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1.1 . Catalysis 

 Catalysis is a process in which the chemical reactions are facilitated by mere presence 

of catalysts and plays a vital role in nature and society since almost every reaction requires a 

catalytic material [1]. Catalysts are substances that facilitate a chemical reaction by lowering 

the energy barrier of the reaction pathway and thus increasing the reaction rate [2]. Three 

groups of materials can be recognized as catalysts on the basis of nature of the substances: 

homogeneous catalysts, bio-catalysts (e.g. enzyme), and heterogeneous catalysts. The 

description of a catalyst as homogeneous or heterogeneous, generally taken to refer to its 

phase relative to that of substrate, is equally applicable to the structural anisotropy of the 

active site. Homogeneous catalysts, mainly soluble transition metal complexes do offer a 

potentially well-defined metal environment, which translates into greater selectivity in the 

transformations effected at the metal center [3]. Rapid developments in homogeneous 

catalysts can accrue because soluble catalyst systems are much more amenable to study than 

bulk metals: the ability to monitor molecular changes in organo-metallic complexes enables a 

level of mechanistic understanding which remains without parallel in the long established 

field of heterogeneous catalysis [4]. Bio-catalytic methods based on enzyme catalysis, 

originally limited to the production of natural microbial metabolites, have expanded greatly in 

the last decade, to encompass synthesis not only of natural and unnatural products of opposite 

configuration, but of chiral synthons for use in building up novel chemical entities [5]. Porous 

solids (zeolites, charcoal, etc.), layered silicate sheets (clays), layered metal oxides (sulfated 

zirconia, tungstated zirconia, etc.), and bulk metal oxides (spinels, MgO, etc.), heteropoly 

acids are some of the well-known heterogeneous catalysts [6-10]. Table 1 gives general 

classification of heterogeneous catalysts and their corresponding applications.  
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Table 1.1 General classification and application of heterogeneous catalysts. 

Class of catalysts Examples Applications 

Metals (supported-mono, bi-, 
multi-metallic), alloys, etc., 

Pt, Pd, Rh, Ni, Fe, Co, Cu, 
Ag, etc., on SiO2, Al2O3, 
activated carbon, and others. 

Hydrogenation-
dehydrogenation, 
aromatization, oxidation. 

Metal oxides (amorphous and 
crystalline) and mixed metal 
oxides (acidic or basic or 
redox) 

MgO, CuO, SiO2-Al2O3, 
zeolites, mesoporous metal 
oxides, AlPOs, SAPOs, 
oxides of Bi-Mo, Fe-Mo, 
perovskites, spinels, fluorites 

Alkylation, acylation, 
cracking, isomerization, 
oxidation, disproportionation, 
dehydration-hydration, 
ammoxidation, amination. 

Metal sulfides (supported) Co-Mo, Ni-Mo, Ni-W on 
Al2O3, SiO2 or other 
supports. 

Hydrodesulfurisation, 
hydrotreating, hydrogenation 

Metal salts Zr3(PO4)4, ZnS, LaPO4, 
sulfates, carbonates. 

Etherification, amination 

Ion-exchange resins Nafion-H, amberlyst resins Etherification, dehydration-
hydration, esterification 

Heteropolyacids (supported) H3PW12O40, H3Pmo12O40, 
H4SiW12O40 

Acid catalyzed reactions, 
oxidation condensation 

Clays and pillared clays, 
hydrotalcites. 

Kaolinite, K-10 
Montmorillonite, Al-pillared 
montmorillonite 

Acid-catalyzed reactions, 
cracking, alkylation, nitration 

Immobilized enzymes Aspartase, nitrilase, amilase Hydration, amination 

Metal complexes (supported 
or encapsulated) 

Metal porphyrins, salens and 
pthalocyanins) 

Selective oxidation 

 

They are either highly crystalline or amorphous in nature. According to the inherent size of 

the pores or voids the substances possess, the materials are further divided into three types: 

Microporous (pore size ca. 0.3-2 nm), mesoporous (pore size ca. 2 –20 nm) and macro porous 

(pore size >20 nm). Microporous materials include zeolites, clays, and sulfated metal oxides 

and mesoporous materials (M41S family, SBA family) are both academically and industrially 

interested and as the pores are small enough to sieve the molecules of certain molecular 

diameter these materials are called as molecular sieves. Table 2 typically lists some zeolites 
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and molecular sieves with variable pore sizes, mostly in the microporous range prior to the 

discovery of MCM-41 [11]. 

Table.1.2 Pore size definition of zeolites and molecular sieves 

Pore size 
(Å) 

Definition Typical material Ring 

size 

Pore diameter 

(Å) 

References 

>500 macroporous     

20-500 mesoporous MCM-41  15-100 73, 74 

microporous  

cloverite 20 6.0 x 13.2 11a 

JDF-20 20 6.2 x 14.5 11b 

VPI-5 18 12.1 11c 

Ultralarge 

pore 

AlPO4-8 14 7.9 x 8.7 18 

faujasite 12 7.4 15 

beta 12 7.6 x 6.4 30 

mordenite 12 6.7 x 7.0 17 

AlPO4-5 12 7.3 18 

Large pore 

ZSM-12 12 5.5 x 5.9 16 

ZSM-48 10 5.3 x 5.6 16 Medium pore

ZSM-5 10 5.3 x 5.6; 5.1 x 

5.5 

16 

CaA 8 4.2 15 

<20 

Small pore 

SAPO-34 8 4.3 19 

 

It is estimated that molecular sieves are responsible for the production of more than 85% of 

all bulk chemicals as well as intermediates and fine chemicals, and for the destruction of 

pollutants, such as NOx and chlorinated hydrocarbons [12]. Fine chemicals are synthesis 

products aimed at chemical uses as intermediates in the manufacturing of various chemical 

substances such as pharmaceuticals, flavors, essences, agro-chemicals and detergents etc. 
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Among the solid acid-base catalyst that are employed in various industrial processes for the 

production of fine chemicals zeolite catalysts represent 45% in different processes such as for 

alkylation, acylation, amination, cracking, etherification, esterification, condensation 

reactions etc.  

 

1.2 . Zeolites: General introduction and historical development 

 Zeolite [in Greek “zeos” and “lithos”, meaning “boiling stones”] group of minerals 

was discovered in 1756 and named by the Swedish mineralogist Baron Cronstedt [13]. 

Zeolites are ordered porous crystalline aluminosilicates having a definite crystalline structure 

within which there are a large number of small cavities, which may be inter connected by a 

number of still small channels or pores [14]. These cavities and pores are uniform in size 

within a specific zeolite material. Zeolites are having regular, well-defined channel structures 

and micro pores (4-14Å) with high surface area (~700 m2/g) and adsorption capacity with 

controllable adsorption properties. Since the dimensions of these pores are such as to accept 

for adsorption molecules of certain dimensions while rejecting those of large dimensions, 

these materials are known as “microporous molecular sieves” and are utilized in a variety of 

ways to take advantage of these properties. Synthetic zeolites are used commercially more 

often than mined natural zeolites, due to the purity of the crystalline products, the uniformity 

of particle sizes, which usually can be accomplished in manufacturing facilities, and the 

relative ease with which syntheses can be carried out using rather inexpensive starting 

materials. They are widely used as ion exchangers and sorbents in hydrocarbon conversion 

catalysis and separations. Zeolites are highly thermal and mechanical stable for better 

industrial application. The diversity of interest in zeolite chemistry has been fueled by the 

economic rewards of industrial applications of zeolites, by ongoing development in synthesis 
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procedures, and by the application of new techniques to zeolite characterization especially by 

X-ray diffraction. Many of these zeolites have come to be designated by letter or other 

convenient symbols, as illustrated by zeolite A, X, and Y [15], zeolite ZSM-5, ZSM-12, 

ZSM-48 [16], zeolite mordenite [17], merely to name a few. Crystalline structures of the 

zeolite type but containing tetrahedrally coordinated Si, Al, P as well as transition metals and 

many group elements with the valence ranging from I to V such as, B, Ga, Fe, Cr, Ti, V, Mn, 

Co, Zn, Cu, etc., have also been synthesized with the generic name of zeotype, including 

AlPO4, SAPO, MeAPO, and MeAPSO type molecular sieves [18-20] 

 

1.3 . Zeolites: Structural and compositional aspects 

 Molecular sieve zeolites are crystalline aluminosilicates constructed from (SiO4)4- and 

(AlO4)5- tetrahedra that share vertices. Consequently, the crystalline framework has net 

negative charge due to the presence of alumina tetrahedral, which must be compensated by 

associated cations, e.g., Na+, K+, Ca2+, H+, NH4
+, etc. The individual tetrahedra are always 

close to regular, but because the shared oxygen linkage can accommodate T-O-T angles [T, 

tetrahedral species (silicon or aluminum)] from 130° to 180°, they can be combined into a 

variety of framework structures. These tetrahedra are coordinated such that the zeolites have 

regular, open framework structures resulting in a high surface area.  Access to the interior of 

zeolite crystals is controlled by windows of peripheral oxygen atoms. In practical zeolite 

catalysis, these windows involve eight, 10 or 12 oxygens. Window dimensions depend on the 

structure of the zeolite. For example, the elliptical 12-rings of mordenite differ from the more 

symmetrical rings of zeolite X. Both the size and shape of windows can influence access to 

the interior of zeolite crystals, as can counter-ions (cations). The active sites of zeolites are 

predominantly inside the pores and cavities of the zeolite and can be either intra or extra-
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framework species. The strength and concentration of these sites can also be tailored to a 

specific application [21].  

1.4 . Acid properties of zeolites 

 
1.4.1. Brønsted acid sites 

Pure siliceous zeolites are electrically neutral. By replacing silicon (tetrahedrally 

coordinated with oxygen atoms) having a formal charge of 4+
 in the zeolite lattice with 

aluminum (formal charge 3+) a negatively charged tetrahedron is created. The negative charge 

is balanced by a cation either NH4
+, alkali cations like Na+, K+

 or H+ ions. The protons are 

formally assigned as bonded to the bridging oxygen of a Si-O-Al bond to form hydroxyl 

groups that act as strong Brønsted acids at the solid/gas interface. The overwhelming 

evidence is that hydroxyls within the zeolite channels provide the active Bronsted sites [22]. 

These are usually prepared via ammonium ion exchange:  

 

 

They are also prepared via hydrolytic process involving water coordinated to polyvalent 

cations: 

This generates protonic sites within the zeolite. In silica rich zeolites, where acids do not 

destroy the structure, the hydrogen forms (HZ) can be prepared by direct exchange of Na+ by 

H+ using mineral acids. Brønsted acid sites will have acid strength, which depends on their 

environment, i.e. depending on chemical composition and the structure of the zeolite [23]. 

