4 %) > acetone (13.5 %) >
dichloromethane (4 %). Selectivitywise (AZY), the order is methanol (96 %) >
acetonitrile (94 %) > ethanol (86.8 %) > dichloromethane (71.8 %) > acetone (13.8
%). It is important to note that catalytic activity for the oxidation of aniline in
particular solvent depends on the different metals used as catalyst (under similar
condition). Yet the reason for higher activity of the catalyst in acetonitrile medium is
not clearly understood, but there is a common view about formation of peroxyimidates
by reaction of HO,™ with nitriles [18]. This peroxyimidates generates O, very slowly.
Still, it is unknown how the acidity or basicity and polarity of the solvent affect the
interaction of the aniline and H,O; at catalytically active zirconium sites.

Effect of oxidant

The effect of oxidant in the oxidation of aniline was studied with different oxidants
Viz. H;O, and TBHP over Zr-MCM-41 (50). Table 5.3 shows that there is huge
difference in the catalytic activity with H,O, and TBHP. Conversion of aniline with
H,0,; is 35.4 % while with TBHP 3 % only. Furthermore, with TBHP, NSB and AZO
are the main products. This is in accordance with the reports by Neelam et al with
pillared layer titanium catalyst with TBHP as oxidant [19]. But, in case of H,O,, AZY
is the main product (although NSB, NB and AZO are formed in minute fraction). The
low reactivity of the TBHP may be due to low electrophilic character of Zr—

OOC(CH3)3 as compared to Zr—OOH. Indeed, Corma et al pointed out the low activity
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of titanium catalyst with TBHP (as compared to H,O,) in oxidation of cyclohexene is
due to low electrophilic character of Ti—OOC(CHs); [20]. This specifies the
magnificent effect of oxidant on the activity of catalyst and product distribution in the

oxidation of aniline.

Table 5.3. Effect of oxidants on the performance of catalyst [Zr-MCM-41 (50)].

Oxidant Conversion of Selectivity (wt %)
aniline (wt %)  NSB NB AZ0O AZY
H,0, 354 - - 2 98
TBHP 3 42 - 58 -

Time - 24 h, NSB - nitrosobenzene, NB - nitrobenzene, AZO - azobenzene, AZY -
azoxybenzene, aniline - 1 g, H,O, - 1.14 g, TBHP - 1.22 g, catalyst - 0.05 g, solvent -

acetonitrile (10 ml), temperature - 80 oc.

Effect of different zirconium species and its content

Table 5.4 outlined the activity of catalysts. It is clear that whatsoever the
zirconium species AZY (selectivity to AZY more than 93 %) is the major product
from the oxidation of aniline with H,O, as oxidant in acetonitrile medium. The
conversion of aniline over the different catalysts is in the order: Zr-MCM-41 (50)
[35.4 %] > Zt/MCM-41 (50) [23.4 %] > Zr-/MCM-41 [22 %] > Zr-MCM-41 (100) [21

%] > Zr/MCM-41 (100) [15.5 %].
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Table 5.4. Catalytic activity of incorporated, grafted and immobilized zirconium

catalyst in acetonitrile medium for oxidation of aniline.

Catalyst Conversion of Selectivity (wt %)
aniline (Wt %) ~Ngp NB AZO  AZY
Zr-MCM-41 (100) 21 - - 6 94
Zr-MCM-41 (50) 354 - - 2 98
Zr/MCM-41 (100) 15.5 - 1.5 - 98.5
Zr/MCM-41 (50) 23.4 - - - 100
Zr-/MCM-41 22 - - - 100

Time - 24 h, NSB - nitrosobenzene, NB - nitrobenzene, AZO - azobenzene, AZY -

azoxybenzene, aniline - 1 g, H,O, - 1.14 g, catalyst - 0.05 g, temperature - 80 o°c.

It was found that conversion of aniline increases with increase in the zirconium
content in the catalyst. The conversion of aniline of 35.4 % was obtained over Zr-
MCM-41 (50) while Zr-MCM-41 (100) gives 21 %. The same thing was observed
with grafted zirconium [15.5 and 23.4 % conversion of aniline for Zr/MCM-41 (100)
and Zr/MCM-41 (50), respectively; Table 5.4]. It seems that increase in the zirconium
content is accompanied with the increase in the selectivity to AZY. For incorporated
zirconium catalyst, the selectivity to AZY improves from 94 to 98 % as the zirconium
content increases. At the same time, the selectivity to AZO reduced and other products
(NSB and NB) were not identified. In case of Zr/MCM-41 (50) and Zr-/MCM-41,
AZY is only the product. Thus, it is concluded that increase in the zirconium content
have the effect of increase in catalytic activity and selectivity to AZY. It is assumed

that AZO and AZY are formed from the NSB and phenylhydroxylamine (P, not
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found in the reaction mixture). However, the mechanism of forming AZY is very
complex [21].