The local environment of the acid site in a molecular sieve is determined by the structure, i.e. 

the coordination of the TO4 tetrahedra in the framework (topology). This leads to different 

amounts of topologically different T sites, i.e. sites in tetrahedral position. In this way, LTL 

zeolites would have two, MOR four and MFI twelve different T sites [24], while FAU 

NaZ+NH4
+(aq) NH4Z+Na+(aq)

NH4Z NH3(g)+HZ

M(H2O)n+  MOH (n-1)+ + H+
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structures have no inequivalent T sites. These different tetrahedral positions differ in T-O-T 

bond angles and T-O bond lengths [25,26]. 

 

Bronste sites 

 

 

Lewis sites 

 

 

1.4.2. Lewis acid sites 

 Lewis acid sites (electron pair acceptor sites) are related to the formation of positively 

charged oxide clusters or ions within the porous structures of the zeolites. These species are 

typically alumina or silica/alumina, formed by extraction of aluminum from the lattice, or 

metal ions exchanged for the protons of acid sites. The former type of Lewis acidity, i.e. 

aluminum oxide clusters containing alumina in octahedral and tetrahedral coordination will 

usually be a stronger Lewis acid than exchangeable metal cations (“true” Lewis acids) [27].  

 

 

‘True Lewis site’ 

 

Lewis acid sites are acting also as hydride (or anion) receptors in a variety of reactions.  

 
1.4.3. Zeolite beta 

Zeolite beta, a high silica, large pore crystalline aluminosilicate material first 

synthesized by Wadlinger et al in 1967 [28], possesses an intergrowth of two or three 

polymorphs having a three-dimensional system of inter connected 12 membered ring channels 

Si Si SiAl

O O O O
(C)

(AlO)+

Si Al Si SiAl

O O O O O O
H+ H+

(A)

Si Al Si SiAl

O O O O O
(B)

+

-H2O+H2O
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with pore diameters of 0.55 x 0.55 nm and 0.76 x 0.64 nm [29, 30]. Owing to its high acidity 

and peculiar pore system, zeolite beta receives much attention as a potential catalyst in fluid 

catalytic cracking [31], hydro treating [32], isobutene alkylation with 1-butene or 2-butene 

[33, 34], alkylation of C-8 aromatics [35], acylation of aromatics [36,37] etc. 

 
1.5 . Basic zeolites 

Solid base catalysts exhibit high activities and selectivities for many kinds of 

reactions, including condensations, alkylations, cyclisations, and isomerization; however, 

many of these processes are carried out industrially using liquid bases as catalyst [38-40]. 

These applications can require nearly stoichiometric amounts of the liquid base for 

conversion to the desired product. Replacement of liquid base catalysts with solid base 

catalysts allows easier separation from the product as well as possible regeneration and use. 

Basic solids also have the added advantages of being noncorrosive and environmentally 

friendly, which allows easier disposal. The Basicity of ion-exchanged zeolites arises from the 

framework negative charge [41].  Occlusion of alkali metal oxide clusters in zeolite cages via 

decomposition of impregnated alkali metal salts results in a further increase in the Basicity of 

these materials [42-47]. The supported species are typically introduced through wet 

impregnation of a solution containing the solvated precursor into the zeolite pores. 

Calcination decomposes the occluded compounds and creates the supported alkali metal 

oxides. Zeolite K-L is mostly used base catalysts for varieties of organic reactions [48,49]. 

 
1.6. Zeolites: Synthesis and mechanism 

  Since the earliest reports of zeolite synthesis by Barrer in the 1950s this field has 

resembled a scavenger hunt for new materials [50,51]. The synthesis of most molecular sieve 

zeolites is carried out in batch systems, in which a caustic aluminate solution and a caustic 
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silicate solution either formed in situ or addition as such, are mixed together, and the 

temperature held at some level above ambient (60-180°C) at autogenous pressures for some 

period of time (hours-days). A wide range of zeolites could be synthesized quite readily in the 

laboratory from aluminosilicates gels [52]. An amorphous viscous alumino-silicate gel phase 

normally becomes less viscous as the temperature is raised, but this is not universally true for 

all the cases. As the synthesis proceeds at elevated temperatures, zeolite crystals are formed 

by nucleation step, and these zeolite nuclei then grow larger by assimilation of alumino-

silicate material from the solution phase. Simultaneously, the amorphous gel phase dissolves 

to replenish the solution with alumino-silicate species. In short, the two phases have different 

solubilities, with the solubility of amorphous gel being higher than that of the crystalline 

zeolite phase. The first step in the transformation of gel usually involves the formation of the 

smallest entity having the identity of new crystalline phase, the crystal nucleus that is 

followed by the subsequent assimilation of mass from the solution and its reorientation into 

ordered crystalline material via crystal growth. The many different silicate zeolite structure 

types are summarized in a general formula as solid solution series:  

Ax+
(4-w)/y/x[Si1-yTy

w+O2]*zH2O*nM, 

Where A=mono- or divalent cations 

T=tetra-, tri-, di-, or mono valent cations tetrahedrally coordinated by oxygen; M= neutral 

atomic or molecular guest species; x, y, z and n denotes integer.  

Different structure types, the void space in zeolites is generated by structure directing 

agents (SDA), also called template molecules, which determine by their size, geometry, and 

charge distribution in advance the size and geometry of the pores [53,54]. The incorporation 

of a template during the synthesis of a solid contributes, by the bonds, which are set up, to the 

stability of the solid and allows its formation. By a templating effect, it controls the formation 

of a potentially microporous framework structures. The removal of the template after 
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synthesis by thermal treatment provides the microporous voids (channels and cavities) of 

dimensions corresponding to the size of template molecule. According to the nature of the T 

elements the charge density of the framework and the shape of microporous spaces, different 

stabilizing interactions can be produced by template-template bonds and/or template 

framework bonds (cation-anion, dipole-ion, hydrogen and/or van der Walls bonds). Thus the 

type of inorganic or organic template species, viz. framework-charge compensating cations 

(Na+, Ca2+, R4N+, etc.), molecules (H2O, amines, alcohols, etc.) or ion-pairs (NaCl, Pr4NF, 

etc.).  

Zeolites are meta-stable phase that are produced via kinetic path. A thermodynamic 

analysis of a complete zeolites synthesis shows that there is both an enthalpic and entropic 

driving force. The structure directing agents (SDA) become hydrophobically hydrated entities 

in water provide these two forces that drive zeolites crystallization. The enthalpic force is 

because the SDA would rather be enclathrated in he hydrophobic silicate than in water and 

the entropic force is because release of hydration sphere reduces overall order. As the zeolites 

crystallization is a kinetically controlled process, and in high silica synthesis it is usually the 

structure that nucleates first that is ultimately produced [55-56]. In the more aluminum rich 

synthesis, zeolites with large cavities (connected by small pore networks), are the likely 

products if he guest organo-cation (template) is incorporated into the crystallizing host lattice. 

In the high silica synthesis, large pore zeolites can be obtained but they tend to be one-

dimensional, parallel pore systems. The cavity-type materials, which are more likely to form 

with the smaller organo-cations. Zeolite crystallization proceeds through two primary steps: 

nucleation of discrete particles of new phase, and subsequent growth of those entities. Fig.1.1 

illustrates the proposed structure for the inorganic-organic entities, and their role in synthesis 

process [57]. 
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Fig. 1.1 Schematic illustration of the proposed conceptual model for the template facilitated 
nucleation and crystal growth of all-silica ZSM-5. 
 
1.7 . Shape selective catalysis in zeolites 

Zeolites are crystalline aluminosilicate porous architecture materials with very regular 

pore dimensions in the order as the dimension of most simple organic molecules (e.g. from 

ca. 0.3 nm to ca 0.7 nm). Hence they possess molecular sieving property. The combination of 

both properties viz. pores of molecular dimensions and catalytically active sites inside the 

pores is exploited to control the selectivity of catalytically conducted organic reactions. Shape 

selectivity also depends on the molecular dimensions of reacting and diffusing species, i.e. 

reactant molecules, transition states, intermediates and/or products. 
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The diffusivity in zeolites is relatively slow. Since diffusion of molecules within 

zeolites is thought to proceed by thermally activated jumps from one site to an adjacent site, it 

is clear that the geometry of the zeolite pores will also play an important role [58]. One 

should take into account that differences in diffusivities with respect to the pore dimensions 

can be used to increase selectivity to a given product by adequate selection of pore size of the 

zeolites catalyst. Diffusivities can be sharply reduced by small amounts of debris in the ores 

generated during zeolites synthesis or activation and also by small amounts of strongly 

adsorbed molecule. This effect may increase selectivity to a given product in case of 

unidirectional pore zeolites. 

Counter diffusional effect in case of bi directional or tri directional pore system may 

also affect the selectivity to a given molecule. For instance, the strong interaction of phenol 

with the zeolites surface strongly affects the counter diffusion rates even in the case of tri 

directional zeolites Faujasite Y or beta. The tortuosity of the channels also has an important 

effect on the diffusion of molecules close in size to the diameter of the pores; the diffusivity is 

faster in case of tortuous free uni directional pores than bi- or tri directional pores. This brings 

the concept of molecular traffic control that assumes that in zeolites with channels of different 

pore diameter, reactant and products of different sizes can preferentially diffuse through one 

or the other channel [59]. 

 
1.8. Sulfated metal oxides 

About two decades before, it was shown that by a sulfate treatment of oxides such as 

ZrO2, TiO2, SnO2, Fe2O3, HfO2, etc., a remarkable increase in the surface acidity and in the 

catalytic activity for carbenium ion reaction of the starting metal oxides was achieved [60-

61]. The presence of sulfur in oxide species plays a good role in the generation of super acid 

sites (H0 < -16.04). e.g. solid super acids such as sulfated zirconia, sulfated titania etc. have 
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been reported to exhibit extremely high catalytic activities for acylation and alkylation of 

aromatics [62,63], isomerization of paraffins [64], Beckmann rearrangement of oximes [65] 

etc. Sulfated zirconia is the most studied super acid catalyst. 

 
1.8.1. Nature of acid sites 

It was said that much better catalysts are obtained with sulfated samples obtained from 

zirconium hydroxide rather zirconium oxide. After the dried hydroxide is impregnated with a 

solution of H2SO4 or (NH4)2SO4, the resulting solid is dried and calcined to temperatures of 

500-650°C. A variable to be considered during the preparation is the normality of the H2SO4 

solution. After H2SO4 impregnation, the calcinations temperature of the resulting material 

also plays an important role on the subsequent textural, acidity, and catalytic activity [66]. It 

can be assumed that the formation of acid sites involves a two-step chemical reaction between 

superficial hydroxyl groups of zirconium hydroxide and adsorbed H2SO4: 

First step: impregnation-drying step 

 

 

 Second step: calcinations above 400°C 

 

 Several observations support this reaction scheme [66]. In this way, the presence of SO4
2- 

anions in the zirconia framework may explain the sintering resistance and the stabilization of 

the tetragonal phase. The existence of an optimum for the catalytic and ionizing properties as 

a function of the sulfur content may be due to the maximum covering of the hydroxyl surface. 