For diffusion study, the oxidation of aniline was carried out over the zirconium
containing MCM-41 in solvent free media (Table 5.5). No reports were found for the
oxidation of aniline in solvent free media. It is important to note that aniline and H,O,
are highly immiscible so vigorous stirring is needed to expose more boundary surface
at interface of two phases. In perspective of activity of catalyst, zirconium-containing
MCM-41 shows more activity in solvent free media than in solvent (Table 5.4 and
5.5).

This indicates that reaction occurs at the interface of two immiscible liquids
phase. The order of activity of different catalysts in solvent free media was found
same as observed in the acetonitrile medium. It was observed that effect of
phenomenon of diffusion limitation was felt on the distribution of products (NSB, NB,
AZO and AZY in the solvent free medium for oxidation of aniline. However, the
selectivity to AZY in solvent free media was decreased remarkably. It seems that in
solvent free medium once the NSB formed (from the phenylhydroxylamine), NB
formation by further oxidation of NSB is favorable (although selectivity is less). This
can be explained in terms of diffusion limitation. AZO and AZY being the bulky
molecules face the problems of diffusion in solvent free medium and results in the
decrease of selectivity to AZY. Leaching study shows that zirconium species were
well heterogenized in immobilized catalyst in oxidation of aniline (Fig. 5.1). However,

slight leaching was observed in incorporated and grafted catalyst.
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Table 5.5. Catalytic activity of different catalysts in solvent free media for the

oxidation of aniline.

Catalyst Conversion of Selectivity (wt %)
aniline (W %) g~ NB  AZO  AZY
Zr-MCM-41 (100) 25.8 17 12 9.6 61.4
Zr-MCM-41 (50) 37 2.9 20.6 4.1 72.4
Zr/MCM-41 (100) 18 6.7 1.5 8.8 83
Zr/MCM-41 (50) 27 3.8 3.2 8 85
Zr-/MCM-41 36.4 2.2 6 10.8 81

Time - 24 h, NSB - nitrosobenzene, NB - nitrobenzene, AZO - azobenzene, AZY -
azoxybenzene, aniline - 1 g, H,O, - 1.14 g, catalyst - 0.1 g, temperature - 80 oC.
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Fig. 5.1. Leaching study of different catalysts in presence of acetonitrile for the
oxidation of aniline [A] Zr-MCM-41 (50), [B] Zt/MCM-41 (50) and [c] Zr-/MCM-41
(for leaching study, catalyst was removed after 6 h and filtrate was used for the further

reaction).
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5.3.2. Oxidation of aniline over zirconium containing HMS

The catalytic activity of zirconium containing mesoporous HMS was
investigated for the liquid phase oxidation of aniline. The products formed from the
oxidation of aniline were nitrosobenzene (NSB), nitrobenzene (NB), azobenzene
(AZO) and azoxybenzene (AZY) [Scheme 5.1]. Oxidation of aniline can be studied
with oxidant either H,O, or TBHP. However, the results with H,O, are more
impressive than with TBHP. Liquid phase oxidation of aniline was carried out in
solvent and without solvent (Table 5.6 and 5.7) at 80 OC. The blank reaction (without
the catalyst) was carried out under similar conditions. But, the conversion of aniline

obtained was 2.5 % only with poor selectivity to AZY (60 %).

Table 5.6. Catalytic activity of incorporated grafted and immobilized zirconium

catalyst in acetonitrile for the oxidation of aniline.

Catalyst Conversion of Selectivity (wt %)

aniline (Wt %) ~NsB NB AZO  AZY
Zr-HMS (100) 27.0 - - 4.2 95.7
Zr-HMS (50) 42.2 - - 1 99
Zr/HMS (100) 16.9 - - - 100
Zr/HMS (50) 28.2 - - - 100
Zr-/HMS 33 - 0.8 1 98.2
Blank 2.1 5 12 23 60

Time - 24 h, NSB - nitrosobenzene, NB - nitrobenzene, AZO - azobenzene, AZY -
azoxybenzene, aniline - 1 g, H,O, - 1.14 g, catalyst - 0.05 g, temperature - 80 °c.
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Table 5.7. Catalytic activity of different catalysts in solvent free media for the

oxidation of aniline.

Catalyst Conversion of Selectivity (wt %)

aniline (wt %)  NSB NB AZO AZY
Zr-HMS (100) 25.7 1.0 2.5 7.0 89.5
Zr-HMS (50) 36.3 - 34 4.7 91.9
Zr/HMS (100) 17.2 0.7 1.3 5.0 93.0
Zxr/HMS (50) 27.9 - 2.0 4.1 93.9
Zr-/HMS 38.1 1.4 3.6 6.1 88.9

Time - 24 h, NSB - nitrosobenzene, NB - nitrobenzene, AZO - azobenzene, AZY -

azoxybenzene, aniline - 1 g, H,O, - 1.14 g, catalyst - 0.1 g, temperature - 80 oC.

It has been found that conversion of aniline is increasing with the increase of
zirconium content irrespective of other parameters (synthesis method, whether carried
out in solvent or absence of solvent, etc.). Nevertheless, the conversion of aniline over
TS-1 catalyst was not increased as pointed out by Tuel et al [21]. Over Zr-HMS (100)
catalyst, NSB (3.4 % selectivity) was identified along with AZO and AZY. However,
it was disappeared over Zr-HMS (50). Also, the selectivity to AZO was found
decreased. Scheme 5.1 makes it clear that NSB is consumed for the formation of AZO,
after condensation with aniline, which in turn further oxidized to AZY. This explains
the fall of selectivities to NSB and AZO over Zr-HMS (50) when it is compared with
Zr-HMS (100). From Table 5.7, it is explicitly seen that over zirconium grafted HMS
catalyst oxidation of aniline gives only AZY without any identification NSB and

AZO. Yet the exact reason behind 100 % selectivity to AZY over zirconium grafted
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HMS is not known. Zirconium immobilized HMS catalyst offers very good
conversion of aniline (33 %) with high selectivity of 98.2 % to AZY. Over these
zirconium catalysts, the oxidation of NSB to NB has not been observed. Over
immobilized catalyst, it was formed partially. The reason may be that zirconium
catalyst is mildly acidic that can facilitate the condensation of NSB with the aniline.
Thus, it is concluded that increase in the zirconium content have the effect of increase
in catalytic activity and selectivity to AZY. It is assumed that AZO and AZY are

formed from the NSB and phenylhydroxylamine.

60
1 | —a—2zr-HMS (100)
55+ | —w—2r-HMS (50)
{ | —&—2zrHmS (100)
__ 50 | —4—2Zr-HMmS (50)
X | | -»>—2zrHMS
T 45-
2 a0 ’
E J
@ 35-
S - —
o 1 > >
c 30
o — < "
[
5 25-
> ]
S 20
o |
" //
10+
T T T T T T T T T T
8 12 16 20 24
Time (h)

Fig. 5.2. Conversion of aniline Vs time over zirconium containing HMS in
acetonitrile.

Fig. 5.2 indicates that the catalyst is prone to deactivation. However, after 6 h, the
conversion of aniline over Zt/HMS (50) and Zr-/HMS remains almost constant. The

deactivation of the catalyst with the progress of the reaction may be caused due to
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adsorption of the products on the surface and thereby blocking the active zirconium
sites. The mechanism of forming AZY is very complex [21,22].

For diffusion study, the oxidation of aniline was carried out over the zirconium
containing HMS in solvent free media (Table 5.7). No reports were found for the
oxidation of aniline in solvent free media. It is important to note that aniline and H,O,
are highly immiscible and vigorous stirring is needed to expose more boundary
surface at interface of two phases. It was observed that effect of phenomenon of
diffusion limitation was felt on the distribution of products (NSB, NB, AZO and AZY
in the solvent free medium for oxidation of aniline. The selectivity to AZY in solvent
free media was decreased remarkably. It seems that in solvent free medium once the
NSB is formed (from the phenylhydroxylamine), NB formation by further oxidation of
NSB is favorable. In this case, formation of AZO seems substantial since its

overoxidation to AZY was slightly altered by diffusion limitation.
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5.3.3. Oxidation of Styrene over Zirconium containing MCM-41

Liquid phase epoxidation of styrene was carried out over zirconium containing
MCM-41 catalysts with 30 % H,0O, oxidant. Styrene oxide (SO) and benzaldehyde
(BZ) were the two main products in the oxidation of styrene (Scheme 5.2). The other
products viz. phenylacetaldehyde (PA), phenyl acetic acid and benzoic acid were
found under certain reaction conditions.