Several authors have proposed that the very strong acidity is due to an increase in number and 

strength of Lewis acid sites [67]. Arata and Hino [68] have proposed a different structure for 

active site, where in the sulfate bridges across two zirconium atoms: 

Zrn(OH)4n + xH2SO4 Zrn(OH)4n-2x (SO4)x  +  2x H2O

Zrn(OH)4n-2x (SO4)x ZrnO2n-x(SO4)x  +  (2n-x) H2O
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In these catalysts, the S=O group have a high double bond nature. The strength of super acid 

depends on the extent of losing the double bond character by an electron shift from an 

adsorbed basic molecule to the sulfur complex. The larger the shift, the higher the acid 

strength.  This model implies the formation of Bronsted acid sites, formed by conversion of 

Lewis acid sites by sorption of water molecules. The presence of those Bronsted acid sites 

would allow catalytic reactions to occur at much lower temperature. 

 
1.9. Introduction to mesoporous materials 

An ever growing interest in expanding the pore sizes of zeolite type materials from 

micropore region to mesopores (pore size >20 Å) region in response to the increasing 

demands in both industrial and fundamental studies. Examples are treating heavy feeds, 

separating and selective synthesizing large molecules and intra zeolite fabricating technology 

[69-70]. Zeo-type materials, typically have a surface area of ca. >700 m 2
 g -1

, which are not 

truly crystalline like microporous zeolites but because of rapid growth of the research on 

those materials make them to be classified as meso pore zeolites, with the majority of this 

surface inside the pores and accessible only through apertures of well-defined dimensions 

[71]. In 1992, researchers at Mobil Corporation discovered the M41S family of 

silicate/aluminosilicates mesoporous molecular sieves with exceptionally large uniform pore 

structures, which has resulted in a worldwide resurgence in this area [72-73]. Three different 

mesophases in this family have been identified, i.e. lamellar [74], hexagonal [73], and cubic 
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phases [75], in which the hexagonal mesophase, MCM-41, possesses highly regular arrays of 

uniform-sized channels whose diameters are in the range of 15-100 Å depending on the 

templates used, the addition of auxiliary organic compounds (co-template) and the reaction 

parameters. The pores of this novel material are nearly as regular, yet considerably larger than 

those present in crystalline materials such as zeolites, thus offering new opportunities for 

applications in catalysis [76] and advanced composite materials [77]. Accordingly, MCM-41 

has been investigated extensively because the other members in this family are either 

thermally unstable or difficult to obtain  

The purpose and advantages of synthesizing mesoporous materials is as follows: 

1. To overcome the diffusional constraints with zeolites. 

2. Very High surface area (>1000 m2/g) and pore size distribution (20-100 A°). 

3. Good host materials for guest species (i.e. heterogenization of homogeneous species 

or metal complexes on the walls). 

4. Easier to monitor the changes made with active species via surface area  

measurement and pore size distribution experiment. 

 
1.10. Synthesis and mechanism of formation of mesoporous materials 

The concepts concerning M41S formation have been formulated based on the studies 

involving silica (or alumino-silicate)-cationic surfactant systems. Rod-like micelles have been 

known to form in the presence of electrolytes. The M41S materials appear to be inorganic 

oxide congeners of lyotropic liquid crystals (LLC) formed by the surfactants in aqueous 

systems. The original proposed mechanistic pathways are illustrated in Fig. 2. [73]. Under 

this general term, two possibilities were envisioned. The first one invoked pre-existence of 

surfactant aggregates or liquid crystal phases in the surfactant precursor solution. Subsequent 

formation of M41S silica framework occurred due to migration and polymerization of silicate 
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ions into the aqueous region. The second alternative pathway postulated self-assembly of 

liquid crystal like structures due to mutual interaction between dissolved silica and surfactant 

species. 

 

 

 

 

 

 

Fig. 1. 2. Liquid crystal template mechanism for the formation of MCM-41. 

The second mechanism has been proposed based on the observance of a layered 

silica/surfactant phase upon mixing of the reactants. In this mechanism Stucky et al., carried 

out more detailed analysis of this phenomenon and described as cooperative mode of 

synthesis of mesostructure that involved the following three processes: multidentate binding 

of silicate oligomer to the cationic surfactant, preferred silicate polymerization in the 

interfacial region, and charge density matching between the surfactant and the silicate. This 

reasoning led to a two-step path way to M41S: precipitation of silica-surfactant and silica 

polymerization [78]. The mechanism pathway is also shown in Fig. 1.3. Polymerization 

comprises three processes, which proceed simultaneously. First, silicate anions bound to the 

surface of micelles polymerize to form polyanions (intramicellar polymerization). Second, 

micelles partly covered with silicate poly anions are gradually arranged into a regular 

hexagonal array through intramicellar silicate condensation. Free silicate anions or polyanions 

provide further building material for the formation of the silica walls between the micelles. 

Davis et al.  identified silica-clad rod like aggregates in the synthesis mixture by 14N NMR. 

The hexagonal MCM-41 could thus arise by close packing of the silicate-surfactant rods [79]. 
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The synthesis parameters (e.g., temperature, pH, compositions of reaction gel) are found to 

exert key influence on both the surfactant behavior and the distribution of silicate species.   

 

 

 

 

 

 

 

 

 

Fig. 1. 3 Mechanistic pathways by (1) stacking of silicated surfactant rods and (2) via 
formation of an initial lamellar intermediate. 
 

The formation of these materials can be viewed as the interface chemistry between the 

surfactant and inorganic species (Fig.1.2). The concept of synthesizing mesoporous materials 

by exploiting surfactant properties has been expanded from original positive surfactant and 

anionic silicate. These include positive inorganic oxide and negative surfactant, ionic 

inorganic species with similarly charged surfactant, which is mediated by counter ions of 

opposite charges, as well as neutral surfactant [80].  

1.11. Organo functionalized mesoporous materials 

The mesoporous MCM-41 materials add a new dimension due to their large and 

variable pore diameters. Grafting of functional organosilanes by using surface hydroxyl 

groups as anchor points has been widely used in the field of catalysis. Important applications 

of these modified and functionalized systems are heterogeneous catalysis and photocatalysis 
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involving bulky grafted catalysts and/or the conversion of large substrates. Other potential 

applications include ion exchange and separations, removal of heavy metals, chromatography, 

stabilization of quantum wires, stabilization of dyes, and polymer composites [81,82]. The 

introduction of functional organic groups is usually performed through attachment of silane-

coupling agents to mesoporous walls of previously synthesized and calcined materials. The 

functional group is either directly incorporated in the silane-coupling agent or it is grafted 

onto it in a second or further reaction step. Co-condensation of reactive species during the 

mesopores synthesis is a method to incorporate functionality into the walls of the channel 

system [83,84]. Macquarrie et al., and Brunel et al., have detailed the covalent attachment of 

basic function such as amino group on the MCM-41 surface which can be either used as base 

catalysts or used as an anchor point for asymmetric ligands assembly [85,86]. Surface 

modification techniques are enjoying a renewed interest, and it is clear that the pore walls of 

mesoporous materials are easily modified with either purely inorganic or with hybrid, semi-

organic functional groups and can be successfully used as catalysts for green chemistry [87].   

 
1.12. Physico-chemical characterization 

 Characterization of the catalysts and catalysis process by means of analytical 

techniques is far most important to know about the properties of the catalysts. By proper 

characterization studies, it is possible to propose models of the systems and according to the 

needs one can design the properties of the system associated with structural or functional 

modules.  Table. 1.3 show some of the characterization techniques frequently utilized to 

determine the structure and composition of catalysts.  
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Table 1.3. Physico-chemical characterization techniques, basis and information.  

Analysis method Physical basis Information 

Infra red spectroscopy  
(FT-IR) 

Vibrational excitation of surface 
atoms by adsorption of infrared 
radiation 

Structure and bonding of 
adsorbates 

X-ray diffraction (XRD) Monochromatic beam of X-rays of 
wavelength λ, incident on a sample 
made of small crystallites, will be 
diffracted by sets of planes of high 
atomic concentrations. 

Crystallinity of the 
samples, unit cell 
parameter, particle size, 
composition, etc., 

X-ray photoelectron 
spectroscopy (XPS) 

Energy distribution of electrons 
that are emitted from the catalyst 
due to photoelectric effect 

Composition at the 
surface, valence and 
binding energy of an 
atom. 

Ultra violet-visible 
adsorption spectroscopy 
(UV-vis) 

Electronic excitation of atoms or 
molecules by adsorption of 
radiation in the ultra violet-visible 
region. 

Analyses of numerous 
organic and inorganic 
species exhibit electronic 
transitions. 

Electron microscope (TEM, 
SEM) 

Interaction of electron with matter Morphology, particle 
size and compositions. 

Thermogravimetric analysis 
(TGA/DTA) 

Change in weight of a system 
under examination as the 
temperature is increased at a 
predetermined and preferably at a 
linear rate/Measuring of thermal 
effects associated with physical 
and chemical changes by a 
differential method 

Determination of 
compositions of complex 
mixture, purity and 
thermal stability 
associated with physical/ 
chemical changes with 
respect to temperature. 

Adsorption/desorption of 
gases at low temperature 

Adsorptions of gaseous molecules 
or liquids at lower temperature and 
high pressure and desorption of the 
same at decreased pressure. 

Surface area pore size 
distribution and pore 
volume of solid 
materials. 

Temperature programmed 
adsorption/desorption (TPD)

Adsorption of base over the acid 
sites and desorption of the same at 
elevated temperatures. 

Nature of acid sites and 
acid strength. 

Chemical characterization of 
functional groups (NMR) 

Change in the direction of nuclear 
spin quantum number in the 
presence of strong magnetic field. 

Structural determination 
by means of coupling, 
decoupling, co-
ordination position of an 
atom/element 
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1.13. Acylation reactions of aromatics 

Friedel-Crafts acylation reactions are widely used in the manufacture of arylketones, 

which are of interest in the synthesis of a large number of fine chemicals such as drugs, 

fragrances, dyes, and pesticides [88]. This process has been carried out in industry by working 

under batch conditions using acyl halides as acylating agents and homogeneous Lewis acids 

such as anhydrous metal halides (FeCl3, FeBr3, SbCl5, TiCl4, ZrCl4) as catalysts [89]. 

Conventionally, in the Friedel-Crafts ketone synthesis, homogeneous Lewis acid catalysts 

such as AlCl3, BF3 and HF have been used [90]. However Lewis acids must be used in higher 

than stoichiometric amounts, and the catalyst must be destroyed at the end of the reaction 

with a significant production of undesirable wastes [91]. In order to overcome all these 

difficulties of Lewis acid catalysts, several other acid catalysts such as iron sulfate [92], iron 

oxide [93], heteropoly acids [94], trifluromethane sulfonicacids [95] have been used as 

alternate catalysts. Various metal salts supported on zeolites and clays have also been 

reported for Friedel-Crafts reactions [96]. Besides, the use of solid acids such as zeolites 

enables one to beneficially use their shape selective properties (molecular sieving mechanism) 

to obtain the desired products. Zeolite catalysts and sulfated zirconia have been studied 

extensively for acylation of aromatics [9].  