Table 5.8 shows the performance of zirconium containing MCM-41 catalysts
in acetonitrile medium. When H,O, was used, only SO and BZ were identified.

However, with TBHP, PA was also reported in addition to the above two mentioned

products.
CH=—CH, CH CHO
© — E) Ej
styrene benzaldehyde styrene oxide phenyl actaldehyde

Scheme 5.2. Oxidation of styrene

It is found that catalytic activity of zirconium containing MCM-41 is increased
with the increase in the zirconium content. Subsequently, the selectivity to SO
decreased. Table 5.8 shows the catalytic activity is in the order Zr-MCM-41 (50) > Zr-
/MCM-41 > Zt/MCM-41 (50) > Zr-MCM-41 (100) > Zr/MCM-41 (100). However,
with TBHP its order is Zr-MCM-41 (50) > Zt/MCM-41 (50) > Zr-/MCM-41 > Zr-
MCM-41 (100) > Zr/MCM-41 (100). This clearly suggests that, incorporated

zirconium species are more active in the oxidation of styrene than grafted and
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immobilized species. The formation of PA when TBHP was used is quite interesting.
It seems that once styrene oxide formed undergoes rearrangement reactions to form

PA [13-15].

Table 5.8. Catalytic activity of zirconium containing MCM-41 in acetonitrile medium

for liquid phase oxidation of styrene.

Catalyst Oxidant STY conv. Product distribution (wt %)
(Wt %) SO BZ PA
Zr-MCM-41 (100) H,0, 8 38.2 61.8 -
Zr-MCM-41 (50) H,0, 14.4 23.7 76.3 -
Zr/MCM-41 (100) H,0, 4.9 36.8 63.2 -
Zr-MCM-41 (50) H,0, 9.2 32.1 67.8 -
Zr-/MCM-41 H,0, 11 30 70 -
Zr-MCM-41 (100) TBHP 9.9 32 50 18
Zr-MCM-41 (50) TBHP 18.6 27.2 43.5 29.3
Zr/MCM-41 (100) TBHP 8.2 30.1 51.1 18.8
Zr-MCM-41 (50) TBHP 15 24 44 32
Zr-/MCM-41 TBHP 12.9 33 52 15

STY - styrene, SO - styrene oxide, BZ - benzaldehyde, PA - phenyl acetaldehyde,
Reaction condition: catalyst amount - 0.05 g, temperature — 75 °C, solvent -

acetonitrile, styrene: oxidant - 1:1, time - 6 h.

Furthermore, the cleavage at the double bond of styrene takes place to form BZ
[23]. Dumitriu et al proposed the formation of BZ by cleavage of SO also [24]. The
decrease in the selectivity to SO with increasing zirconium content is more probably

due to its tendency to form BZ. It appears that being TBHP is having bulky C(CHj3)3
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group, probably it exerts steric hindrance for the styrene to reach at the catalytic active
sites or partially inhibiting the cleavage of SO to form BZ. This results in the decrease
of selectivity to BZ. However the mechanism of cleavage and rearrangement of
styrene oxide is controversial. With TBHP, these two reactions (cleavage and
rearrangement of styrene oxide) are competitive to each other and the formation of PA
occurs is supposed to occur at the cost of BZ (probably the cleavage of styrene oxide).

In the absence of solvent, the oxidation of styrene with H,O, suffers from the
decomposition of hydrogen peroxide and leads to very poor performance of the
catalyst [25]. Incorporated and immobilized zirconium species in the absence of
solvent leads to very low selectivity of SO (Table 5.9). However, the extraframework
species gives only BZ. Phenylacetaldehyde was not identified in the oxidation of
styrene in absence of solvent.

It seems that very low selectivity may arise from the acidity of the zirconium
in the absence of solvent, responsible for the decomposition of H,O, [26]. With
TBHP, even in absence of solvent, remarkable conversion was found but the
disadvantage is that overoxidation products of benzaldehyde and phenylacetaldehyde
to benzoic acid and phenyl acetic acid are formed, respectively.

Role of solvent is one of the important features in the oxidation of styrene for
better selectivity to styrene oxide. Among the solvents: acetonitrile, acetone,
dimethylformaide, ethanol, methanol, dichloromethane studied, catalytic activity was
observed in acetonitrile and acetone only (Table 5.10). However, it does not seem
correlation of the role of polarity of the solvent with the catalytic activity in case of

zirconium catalyst with H,O, for the oxidation of styrene. Still, it is unclear why these
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zirconium catalysts are more active in acetonitrile solvent. Probably, acetonitrile may

be partly neutralizing the acidity of the zirconium species.

Table 5.9. Catalytic activity of zirconium containing MCM-41 in solvent free media

for liquid oxidation of styrene.

Catalyst Oxidant STY conv. Product distribution (wt %)
(Wt %) SO BZ PA  Others

Zr- MCM-41 (100) H,0, 1.2 7 93

Zr- MCM-41 (50) H,0, 23 4 96

Zr/ MCM-41 (100) H,0, 0.8 - 100

Zr/ MCM-41 (50) H,0, 1.9 - 100

Zr-/ MCM-41 H,0, 0.8 5 95

Zr- MCM-41 (100) TBHP 10 26 45 14 15

Zr- MCM-41 (50) TBHP 15 21 41.5 17 20.5

Zr/ MCM-41 (100) TBHP 19 25 53 11 11

Zr/ MCM-41 (50) TBHP 23 19 45 11.9 24.1

Zr-/ MCM-41 TBHP 17 25 52.5 24.5 8

STY - styrene, SO - styrene oxide, BZ - benzaldehyde, PA - phenyl acetaldehyde,
Reaction condition: catalyst amount - 0.05 g, temperature — 75 °C, styrene: oxidant -

1:1, time - 6 h.

The oxidation of styrene is mostly carried out with high molar ratio of styrene:H,O,
(1:3). From the Table 5.11, it is clear that catalytic activity increased, but selectivity to
styrene oxide decreased. However, the reaction suffers from the overoxidation of
benzaldehyde and phenylacetaldehyde to form benzoic acid and phenyl acetic acid,

respectively. These overoxidation products were not observed when 1:1 ratio of
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styrene:H,O, used. Moreover, it is observed that with 1:3 ratio of styrene:H,O, has

effect on the decrease of selectivity to styrene oxide.

Table 5.10. Effect of different solvent on the performance of the catalyst [Zr-MCM-

41 (50)] in oxidation of styrene.

Solvent STY conv. Product distribution (wt %)
(Wt %) SO BZ PA

Acetonitrile 14.4 23.7 76.3 -

Acetone 8.5 20 80 -

STY - styrene, SO - styrene oxide, BZ - benzaldehyde, PA - phenyl acetaldehyde,
Reaction condition: catalyst amount - 0.05 g, temperature — 75 °C, solvent -

acetonitrile, styrene:H,O,- 1:1, time - 6 h.

Table 5.11. Catalytic activity of zirconium containing MCM-41 in acetonitrile

medium for liquid oxidation of styrene with 1:3 ratio of styrene:H,O,.

Catalyst STY conv. Product distribution (wt %)

(Wt %) SO BZ PA Others
Zr-MCM-41 (100) 12.5 19.3 70.6 24 12.3
Zr-MCM-41 (50) 20 15 64.1 59 23
Zr/MCM-41 (100) 7.5 17 66.3 2.7 14
Zr-MCM-41 (50) 13 11 60.9 3.1 25
Zr-/MCM-41 15.8 22 63 2 13

STY - styrene, SO - styrene oxide, BZ - benzaldehyde, PA - phenyl acetaldehyde,
Reaction condition: catalyst amount - 0.05 g, temperature — 75 °C, solvent -

acetonitrile, time - 6 h.
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Fig. 5.3 shows that zirconium immobilized catalyst in the styrene oxidation (Zr-
/MCM-41) behaves heterogeneously since no leaching was observed. Zr-MCM-41

(50) and Zr/MCM-41 (50) shows slight leaching.