 
1.14. Alkylation reactions of aromatics 

Electrophilic alkylation of aromatics can be carried out by variety of reactants such as 

olefins, alcohols, and halogenated hydrocarbons [7]. Alkylation of aromatics is a good 

example of reactions where the diffusion and transition shape selectivity play a predominate 

role in controlling the selectivity of zeolites catalysts. Further more, it shows that depending 

on the size of reactant and product molecules, shape selectivity applies to either medium- or 

large pore size zeolites, and selective alkylation process have developed using both type of 
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zeolites. Recently isopropylation of xylenes and ethyl benzene have been studied thoroughly 

with medium and large pore zeolites in our lab [35]. Many solid bases have recently been 

found useful in the production of alkylated products. Several alkali doped silica, zeolites, 

mesoporous silica have been recently reported for base catalyzed alkylation reactions [38-40, 

86, 97]. Recently, Macquarrie et al have reported KF supported on natural phosphate as a 

green base catalyst [98]. Base catalyzed selective side chain monoalkylation of methylene 

active compounds is important industrial process for the formation of intermediates [99-101]. 

Alkali metal carbonates and organic bases have been studied in the selective 

monomethylation of arylacetonitriles and methyl aryl acetates in detail under batch wise 

conditions [102, 103].  

 
1.15 Aldol condensation of ketones 

A condensation reaction is a molecular transformation that produces a small molecule 

and two large molecules join together produces an even large one. Self-condensation between 

the same molecules also produces a condensed bigger molecule. Condensation reactions are 

important as condensed bigger molecule serve as the intermediates for many kinds of 

substances, include, dyes, flavors, fragrances, polymers and drug intermediates. Aldol 

condensation reaction between aldehydes and ketone is one such important condensation in 

which an intermediate having alcohol and ketone functional groups formed during reaction 

eliminates a water molecule to give α-β-unsaturated ketone. There are two hot spots for 

reactivity in aldehyde and ketones: the carbonyl carbon is subject to addition reaction by 

nucleophiles and additionally the α carbon adjacent to the carbonyl carbon can be 

deprotonated by a base and made into a nucleophile. The protons on an sp3 carbon α to a 

carbonyl group are 30 orders of magnitude more acidic than an sp3 carbon of an ordinary 

hydrocarbon. Resonance will explain it. Normally in base catalyzed condensation, sodium 
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hydroxide, the catalyst is highly corrosive. An intermediate for betaine-30, an important dye, 

which shows different colors with different solvents, has been prepared by an acid-catalyzed 

(con. H2SO4) condensation reaction between acetophenone and chalcone [104]. Cation ex-

change resins such as Amberlyst-15 have been studied for the condensation reactions of 

phenols with ketone [105-107].  

 
1.16. Heterogeneous palladium catalysts 

 Palladium catalysis has achieved the status of an indispensable tool for both common 

and state-of-the-art organic synthesis Among the basic types of palladium-catalyzed 

transformations, the Heck reaction and related chemistry occupy a special place and so it is 

considered as a sharpening stone of palladium catalysis [108-109]. Palladium complexes with 

or without phosphine ligands can catalyze the Heck reaction. The phosphine-assisted 

approach is the classical and well-established method, which gives excellent results in a 

majority of cases. Palladium catalyzed homogeneous reactions are often preferred for 

laboratory scale preparations and the majority of mechanistic elucidations and optimization 

studies have been carried out in solution phase. Frequently, however, problems are 

encountered when taking an optimized laboratory procedure and scaling it up. An obvious 

alternative is the use of heterogeneous catalysis where a polymeric ligand is employed. Such 

catalysts have clear advantages over their homogeneous counterparts. The catalyst is easily 

separated from the reaction medium, and leaching into the reaction medium is often reduced. 

Heterogeneous catalytic systems, which include polymer/dentrimer, supported palladium 

catalysts [110,111], palladium on carbon [112,113], palladium supported metal oxides [114], 

clays [115] molecular sieves [116-118] and metal complexes of Ni, Co, Cu, Mn [119].  

The discovery of Hermann and Beller et al. of the unique catalytic activity of a well known 

dimeric complex (palladacycle) Pd2(P(o-Tol)3)2(µ-Oac)2, as is now obvious, has set a 
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milestone in palladium catalysis [120]. The parental structure, which is now often referred to 

as Hermann’s catalyst (hc) is definitely one of the most convenient forms of palladium 

complexes applied in homogeneous catalysis. Even if the palladacycle would have no specific 

properties but was equivalent to the mixture of palladium salt and phosphine, as is indeed the 

case in e.g., catalytic amination, it still would deserve a place in the first row of catalysts due 

to exceptional ease of handling [121]. Phosphine ligands are expensive, toxic and 

unrecoverable. In large-scale applications on industrial scale, the phosphines might be a more 

serious economical burden than even palladium itself, which can be recovered at any stage of 

production or from wastes. Palladium complexes incorporating cyclopalladated phosphines, 

phosphinite, chelating diphosphines, carbene ligands and dimethylglycine have also been 

reported [122-127]. Recently, silica supported imines and oxime based palladacycle catalyst 

anchored on MCM-41 have been studied as an excellent mechanistic probe in the Suzuki 

reaction [128,129].  

 
1.17. Objectives of the thesis 

The present work aims at the design and development of solid catalysts for selective 

acylation/alkylation of aromatics, self-condensation of acetophenone and C-C coupling 

reactions. In the first phase, microporous molecular sieves have been synthesized and 

modified according to the requirement and studied for acylation/alkylation and condensation 

reactions. Friedel-Crafts acylation/alkylation reactions of aromatics to synthesize aromatic 

ketones/alkyl aromatics are fundamental reactions in organic synthesis, and numerous 

industrial process are still running with hazardous, homogeneous Lewis acid catalysts which 

are non-recommendable. Recently, zeolite beta has been commercialized for the synthesis of 

arylketones from activated aromatics. The development of new catalytic process using solid 

catalysts is becoming increasingly interest. With the ever growing environmental and 



 

 24

economic concerns, the present study comprises the following: selective acylation of 

deactivated and hindered bulky aromatic molecule, alkylation of alkyl aromatics with alcohol 

as an alkylating agent, solvent free self-condensation reaction of acetophenone to α, β-

unsaturated ketone, selective monomethylation of methylene active compounds with 

dimethylcarbonate as an alkylating agent over solid base catalysts, and design and 

development of heterogeneous palladacycle catalyst for C-C coupling reactions. 

 
The following objectives have been set for the   present study: 
 

• To synthesize, modify, and characterize zeolite catalysts such as beta, Na-Y, Na-X, 

ZSM-5, Mordenite, and K-L, metal oxides such as sulphated zirconia, and sulphated 

titania. 

• To synthesize, modify and characterize mesoporous materials such as Na-Al-MCM-

41, NH2-Si-MCM-41, NH2-Na-Al-MCM-41, and Cl-MCM-41. 

• To synthesize palladacycle catalysts from organofunctionalised MCM-41 materials 

and characterize the same. 

• To evaluate the catalytic activity of the acidic zeolites in the benzoylation of 

chlorobenzene and biphenyl, and isopropylation of isobutylbenzene reactions. 

• To evaluate the catalytic activity of sulphated zirconia, sulphated titania in the self-

condensation reaction of acetophenone and compare activity with zeolite beta. 

• To evaluate the catalytic activity of basic zeolites, NH2-Si-MCM-41, and NH2-Na-Al-

MCM-41 catalysts in the monomethylation reaction of phenylacetonitrile. 

• To evaluate the catalytic activity of palladacycle catalysts in the C-C coupling 

reactions such as Heck reaction, and homoaryl coupling reactions. 

• To study the regenerability of all the catalytic systems. 
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1.18. Outline of the thesis 

The present work has been sequentially placed under seven chapters for a thesis entitled 

“Synthesis, Characterization of Microporous and Organo-Functionalized Mesoporous 

Materials and their Applications in Fine Chemicals Synthesis” as follows: 

 

CHAPTER I: INTRODUCTION 

This chapter presents an over view of various physical and chemical aspects of 

microporous and mesoporous molecular sieve materials. The different characteristic 

properties of zeolites include shape selectivity, formation mechanisms, acidity and basicity 

etc., have been discussed. The mechanisms for the formation of mesoporous materials have 

been discussed. Detailed literature survey over synthesis aspects, characterization techniques, 

and different catalytic applications has been given. The scope and objectives of the present 

work are outlined at the end of this chapter. 

 
CHAPTER II: SYNTHESIS AND CHARACTERIZATION 

This chapter describes the synthesis of various microporous and mesoporous materials 

synthesized during this investigation and characterization of all the samples by XRD, surface 

area measurements, diffuse reflectance UV-Vis spectroscopy, FT-IR spectroscopy, solid state 

MAS NMR spectroscopy, SEM and chemical analysis by EDX, ICP-OES analysis, CHN 

elemental analysis, ESCA (XPS), TEM, and thermo gravimetric analysis is discussed. This 

includes:  

1. Synthesis and characterization of zeolite beta, ZSM-5, and K-L. 

2. Synthesis and characterization of sulphated zirconia, and sulphated titania. 

3. Synthesis and characterization of NH2-Na-Al-MCM-41. 
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4. Synthesis and characterization of Cl-MCM-41, NH2-Si-MCM-41, and 

palladacycle-MCM-41 catalysts.  

 

CHAPTER III: ACYLATION REACTIONS OF AROMATICS 

This chapter deals with catalytic studies of the H-forms of zeolites such as H-beta, H-Y, 

RE-Y, H-mordenite, and H-ZSM-5 in the selective benzoylation reaction of deactivated and 

hindered bulky aromatic molecule. Benzoylation of biphenyl and chlorobenzene over 

different zeolite catalysts have been presented along with different optimization studies 

include effect of catalyst concentration, reactant/acylating agent molar ratio, reaction 

temperature, and effect of different acylating agent over zeolite beta. Recycling studies over 

zeolite beta have also been discussed. 

 

CHAPTER IV: ALKYLATION REACTIONS OF AROMATICS 

This chapter deals with isopropylation of isobutyl benzene with isopropyl alcohol over acidic 

zeolites. Effect of reaction temperature, reactant/alkylating agent molar ratio, catalyst 

concentration, and recycling studies over zeolite beta is detailed. Side chain mono-

methylation of phenylacetonitrile (PAN) has been studied over different basic zeolites; 

mesoporous Na-Al-MCM-41, K-exchanged Na-Al-MCM-41 and 3-

aminopropyltiethoxysilane (APTES) functionalized MCM-41 catalysts. Further optimization 

studies over NH2-Na-Al-MCM-41 catalyst such as effect of catalyst concentration, reactants 

molar ratio, reaction temperature in the monomethylation of PAN reaction has been detailed. 

Recycling studies have been discussed in this chapter. 
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CHAPTER V: SELF-CONDENSATION OF ACETOPHENONE 

 This chapter deals with the acid catalyzed self-condensation of acetophenone to 

dypnone. Activity of sulphated zirconia is compared with sulphated titania and zeolite beta. 

Further optimization studies including recycling study over sulphated zirconia is presented 

along with the mechanism of the formation of α, β-unsaturated ketone (dypnone) from 

acetophenone. 

 

CHAPTER VI: PALLADACYCLE-MCM-41 CATALYSTS FOR C-C COUPLING 

REACTIONS 

 
This chapter deals with the bottom up design of palladacycles over MCM-41 walls starting 

from incorporating 3-chloropropyltriethoxysilane along with the silane-coupling agent. 

Various studies such as effect of organic silane concentration, different Pd sources, different 

palladation conditions (base, temperature, solvent, etc.), and different ligand (-NH2, -OH) to 

attain better results of palladation are discussed with their characterization and C-C coupling 

reactions (Heck, and home-aryl coupling) over the synthesized catalysts in this chapter.  

 
CHAPTER VII: CONCLUSIONS 

The summary and conclusions of the present work is drawn in this chapter. The arrival at the 

earlier set scope and objectives of thesis have been discussed. 
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2.1. Synthesis of catalysts 

Na-X and Na-Y were obtained from Laporte Inorganics, Cheshire, UK. Zeolites ZSM-

5 and beta were synthesized by following the procedures described in the literature [1, 2]. 

Syntheses of the zeolites were carried out in stainless steel autoclaves under hydrothermal 

conditions. Autoclaves were cleaned with aqueous hydrofluoric acid (40 wt.%) and polished 

with a carbon brush, prior to the synthesis. Typical synthesis procedures for the catalysts and 

the materials used in the study are presented here. 

2.1.1. Materials 

The materials used in the synthesis of zeolites, sulphated zirconia, sulphated titania, 

mesoporous materials and palladacycles along with their purity are summarized in Table 2.1. 

Table 2.1. Specification of the materials used in the synthesis  
 

Reagent and source Chemical formula Purity 

Sodium hydroxide, s.d. Fine Chemicals., India  NaOH 97 % 

Potassium hydroxide, s.d. Fine Chemicals KOH 85 % 

Catapal B, Vista Chem., Oklahoma.  Al2O3 65 % 

Sodium aluminate ½(Na2O. Al2O3)  

Tetraethyl orthosilicate, Aldrich, USA (TEOS) (C2H5O)4Si 98 % 

3-Aminopropyltriethoxysilane, Lancaster, UK 
(APTES) 

(C2H5O)3Si(CH2)3NH
2 

98 % 

3-Chloropropyltriethoxysilane, Aldrich  (ClPTS) (C2H5O)3Si(CH2)3Cl 98 % 

3-mercaptopropyltrimethoxysilane, Aldrich  (MPTS) (CH3O)3Si(CH2)3SH 95 % 

Ammonium nitrate, LOBA Chemie, India. NH4NO3 98.5 % 

Tetraethylammonium hydroxide, Aldrich. (TEOH) (C2H5)4NOH 35 wt.% aq. 
solution 

Tetramethylammonium hydroxide, LOBA Chemie, 
India. (TMAOH) 

(CH3)4NOH 25 wt.% aq. 
solution 
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Fumed silica (for beta synthesis), Sigma, USA. SiO2 99.8 % 

Aluminium sulphate, LOBA Chemie. Al2(SO4)3, 16H2O 98 % 

Potassium nitrate, LOBA Chemie. KNO3 99 % 

Cesium nitrate, Aldrich. Na2SiO3 28.9 % 

Sulfuric acid,  s.d. Fine Chemicals. H2SO4 98 % 

Nitric acid, s.d. Fine Chemicals. HNO3 70 % 

Hydrochloric acid, s.d. Fine Chemicals. HCl 35% 

Methanol, s.d Fine Chemicals. CH3OH 98 % 

Tetrapropyl ammonium bromide (TPAB), Aldrich (CH3CH2CH2)4NBr 98 % 

Cetyl trimethylammonium bromide, Loba Chemie. 
(CTMAB) 

CH3(CH2)15N(CH3)3
Br 

98 % 

Zirconiumoxychloride, Aldrich ZrOCl2. 8H2O 98 % 

Titanium isopropoxide Ti(OCH(CH3)2)4 80 % 

Ammonium hydroxide, s.d. Fine Chemicals. NH4OH 28 wt.% aq. 
solution 

Palladium chloride, Loba Chemie. PdCl2  

Palladium acetate Pd(Oac)2  

 
 
2.1.2. Zeolite H-beta/K-beta 

 In a typical synthesis of beta, 0.5 g NaOH, 0.3 g KOH and 18.4 g tetraethyl 

ammonium hydroxide were taken in a 250 mL polypropylene beaker to which 6 g fumed 

silica and 10 mL water were gradually added and the gel was stirred for 1 h. 2.1 g aluminium 

sulphate in 15 mL deionized water was added to the gel over a period of 30 min after which 

the stirring was further continued for 1 h. 11 mL of deionized water was further added to the 

resulting gel. This final gel with a pH 12.5 was transferred into a stainless steel autoclave and 

subjected to hydrothermal treatment at 413 K. Full crystallinity was achieved in 7 days. The 
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zeolite beta was then separated from the mother liquor, washed with deionized water, dried at 

383 K for 12 h and calcined at 783 K for 16 h.  

The resultant Na-form of beta was thrice NH4
+-exchanged using the following 

conditions: NH4NO3= 1 M, 10 mL NH4NO3 per gram of zeolite, 353 K, 6 h exchange run, 

pH~7-8 and calcined at 823 K for 8 h to get the protonic form. 

 K-beta was prepared by three exchanges of the calcined beta sample with aqueous 

potassium nitrate solution (1 M; solid/solution (g/mL)= 1:10) for 8 h at 353 K.  

 
2.1.3. Zeolite H-ZSM-5 

Zeolite ZSM-5 was synthesized as per the procedure described in the literature. 

Appropriate amounts of aluminium sulphate and sulphuric acid were dissolved in distilled 

water to yield solution A. A calculated quantity of tetrapropyl ammonium bromide (TPAB) 

was added to a solution of sodium silicate of required strength to get a solution B. The 

solutions A and B were then mixed in a stainless steel autoclave with continuous stirring to 

get a gel, which had the molar composition as follows: 

4.38 (TPA)2O : 27.6 Na2O : Al2O3 : 44.2 SiO2 : 32.62 H2O. 

The autoclave was then tightly closed and kept at the desired temperature (453 K) under 

autogenously developed pressure for about 24 h. The reactor was cooled and the contents 

were filtered, washed with deionized water, and then dried at 393 K overnight. It was then 

calcined at 823 K for 8 h to decompose the organic template. Thus, Na-ZSM-5 was obtained. 

 The H-form of the sample was obtained by exchanging it thrice with 1 M NH4NO3 

solution at 353 K to get NH4-ZSM-5, which was then calcined at 823 K for 8 h to get H-

ZSM-5. 
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2.1.4. Zeolite K-X, Cs-X, K-Y, Cs-Y, H-Y and RE-Y 

Na-X and Na-Y were converted to their respective K-forms by repeated (three times) 

exchanges with aqueous 1 M solution of KNO3 in which 5 g of the sample was treated with 

50 mL of the solution at 353 K with stirring for 8 h, filtered and then dried at 423 K to get the 

catalysts K-X and K-Y. 

Cs-X and Cs-Y were obtained by treating Na-X and Na-Y with 0.1 mol CsNO3 

solution (two times) at 353 K with stirring for 8 h and then dried at 423 K to get Cs-X and Cs-

Y catalysts. 

H-Y was prepared from Na-Y by three ion exchanges with 1 M aqueous solution of 

NH4NO3 (1 M; solid/solution (g/mL) = 1:10, 8 h) and the resulting sample was then calcined 

at 773 K for 12 h to get the H-form.       

             RE-Y was prepared from Na-Y by exchange with 1 M NH4NO3 (three exchanges, 

353 K, 8 h) and thus the resulting NH4-Y was treated with 5 % rare earth nitrate solution 

followed by the analogous procedure employed for NH4-Y exchange. 

 
2.1.5. Zeolite K-L 

The synthesis of zeolite K-L was carried out according to the literature procedure [3]. 

In a typical procedure, 8.96 g of KOH and 1.55 g of Catapal B were taken in a 250 mL 

polypropylene beaker to which 20 mL warm, deionized water was added and the gel was 

stirred for half an hour. 12.44 g of fumed silica in 15 mL warm deionized water was added 

gradually under stirring and the resulting gel was stirred for 1 h. The gel was then transferred 

in a stainless steel autoclave and subjected to hydrothermal treatment at 413 K. Full 

crystallinity was achieved in 64 h. The catalyst was then removed from the autoclave by 

filtration, washed with deionized water, dried at 383 K for 12 h and the resulting catalyst was 

then subjected to characterization. 
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2.1.6. Sulfated zirconia 

Zirconium hydroxide was obtained by hydrolyzing ZrOCl2.8H2O with aqueous 

ammonia in the pH range of 8-9 at a temperature of 60-70°C; aqueous ammonia solution 

(28%) was added drop wise with stirring into 50 g of ZrOCl2.8H2O dissolved in 1 l of 

distilled, hot water. The precipitated solution was kept at 60-70°C for 3 h. The precipitate was 

washed several times with hot water until the filtrate was negative to silver nitrate solution 

and finally dried at 110°C. Dried sample was then stirred with 1N sulfuric acid (2 g / 30 mL) 

for 2 h and filtered. After drying, the sample was calcined at 823 K for 4 h in the flow of air. 

 

2.1.7. Sulfated titania 

 150 mL of titanium isopropoxide solution was added into 1 l of distilled water with 

stirring. Addition of 30 % nitric acid solution dissolved the white precipitate, which formed. 

Ammonium hydroxide solution was added into the aqueous solution with stirring until the pH 

of the solution reached 8. The precipitate was kept for 3 h and filtered. After filtration the 

precipitate was washed and dried. The dried sample was then subjected to sulfation as above 

and calcined as described earlier. 

 
2.1.8. Si-MCM-41 

All the mesoporous materials were synthesized by reflux method following the 

procedure by Melo et al [4]. The molar composition of the synthesis mixture was as follows: 

1SiO2: 0.125 (CTMA)2 O: 0.15 (TMA)2 O: 0.018 Na2O: 120 H2O: 5 MeOH 

Si-MCM-41 was synthesized by a reflux method at 373 K: TEOS (0.1 mol, 20.8 g) in 

methanol (16.9 g) was added drop wise for 20 min. with stirring to an aqueous solution of 

TMAOH (0.03 mol, 10.9 g), and CTMAB (0.025 mol, 9.1 g). The mixture was stirred at room 

temperature for 4 h then transferred into a glass reactor and refluxed at 373 K for 48 h. The 
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product was filtered, washed with water and dried at 393 K overnight. The organic surfactant 

molecules were removed by calcination at 800 K for 10 h under static air. 