—=— Fresh catalyst A —#— Fresh catalyst B
—e— After filtration —o— After filtration

Styrene Con. (wt %)
Styrene Con. (wt %)

12 3 a4 5 6 7 12 3 a 5 6 71
Time (h) Time (h)

—u— Fresh catalyst C
—o— After filtration

Styrene Con. (wt %)

Time (h)
Fig. 5.3. Leaching study of different catalysts in presence of acetonitrile for the
oxidation of styrene [A] Zr-MCM-41 (50), [B] Zt/MCM-41 (50) and Zr-/MCM-41

(for leaching study, catalyst was removed after 2 h and filtrate was used for the further

reaction).
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5.3.4. Oxidation of Styrene over Zirconium containing HMS

Liquid phase epoxidation of styrene was carried out over zirconium containing
HMS catalysts with 30 % H,O, oxidant. Styrene oxide and benzaldehyde are the two
main products in the oxidation of styrene (Scheme 5.2). The other products viz.
phenylacetaldehyde, phenyl acetic acid and benzoic acid were found with certain
reaction conditions.

Table 5.12 summarized the catalytic activity of the zirconium containing HMS
in acetonitrile (with H;O, and TBHP) for the oxidation of styrene at 80 OC. It has been
observed that nature of the oxidant has effect on the product distribution in styrene
oxidation. The catalytic activity was found increasing with the increase of zirconium
content (whether it is incorporated or grafted species). However, this trend is
accompanied with decrease in selectivity to SO. Among the incorporated, grafted and
immobilized zirconium species, zirconium in the framework was observed
catalytically more active. With H,O,, styrene oxide (SO) and benzaldehyde (BZ) are
the only products. In acetonitrile with H,O,, the order of catalytic activity of
zirconium containing HMS was Zr-HMS (50) > Zr-/HMS > Zr-HMS (100) > Zr/HMS
(50) > Zr/HMS (100). The highest conversion of styrene (19.5 %) with H,O, was
obtained over Zr-HMS (50) with 27.8 % selectivity to SO. The highest selectivity to
SO was found over incorporated zirconium catalyst followed by immobilized and

grafted zirconium catalyst, respectively.
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Table 5.12. Catalytic activity of zirconium containing HMS in acetonitrile medium for

liquid phase oxidation of styrene.

Catalyst Oxidant  STY conv. Product distribution (wt %)
(Wt %) SO BZ PA
Zr-HMS (100) H,0, 12.2 33 67 -
Zr-HMS (50) H,0, 22 21 79 -
Zr/HMS (100) H,0, 55 19 81 -
Zr/HMS (50) H,0, 9.8 13 87 -
Zr-/HMS H,0, 14.5 23 77 -
Zr-HMS (100) TBHP 11 30 55 15
Zr-HMS (50) TBHP 19.8 20 36 27
Zr/HMS (100) TBHP 9.5 28 52 20
Zr/HMS (50) TBHP 14 21 42 37
Zr-/HMS TBHP 16 27 48 25

STY - styrene, SO - styrene oxide, BZ - benzaldehyde, PA - phenyl acetaldehyde,
Reaction condition: catalyst amount - 0.05 g, temperature — 75 °C, solvent -
acetonitrile, styrene: oxidant - 1:1, time - 6 h.

However, it depends on the metal e.g. framework niobium ions located in the
framework have been found more active for the formation of BZ than extraframework
species [27], Iron species in the framework of MCM-41 were more active for the
epoxidation of styrene in compare with extraframework species [23]. Oxidation of
styrene using TBHP as oxidant results in formation of PA (which was not observed
with H,0,), in addition to SO and BZ. Furthermore, the selectivity PA was found
increasing with the zirconium content and it is highest over the grafted zirconium

catalyst. It seems that PA formation occurs more at the cost of BZ.

Ph. D. Thesis, University of Pune, September 2007 171



CHAPTER 5

Reactions over Zr containing MCM-41 and HMS

The oxidation of styrene with H,O; at the same temperature but in absence of

solvent over zirconium catalyst materialized into very low conversion of styrene

(Table 5.13). Low conversion of styrene is attributed to rapid decomposition of H,O,

because of acidic sites accompanied with the zirconium. BZ shows dominance with

this reaction condition. Moreover, the oxidation of styrene with TBHP in absence of

solvent over zirconium catalyst ushers good conversion (even more than that carried

out in acetonitrile under similar condition, Table 5.12 and 5.13). In this case, no such

rapid decomposition of TBHP was found in absence of solvent.