 
2.1.9. Na-Al-MCM-41 and K-Na-Al-MCM-41 

The molar composition of the synthesis mixture was as follows: 1SiO2: 0.018 Al2O3: 

0.125 (CTMA)2 O: 0.15 (TMA)2 O: 0.018 Na2O: 120 H2O: 5 MeOH 

Na-Al-MCM-41 was synthesized by a reflux method at 373 K: TEOS (0.1 mol, 20.8 g) in 

methanol (16.0 g) was added drop wise for 20 min. with stirring to an aqueous solution of 

TMAOH (0.03 mol, 10.9 g), and CTMAB (0.025 mol, 9.1 g) followed by the addition of 

aqueous sodium aluminate solution. The mixture was stirred at room temperature for 4 h then 

transferred into a glass reactor and refluxed at 373 K for 48 h. The product was filtered, 

washed with water and dried at 393 K overnight. The organic surfactant molecules were 

removed by calcination at 800 K for 10 h under static air. 

K-exchanged Na-Al-MCM-41 (K-Na-Al-MCM-41) was prepared by ion exchange of 

calcined Na-Al-MCM-41 with 1M KNO3 solution (20 mL/g) at 353 K for 6 h. K-exchanged 

catalyst was dried at 393 K overnight and activated at 573 K for 5 h.  

 
2.1.10. NH2-Si-MCM-41 

The molar composition of the synthesis mixture was as follows: (1-x) TEOS: xAPTS: 

0.125 (CTMA)2O: 0.15 (TMA)2O: 120 H2O: 5 MeOH. Co-condensation of 

tetraethylorthosilicate (TEOS), and 3-aminopropyltriethoxysilane (APTS) in presence of 

organic surfactant molecules has been done using the following procedure. TEOS (0.095 mol, 

19.8 g) and APTS (0.005 mol, 1.1 g) in methanol (0.5 mol, 16.0 g) was added drop wise for 

20 min with stirring to an aqueous solution of TMAOH (0.03 mol, 10.9 g) and CTMAB 

(0.025 mol, 9.1 g). The mixture was stirred at room temperature for 4 h then transferred into a 

glass reactor and refluxed at 373 K for 48 h. The product was filtered and washed with water 
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and dried at 393 K overnight. The organic surfactant molecules were removed from the 

material by refluxing with acid solvent mixture (100 mL methanol+ 5 mL HCl/ g of solid 

material) at 343 K for 24 h. From C, H, N elemental analysis the APTS loading was found to 

be 7.5 wt.%. 

 
 2.1.11. NH2-Na-Al-MCM-41 

The molar composition of the synthesis mixture was as follows: (1-x)TEOS: xAPTS: 

0.018 Al2O3: 0.125 (CTMA)2O: 0.15 (TMA)2O: 0.018 Na2O: 120 H2O: 5 MeOH. The number 

x has been varied between 0.05 and 0.3. Co-condensation of TEOS, APTS and sodium 

aluminate in presence of organic surfactant molecules has been done by following the 

procedure. TEOS (0.095 mol, 19.8 g) and APTS (0.005 mol, 1.1 g) in methanol (0.5 mol, 16.0 

g) was added drop wise with stirring to an aqueous solution of TMAOH (0.03 mol, 10.9 g) 

and CTMAB (0.025 mol, 9.1 g) followed by the addition of aqueous sodium aluminate 

solution. The mixture was stirred at room temperature for 4 h then transferred into a glass 

reactor and refluxed at 373 K for 48 h. The product was filtered and washed with water and 

dried at 393 K overnight. The organic surfactant molecules were removed from the material 

by refluxing with acid solvent mixture (100 mL methanol+ 5 mL HCl/ g of solid material) at 

343 K for 24 h.  

 
2.1.12. Cl/OH-MCM-41 

The molar composition of the synthesis mixture was as follows: (1-x)TEOS: xClPTS: 

0.125 (CTMA)2O: 0.15 (TMA)2O: 90 H2O: 10 MeOH. The number x has been varied 

between 0.05 and 0.3. Co-condensation of TEOS and 3-chloropropyltriethoxysilane (ClPTS) 

in the presence of organic surfactant molecules has been done for obtaining uniformly 

distributed organo functionalized mesoporous materials. In a typical synthesis procedure, 11.2 

g of CTMAB were dissolved in a mixture of 13.5 g of TMAOH and 150 g deionised water, in 
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a 250 mL polypropylene beaker. A mixture of 18.0 g of TEOS, 0.84 g ClPTS in methanol 

was added to this solution. The obtained gel was stirred at room temperature vigorously for 6 

h to evaporate the alcohol, and then the reaction mixture was introduced along with the 

remaining portion of water (66 g) into 500-mL round bottomed flask which was heated at 373 

K for 48 h with stirring. The solid products were recovered by filtration, washed and dried at 

373 K. The surfactant was removed by stirring 1.0 g of the dried sample with a solution of 5 

mL of HCl (35 wt%) in 100 mL of methanol at 338 K for 24 h (Cl-MCM-41).  

Chlorine groups in Cl-MCM-41 samples were hydrolyzed into hydroxyl groups by treating 

the extracted sample with aq. methanol solution (10 mL of H2O and 10 mL of MeOH/ g 

sample) at 338 K for 2 h. The hydrolyzed material (OH-MCM-41) is then filtered and dried at 

373 K overnight. 

 
2.1.13. Cl/OH-SiO2  

 
ClPTS functionalised silica was obtained by one step, base catalyzed procedure to 

obtain 20 wt.% of ClPTS in dry sample. The molar ratio of the compound was 0.9SiO2:0. 

1ClPTS: 8EtOH: 3H2O:0. 008NH3. Wet gel was prepared as follows. First two solutions were 

prepared at room temperature: solution A contained TEOS, ClPTS and half of the total 

ethanol content whereas solution B consisted of remaining ethanol, water, and ammonium 

hydroxide. The solution A was added to B under stirring and the resulting sol was heated to 

50°C. The gelation took place in 1 h. The resulting alcogel was dried slowly under cover at 

room temperature to obtain 3-chloropropyl triethoxysilyl functionalised silica materials (Cl-

SiO2). The Cl-SiO2 was treated with aqueous methanol for 2 h to convert all the Cl groups 

into OH groups (OH-SiO2). 
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2.1.14. Palladacycle (PdOMS/Pd-SiO2/Am-PdMS) 

Palladation was carried out over the samples OH-M/OH-SiO2/Am-MCM-41 with the 

palladation reagent, either Li2PdCl4, NaOAc in methanol/acetone or Pd (OAc)2 in CHCl3 

either at reflux temperature or at room temperature for 24 h [5] to get PdOMS/Pd-SiO2/Am-

PdMS. After palladation, the grey colour material was washed thoroughly with aqueous 

methanol to remove all unreacted palladium salt and the inorganic base. Different 

concentration of Li2PdCl4 has been used for the palladation of OH-M to get different 

concentration of Pd loaded catalysts. 

 
2.2. Physico-chemical characterization 

2.2.1. X-ray diffraction (XRD) 

The structure of a crystal can be determined using the technique of X-ray diffraction 

(XRD). X-rays have wavelength in the Å range, are sufficiently energetic to penetrate solids 

and are well suited to probe their internal structure. It is used to identify the bulk phases, 

degree of crystallinity, unit cell parameters and to estimate particle size [6].   

In XRD, X-rays are generated by bombarding a metal target (often copper) with high-

energy electrons inside a vacuum tube. Then X-rays are directed at the crystal surface. The 

crystal mount is rotated so that incident X-rays can be oriented with respect to these 

crystallographic axes. While most of the X-rays pass straight a small amount of radiation are 

diffracted by atoms in a periodic lattice. The scattered monochromatic X-rays that are in 

phase give constructive interference. The detector records the pattern of diffracted light to 

give diffraction pattern. To observe a diffraction signal, the diffracted light must interfere 

constructively. For this, the crystal plane must be oriented with respect to the incident rays, so 

that the path difference is equal to integrated multiple of the wavelength of X-ray radiation. 
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One can derive lattice spacings, d, by measuring the angles, 2θ, under which 

constructively interfacing X-rays with wavelength, λ, leave the crystal, by using Bragg 

relation:  

nλ=2d sin θ ;  n= 1,2,… 

The XRD pattern of a powdered sample is measured with a stationary X-ray source 

(usually Cu Kα) and a movable detector, which scans the intensity of the diffracted radiation 

as a function of the angle 2θ between the incoming and the diffracted beams. When working 

with powdered samples, an image of diffraction lines occurs because a small fraction of the 

powder particles will be oriented such that by chance a certain plane (hkl) is at the right angle 

with the incident beam of constructive interference. Synthesized catalysts were characterized 

by X-ray diffraction using a Rigaku Miniflex powder diffractometer on finely powdered 

samples using Cu-Kα radiation and 45 kV and 40mA. The scans were done at 1° per minute 

for low angle scanning and 4° per minute for microporous zeolites and sulphated zirconia. 

The XRD patterns were recorded for 2θ’s between 1.5 and 50° for mesoporous materials; 5 

and 50° for microporous materials. 

 
2.2.2. Chemical composition by EDAX, ICP-OES and CHN analysis 

The compositions of zeolites were analyzed by EDAX. Inductively Coupled Plasma-

Optical Emission Spectra (ICP-OES) determined the palladium content in the materials on a 

Perkin-Elmer P1000 instrument. An average of two analyses was done to calculate average 

concentrations of Pd in the samples. Samples for ICP analyses were prepared by dissolving 

0.05 g of sample in approximately 5 mL of HF and subsequently with 5 mL of aqua regia and 

then diluting to 50 mL with double deionized water (DDW). Analysis of the organic content 

present in the catalysts was carried out using a Carlo-Erba CHN analyzer. 
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2.2.3. Surface area (BET) and Pore size distributions (BJH) 

The most common method of measuring surface area, pore volume and pore size 

distribution of a catalyst (solid material) is developed by Brunauer, Emmett and Teller using 

nitrogen as adsorbent. Measurement of the amount of nitrogen gas adsorbed or desorbed is the 

most commonly used procedure for determining the pore size distribution of mesopores. 

Adsorption of nitrogen was carried out at 77 K using a NOVA 1200 (Quantachrome) 

instrument. The sample was evacuated at 673 K for 2 h under high vacuum (10-6 mm). The 

anhydrous weight of the sample was measured. The sample was then cooled to 94 K using 

liquid nitrogen and then allowed to adsorb nitrogen gas. Surface area of the sample was 

calculated by using BET method.  

For a multiplayer adsorption the heat of adsorption for all layers except the first layer 

is assumed to be equal to the heat of liquefaction of the adsorbed gas. So the BET equation 

comes for summation over an infinite number of adsorbed layers. The general form of the 

BET equation may be written as follows: 

1/Vads(P0-P) = 1/VmC + [C-1/VmC] P/P0 ------------- {eq. 1} 

Where, 

Vads = volume of the gas adsorbed at pressure P, 

P0   = saturated vapour pressure, 

Vm  = volume of the gas adsorbed for monolayer coverage, 

C    = BET constant 

By plotting left side of equation 1 against P/P0, a straight line is obtained with a slope of C-

1/VmC and an intercept 1/VmC. The BET surface area is calculated using the formula 

SBET = XM.N.AM.10-20  

Where, N is the Avagadro’s number, AM is the cross-sectional area of the adsorbate molecule 

(N2, 16.2 Å2) and XM is the moles of N2 adsorbed. 
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Pore size distribution was obtained by using BJH pore analysis applied to the 

desorption branch of the nitrogen adsorption/desorption isotherm. 

 
2.2.4. Fourier transform infrared spectra (FT-IR) 

FT-IR is used to determine a variety of materials property including structural details 

and functional groups confirmation, strength and distribution of acid sites in porous materials. 

Infrared spectroscopy is the measurement of the wavelength and intensity of absorption of 

middle IR by a sample. Middle IR light (400-4000cm-1) is energetic enough to excite 

molecular vibration to higher energy levels. The wavelengths of IR absorption bands are 

characteristic of specific types of chemical bond and IR spectroscopy finds its greatest utility 

for the identification of organic and organo metallic molecules. 

Infrared spectra of the solid samples diluted in KBr were recorded at room 

temperature in the transmission mode, in the range 4000 to 450 cm-1 at 4 cm-1 resolutions, 

using Spectra One spectrometer. 

 
2.2.5. Thermal studies 

Thermal methods of analysis may be defined as those techniques in which changes in 

physical and/or chemical properties of substances are measured as a function of temperature. 

Two important thermal analytical techniques are thermogravimetry (TGA) and differential 

thermal analysis (DTA). Thermogravimetric analysis is a valuable technique for the 

assessment of the purity of the materials. Many material especially silica, absorb appreciable 

amount of water when exposed to atmosphere. TG date can show the extent of this absorption 

and hence most suitable drying temperature for a given reagent may be determined. Organic 

matter which are burn out can be clearly seen from TG plot in terms of weight loss at 

corresponding temperature ranges. These data can be useful for knowing the chemical 

stability of the organic matter anchored into the inorganic materials. Differential thermal 
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analysis gives information about thermal stability against decomposition, fusion, and phase 

changes.  

Thermal analyses were performed using a Mettler Toledo 851e instrument, from 303 

to 1173 K at a heating rate of 20 K min-1 under air flow. 

 
2.2.6. Electron microscopy (SEM/TEM) 

Electron microscopes are instruments, which uses beam of highly energetic electrons 

to create magnified images of tiny crystals or particles. An electron gun emits a beam of high-

energy electron that travels through a series of magnetic lenses, which focus the electrons to a 

very fine spot or sample. Interactions occur inside the irradiated sample. The electrons 

emitted from each point of the sample form the final image. The striking electrons may 

remain unscattered and transmitted through the specimen (TEM) or may be elastically 

scattered (without loss of energy) or may be inelastically scattered (SEM) producing low 

energy secondary electrons. The main difference between SEM and TEM is that SEM sees 

contrast due to the topology of a surface, whereas TEM projects all information in a two 

dimensional image, which however, is of sub nanometre resolution. 

Scanning Electron microscope (SEM) has been used particularly to examine the 

topology and morphology of the sample. It is used for thick specimen. The incoming beam of 

electrons interacts with sample inelastically and causes ionisation of the electron in the 

sample atom. These ionised electrons are termed as ‘secondary electrons’. The detector 

detects either secondary electron or back-scattered electrons as a function of the position of 

the primary beam. The secondary electrons have low energies (10-50 eV) and originate from 

the surface region of the sample whereas back-scattered electrons come from deeper and carry 

information on the composition of the sample, because heavy elements are more efficient 
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scatterers and appear brighter in the image. The SEM micrographs of the samples were 

obtained in a Leica Steroscan 440 instrument.  

Transmission electron microscope uses thin specimens in which the unscattered 

transmitting electrons provide the image. TEM provide information about the size, shape and 

arrangement of particles in specimen. In TEM, a high intensity primary electron beam 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 

form a two-dimensional projection of the sample mass, which is subsequently magnified by 

the electron optics to produce a so-called bright field image. The pore structures are also seen 

through TEM images. Transmission electron micrographs were recorded using a JEOL JEM-

1200EX transmission electron microscope operating at 100 kV.  

 
2.2.7. Solid-state NMR studies 

Solid-state Nuclear Magnetic Resonance (NMR) analysis covers a wide range of 

applications that cannot be addressed by liquid state experiments. In solution NMR, spectra 

consist of a series of very sharp transitions due to averaging anisotropic NMR interactions by 

rapid random tumbling. By contrast, solid-state NMR spectra are very broad as full effects of 

anisotropic or orientation dependent interactions are obtained in the spectrum. High resolution 

13C NMR spectra of materials are obtained by using well established techniques of high 

power decoupling magic angle spinning to remove chemical shift anisotropic and cross 

polarization to improve sensitivity and so avoiding long relaxation delay.  

Solid-state 13C CPMAS spectra have been recorded on a Bruker DRX-500 NMR 

spectrometer spun at high speeds (3 –14 kHz) in order to allow acquisition of NMR spectra 

with sufficient resolution to allow chemical determinations to be made.  
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2.2.8. X-ray photoelectron spectra (XPS) studies 

XPS is based on the photoelectric effect. Routinely used X-ray sources are Mg Kα 

(hν=1253.6 eV) and Al Kα (hν=1486.3 eV). In XPS one measures the intensity of 

photoelectrons N(E) as a function of their kinetic energy Ek. Because a set of binding energies 

is characteristic for an element, XPS can be used to analyze the composition of samples. 

Binding energies are not only element specific but contain chemical information as well: the 

energy levels of core electrons depend on the chemical state of the atom. Photoelectron peaks 

are labeled according to the quantum numbers of the level from which the electron originates. 

An electron coming from an orbital with main quantum number n, orbital quantum number l 

(0,1,2,3,.. indicated as s,p,d,f,..) and spin quantum number s (+1/2 0r –1/2) is indicated as 

nll+s. Almost all photoelectrons used in the laboratory XPS have kinetic energy in the range of 

0.2 to 1.5 keV, and probe the outer layer of the catalyst.  

X-ray photoelectron spectra (XPS) were obtained using a VG Microtech Multilab-ESCA-

3000 spectrometer equipped with a twin anode of Al and Mg.  All the measurements are made 

on as received powder samples using Mg Kα X-ray at room temperature. Base pressure in the 

analysis chamber was 4 x 10-10 Torr. Multichannel detection system with nine channels is 

employed to collect the data. The overall energy resolution of the instrument is better than 0.7 

eV, determined from the full width at half maximum of 4f7/2 core level of gold surface. The 

errors in all BE (binding energy) values were with in ±0.1 eV. 

 
2.2.9. UV-vis spectra 

Absorption bands in the visible and ultra violet regions have proved interesting for 

study. The location of electronic band depends on the energy involved in electronic 

transitions responsible for absorption. When the energy involved in the electronic transition is 
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large, the adsorption will take place primarily in ultra violet. With smaller energies, however, 

the absorption will occur in the near ultra or in the visible light region. 

The diffuse reflectance UV-vis spectra in the 200-800 nm ranges were recorded with a 

Shimadzu UV-2101 PC spectrometer equipped with a diffuse reflectance attachment using 

BaSO4 as a reference.  

 
2.2.10.  X-ray fluorescence Spectroscopy (XRF) 

 Silica to alumina ratios of the samples were verified by XRF using a wavelength 

dispersive X-ray spectrometer (Rigaku, 3070) with rhodium target energized at 45 KV and 40 

MA. The borate fusion technique was applied for sample preparation. For the calibration of 

silica and alumina, a pentaerythrital (PET) crystal was used. For the analysis Kα lines were 

selected and pulses were collected for 40 s using flow-proportional detector. A background 

correction was applied. 

 
2.2.11. Acidity measurement 

The acidity and the acid strength distribution of the zeolites were measured by the 

temperature programmed desorption (TPD) of ammonia [7-9]. The sample 20-30 mesh size (~ 

1.0 g) was activated in a flow of N2 at 773 K for 6 h and cooled to room temperature. NH3 gas 

(25 mL/min) was then passed continuously for a period of 30 min, then the physically 

adsorbed NH3 was desorbed by passing N2 for 15 h (15 mL/min). Acid-strength distribution 

was obtained by raising the temperature with a ramping rate of 100 C /min, from 303 to 773 K 

in a number of steps in a flow of N2 (10 mL/min). The NH3 evolved was trapped in HCl 

solution and titrated with a standard NaOH solution. The higher the temperature required for 

desorption the stronger is the acidity of that portion of acid sites. It gives quantitative (total 

number of acid sites either Brönsted or Lewis) information about acid sites. 
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2.2.12. Catalysis and analysis of products 

Anhydrous AR grade chemicals were used without further purification. The liquid 

phase reaction was carried out in a 50 mL two necked flask attached to a condenser and a 

septum. The temperature of the reaction vessel was maintained using an oil bath. The reaction 

mixture was magnetically stirred and heated to the required temperature at atmospheric 

pressure. The product samples were withdrawn at regular intervals of time and analyzed 

periodically on a gas-chromatograph (HP 6890) equipped with a flame ionization detector and 

a capillary column (5 µm thick cross-linked methyl silicone gum, 0.2 mm x 50 m long). The 

products were also identified by injecting authentic samples and GCMS (Shimadzu 2000 A) 

and 1H-NMR analysis. 

Autogenously pressure-developing alkylation reaction was carried out in a 250 mL 

stainless Parr autoclave equipped with a stirrer and a temperature controller. The reaction 

mixture was flushed with nitrogen before heating to required temperature. 

The percentage conversion of reactant is defined as the total percentage of reactant 

transformed. The rate of reactant conversion (TOF) was calculated as the moles of reactant 

converted per second per mol of active site. The selectivity to a product is expressed as the 

amount of a particular product divided by the amount of total products and multiplied by 100.     

 
2.3. Results and Discussions 

 The X-ray diffraction pattern of all the synthesized as well as modified zeolites 

matched with those in the literature (Fig 2.1 and Fig.2.2). In addition, the crystallinity and 

phase purity of the zeolite samples as well as the absence of any amorphous matter within the 

pore structure were confirmed by XRD. Also, the XRD examination gave no evidence of 

structure damage or change of the zeolite as a result of various treatments. XRD pattern of 

sulphated zirconia and sulphated titania match with the reported XRD pattern (Fig. 2.3). The 
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surface area and scanning electron micrographs showed the absence of amorphous matter 

inside the channels and on the external surface of the zeolites, respectively.  