Table 5.13. Catalytic activity of zirconium containing HMS in solvent free media for

liquid oxidation of styrene.

Catalyst Oxidant  STY conv. Product distribution (wt %)
(Wt %) SO BZ PA Others

Zr-HMS (100) H,0, 1.4 9.3 90.7
Zr-HMS (50) H,0, 29 7.6 92.4
Zr/HMS (100) H,0, 0.8 - 100
Zx/HMS (50) H,0, 1.6 - 100
Zr-/HMS H,0, 2.5 7 93
Zr-HMS (100) TBHP 18 27 47 13 13
Zr-HMS (50) TBHP 28 21 41 15 23
Zr/HMS (100) TBHP 20.0 22.4 48.5 19 10.1
Zx/HMS (50) TBHP 25.6 18.2 40 13.1 28.7
Zr-/HMS TBHP 20.0 22 41 26.5 10.5

STY - styrene, SO - styrene oxide, BZ - benzaldehyde, PA - phenyl acetaldehyde,

Reaction condition: catalyst amount - 0.05 g, temperature — 75 oC, styrene: oxidant -

1:1, time - 6 h.
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Reaction mechanism for the formation of styrene oxide

We have shown the plausible mechanism for the formation of SO via free radical
mechanism (Scheme 5.3). The formation of BZ from styrene can occur by two
different ways. One possible pathway is the oxidation of the side chain, which causes
breaking of the C=0 to form the BZ. Other way to form BZ from styrene is by
epoxidation reaction to form SO which further forms BZ in the presence of peroxide.
Two different pathways may occur parallel. It is not understood why SO rearranges to
PA when TBHP was used as oxidant. But, it seems that C(CHj3); formed from TBHP
might be useful in the ring opening of the SO and thus facilitating the rearrangement
of SO to PA. The rearrangement of SO was observed over TS-1 catalyst with H,O,
[15]. However, it is worth to mention that electronic effect of titanium and zirconium

played in the reaction may be different.

\{ \¢

PN H=CH, PN oH

—O0—2Zr-00" + —_— —Oio\/zr—oo/ N H—
/

/ /
A F

om)
v
(n + é - |

Scheme 5.3. Plausible mechanism of formation of styrene to styrene oxide by radical

mechanism
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6.1. Summary

The present thesis gives an account of
(1) Syntheses of cobalt and zirconium containing mesoporous silica, MCM-41 and
HMS.
(2) Characterization of these metal containing mesoporous silica materials.
(3) Potential catalytic application of these materials in selective oxidation and

epoxidation reaction.

Chapter 1 presents general introduction pertaining to different types of mesoporous
silica materials and various physico-chemical aspects of mesoporous silica materials.
The different characteristic properties of these materials, formation mechanism,
synthesis parameters, various routes of introducing the metal in mesoporous silica,
characterization and application as supports for different catalytically active
transformations are discussed in brief.

Chapter 2 describes the synthesis of cobalt containing MCM-41 and HMS by direct
substitution method, grafting method and by immobilization method with different
cobalt content. The catalysts are characterized by powder XRD, N, sorption isotherms,
SEM and TEM, XPS, FT-IR and UV-Vis spectroscopy.

Chapter 3 describes the catalytic potential of cobalt containing MCM-41 and HMS
for the liquid phase oxidation of ethylbenzene and diphenylmethane using aqueous
hydrogen peroxide (H,O,) and ter. Butyl hydroperoxide (TBHP) as oxidant. The
reactions are studied with different reaction parameters like temperature, solvents,

oxidants etc.
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Chapter 4 describes the synthesis of zirconium containing MCM-41 and HMS by
direct substitution method, grafting method and by immobilization method with
different zirconium content. The materials are characterized by powder XRD, N,
sorption isotherms, SEM and TEM, FT-IR and UV-Vis spectroscopy.

Chapter 5 describes the catalytic application of zirconium containing MCM-41 and
HMS for the oxidation of aniline and styrene using hydrogen peroxide (H,O;) and ter.
Butyl hydroperoxide (TBHP) as oxidant. The role of different catalytic species and the

effect of solvents on the distribution of products are studied in detail.

6.2. Conclusion

6.2.1. Synthesis and Characterization

% Powder XRD diffraction pattern of the metal (cobalt and zirconium) containing
mesoporous MCM-41 and HMS confirms mesoporous structure of the
materials. The shift of (100) peak to lower 20 angle (than pure MCM-41 and
HMS) in metal substituted MCM-41 and HMS reveals the incorporation of
metal in the framework. The lack of higher order reflection peak in XRD
pattern after immobilization indicates the reduction in the ordering of the
mesoporous channels.

% Mesoporosity of the metal (cobalt and zirconium) containing mesoporous
MCM-41 and HMS materials were also confirmed from steep rise in the
adsorbed volume (of N, gas) in the N, sorption isotherms.

% Increasing intensity of the band at 960 cm™', with the increase of metal content,

in the FT-IR spectra of the metal (cobalt and zirconium) substituted MCM-41
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and HMS is indicative of incorporation of the metal ion in the framework of
mesoporous silica. In immobilized samples, the presence of peak at 2927 and
2854 cm™ indicate the successful linking of trimethoxy propyl amine silane on
the wall of silica.

% The morphology of the metal (cobalt and zirconium) containing MCM-41 was
observed distorted hexagonal. Metal (cobalt and zirconium) containing HMS
showed wormhole like morphology.

% Mainly, tetrahedral and octahedral Co(Il) was found present in the cobalt
containing MCM-41 and HMS as evidenced from the UV-Vis spectra of the
materials. However, in the grafted and immobilized samples, octahedral Co(II)
species are predominant. In zirconium substituted MCM-41 and HMS, the
absorption around 210 nm indicate the presence of tetrahedral Zr (IV)
suggesting the incorporation of zirconium. The assignment of the absorptions
in the range of 240-350 nm in the UV-Vis spectra of zirconium containing
samples is subject to debate because of absence of reliable data, however, it

may be due to presence of polymeric zirconium (Zr-O-Zr).

6.2.2. Catalysis

Oxidation of Ethylbenzene

% Oxidation of ethylbenzene shows good performance in solvent free media
using TBHP as oxidant over cobalt containing mesoporous MCM-41 and

HMS.
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*0

In solvent free media, the selectivity to acetophenone was found more than in
solvent media.

Higher ratio of TBHP:Ethylbenzene does not result in increase of catalytic
activity.

Among the solvent studied for the oxidation of ethylbenzene, performance of
the cobalt containing MCM-41 and HMS was found good with acetonitrile.
The immobilized cobalt catalyst was found highly selective to acetophenone.
Leaching study shows that immobilized cobalt catalyst is less prone for

leaching.

Oxidation of Diphenylmethane

X/
A X4

Cobalt containing MCM-41 and HMS are active in the oxidation of
diphenylmethane using TBHP as oxidant.

With acetonitrile as solvent, the conversion of diphenylmethane was found
more with 100 % selectivity to benzophenone.

In solvent free media, conversion of diphenylmethane has been reduced. Also,
the selectivity to benzophenone was decreased due to the formation of side
products like hydroxylated derivative of benzophenone.

The catalytic activity of cobalt immobilized on MCM-41 and HMS was found
significant than grafted and incorporated cobalt catalyst.

Cobalt grafted and incorporated catalyst shown leaching. Immobilized cobalt

catalyst has been found stable for leaching.
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Oxidation of Aniline

Zirconium containing MCM-41 and HMS has performed well in the oxidation
of aniline using aq. H,0, as oxidant with azoxybenzene as the major product.
With TBHP, the activity of the catalyst was found insignificant.

In absence of solvent, though the catalytic activity increased, it has adverse
effect on the selectivity to azoxybenzene.

Highest conversion of aniline and selectivity (more than 94 %) has been found
in acetonitrile.

Incorporated zirconium catalyst was found more active than grafted and

immobilized zirconium catalyst.

Oxidation of styrene

X/
A X4

The catalytic activity of the zirconium containing MCM-41 and HMS in
oxidation of styrene was found restricted by the acidity associated with these
catalysts.

With H,O; as oxidant, only styrene oxide and benzaldehyde were identified.
However, with TBHP, phenylacetaldehyde (the rearranged product of styrene
oxide) was formed in addition to styrene oxide and benzaldehyde.

In solvent free media, the decomposition of H,O, has been main problem
which result into negligible catalytic activity of zirconium containing MCM-41
and HMS.

With 1:3 ratio of styrene:H,O,, conversion of aniline has increased with

subsequent decrease in selectivity to styrene oxide.
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