 
Table 2.2a. Properties of acidic zeolites 
 

Catalyst SiO2/Al2O3 

molar ratio 

Crystal 

size 

(µm) 

Surface 

areaa 

(m2/g) 

NH3 

chemisorbed at 
303 K (mmol/g) 

H-ZSM-5 41.0 0.4 413 1.23 

H-mordenite 22.0 1.0 552 0.71 

H-beta 26.0 0.5 645 0.75 

H-Y 4.1 1.0 615 1.45 

H-RE (70.6)Yb 4.1 1.0 659 0.74 
a N2 adsorption 
b The percentage of RE3+ exchange in H-Y is given in the parenthesis. 

 
Table 2.2b Acid sites distribution  
 

NH3 desorbed (mmol/g) at different temperature (K) Zeolites 

303-353 353-433 433-513 513-653 653-773 

NH3 

chemisorbed at 
303 K (mmol/g) 

H-ZSM-5 0.55 0.16 0.05 0.26 0.21 1.23 

H-mordenite 0.20 0.17 0.15 0.12 0.07 0.71 

H-beta 0.14 0.24 0.05 0.16 0.16 0.75 

H-Y 0.29 0.55 0.49 0.11 0.01 1.45 

H-RE (70.6)Y 0.17 0.10 0.26 0.11 0.10 0.74 

 
All the zeolite samples consisted of particles of about 0.2 – 1.0 µm size. The 

properties as well as chemical composition of the zeolites used in the present study as 
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obtained by a combination of wet chemical analysis and atomic absorption spectroscopy 

(AAS) and X-ray fluorescence spectroscopy (XRF) are reported in Table 2.2a and Table 2.3.  

The results of the stepwise thermal desorption of ammonia from the zeolite catalysts 

are presented in Table 2.2b.  Though, TPD of ammonia, do not reveal the qualitative 

information about the acid sites, (whether Lewis or Bronsted), this method can suggest the 

weaker/stronger nature of acid sites depending upon the desorption range. Zeolite H-ZSM-5 

and H-Y having SiO2/Al2O3 ratio 40 and 4.1, respectively, show acid sites concentration 

nearly similar (>1.2 mmol/g).  H-mordenite, H-beta, and RE-Y show acid site concentration 

nearly similar (~0.7 mmol/g). H-Beta catalyst exhibits higher acid strength, which was 

evident from higher conversion of the reactant than other zeolite catalysts, which was having 

higher acid sites concentration. Higher the desorption temperature of ammonia, stronger the 

strength of the sites present in the catalyst.  
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Fig. 2.1. X-ray diffractograms of zeolites (a) Na-X  (b) Na-Y and (c) K-L 
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Fig. 2.2. X-ray diffractograms of zeolites (a) H-beta  (b) H-mordenite and (c) H-ZSM-5
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Fig. 2.3. X-ray diffractograms of (a) SO4/ZrO2  (b) SO4/TiO2 

 Table 2.3.  Physical properties of the basic zeolites 

Cation composition (wt.%)a Zeolites SiO2/Al2O3 

(molar 

ratio) 
H+ Na+ K+ 

Surface 

areab 

(m2/ g) 

Crystal size 

(µm) 

K-X 2.4 - 7.4 92.6 615 1.0 

K-Y 4.1 - 7.2 92.8 606 1.0 

K-beta 26.0 9.8 4.3 85.9 743 0.5 

K-L 6.8 - 1.4 98.6 215 0.2 

Na-Al-MCM-41 33 - 98.2 1.8 1243 0.5 

K-Na-Al-MCM-41 33 - 25.1 74.9 540 0.5 

  a Na+ and K+ ions were analyzed by XRF. H+ was obtained by the difference between the Al 
   content and the sum of the alkali metal values. Values are reported as percent of the total  
   cation sites with Al content taken as 100%. 
   b Measured by N2 adsorption;   c Value in parenthesis represent the percentage of H+ in K-L. 

b

a
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Fig. 2.4 shows the XRD patterns of the mesoporous catalysts, Na-Al-MCM-41, K-Na-

Al-MCM-41, NH2-Na-Al-MCM-41 (7.5) and NH2-Si-MCM-41 (7.5). K-Na-Al-MCM-41 

shows decrease in peak intensity as well as d spacing compared to Na-Al-MCM-41, which 

may be due to decrease in long-range order.  Earlier studies on the influence of different alkali  

cations (Li+, Na+, K+) on the structural properties of the gels, showed that the presence of 

“structure forming” Li+ and Na+ ions in the batch induces the formation of structural subunits, 

or even more complex structures inside the gel matrix, while the concentration of sub 

structural units is considerably lower when the gel is precipitated in the presence of ‘structure 

breaking” K+ ions [10]. The same fact can be anticipated here when the catalyst was ion-

exchanged with KNO3 solution, local subunits in the amorphous MCM-41 walls get degraded 

with K+ ions. Surface area of the samples, K-Na-Al-MCM-41 was also found to be lower as 

compared to the parent Na-Al-MCM-41, which can be attributed to the formation of bulk 

potassium silicates and aluminates. The above fact was also confirmed by the elemental 

analysis where SiO2/Al2O3 ratio decreases almost to half suggesting that potassium silicates 

and aluminates formed during the ion exchange. Removal of part of framework aluminum 

and silicon caused degradation of long-range order and surface area (Table 2.3). 

3-Aminopropyltriethoxysilyl molecules are attached to the mesoporous support 

similarly to the self-assembled monolayers on flat surfaces by co-condensation and 

assembling techniques [11]. There are three types of ≡ SiOH groups over siliceous MCM-41 

surface [12], e.g. isolated single, hydrogen bonded and geminal ≡ SiOH groups, of which 

only the single and geminal ≡ SiOH groups are responsible for active silylation. The 

hydrolysis of required composition of 3-aminopropyltriethoxysilane and tetraethoxysilane 

(0.05-0.3 and 0.095-0.7, respectively) in the presence of tetramethylammonium hydroxide 

enriches the mother liquor with single and geminal ≡ SiOH monomer silica species. Co-
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condensation of symmetrical Si(OH)4 and unsymmetrical RSi(OH)3 species results to the 

formation of uniformly distributed organo functionalized silica.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.4.  X-ray diffractograms for various MCM-41 catalysts. 

 

  

 

 

 

 

 

 

 

 

 

Fig. 2.5. X-ray diffractograms of various amounts of APTES functionalized Na-Al- 

MCM-41 catalysts. 
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The XRD pattern of NH2-Na-Al-MCM-41 (7.5), NH2-Na-Al-MCM-41 (16) show an 

intense peak due to d100 reflection, at 2θ between 2.0 and 2.5 accompanied by weaker 

reflections at 2θ between 4.0° and 6.5°, corresponding to the d110, d200 and d210 spacing 

(hexagonal symmetry p6mm) which are characteristic peaks of MCM-41 [13](Fig. 2.5). It is 

clearly seen from the Fig. 2.5 that as the loading increases in samples, NH2-Na-Al-MCM-

41(30), NH2-Na-Al-MCM-41 (42), the d value as well as peak intensity deceases 

proportionally indicating the reduction in pore size and long-range order. Higher the amount 

of organo silane loaded, larger the degradation of mesoporous structure. 

MCM-41 gives type IV isotherms, typical of mesoporous solids [Fig. 2.6]. Adsorption 

at low pressure  (p/p0~0.35-0.45) is accounted for by a thin layer of the adsorbed gas on the 

walls of mesopores. The fact that the sudden increase in the volume of gases adsorbed in the 

range of relative pressure p/p0 of, which is typical volume filling of mesopores by the process 

of capillary condensation [14]. The desorption branch of the isotherm carries more 

information about the degree of channel blocking than does adsorption branch, and best 

results are obtained from the BJH formula [15]. Surface area, 550 m2g-1, and average pore 

diameter, 32 Å, were found to be comparable with the earlier reported samples. The 

transmission electron microscope photographs of NH2-Na-Al-MCM-41 (30) exhibits irregular 

mesoporous channels with diameters in the range of 3-8 nm (Fig. 2.7).  
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Fig. 2.6  Nitrogen adsorption-desorption isotherms and pore size distribution (inset) for 

       NH2-Na-Al-MCM-41 (30). Solid line: adsorption and dotted line:  desorption. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7. TEM photographs of NH2-Na-Al-MCM-41 (30) 
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Fig. 2.8. 13C CP-MAS NMR spectrum of NH2-Na-Al-MCM-41 (30). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9. SEM photographs of NH2-Na-Al-MCM-41 (30). 
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13C CP-MAS NMR spectrum of NH2-Na-Al-MCM-41 (30) shows the characteristic of three 

carbons in the propyl chain anchored on the mesoporous walls (Fig. 2.8). The solid state 13C 

CP-MAS NMR chemical shift (ppm) for NH2-Na-Al-MCM-41(30) is found to be: ≡Si-αCH2- 

βCH2- γCH2-NH2: αC:10.3; βC: 23.7; γC:43.2. The scanning electron microscope photographs 

of NH2-Na-Al-MCM-41 (30) exhibits uniform and spherical shaped crystals with crystal size, 

0.2 µm. (Fig. 2. 9). 

 

Fig. 2.10. FT-IR spectra of Cl-MCM-41, SH-MCM-41 and NH2-MCM-41 
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Fig. 2.10 shows the FT-IR spectra of Cl-MCM-41, SH-MCM-41 and NH2-MCM-41 

materials. The characteristic stretching band of –NH2 and –SH group is clearly seen around 

3370 cm-1 and 2570 cm-1, respectively. The stretching bands around 2800-2950 cm-1 in all the 

three samples are due to C-H bond of organo silane. Similarly the stretching bands between 

800 and 1200 cm-1 due to mesoporous Si-O-Si bond are also clearly identified. 

 

2.4. Conclusions 
 

Zeolites such as Na-beta, Na-ZSM-5, and K-L have been synthesized by hydrothermal 

method. The commercially obtained Na-X, Na-Y and Mordenite along with the synthesized 

Na-beta, Na-ZSM-5 were ion-exchanged with NH4NO3 solution and activated at 793 K for 6 

h to get respective H-forms. Na-X and Na-Y were exchanged with KNO3 (1 M solution) and 

CsNO3 (0.1 M solution) to get K-X, K-Y, Cs-X and Cs-Y, respectively. Synthesized zeolites 

were characterized by wet chemical analysis, XRD, N2 adsorption, EDX, and SEM analysis. 

Mesoporous materials were prepared by reflux method. Si-MCM-41, and Na-Al-MCM-41 

were used as the basic supports for organo functional groups such as APTS, ClPTS and 

MPTS. The attachment of organo functional molecules to the mesoporous silica walls has 

been achieved by the direct reaction of surface hydroxyl groups with reactive alkoxy groups 

of organosilanes. Fraction of organo functionalized silicon atom has been varied from 0.03 to 

0.3 in the synthesis gel to get maximum concentration of organofunctionalized group inside 

the mesopores. It was observed that above the optimum level of concentration of organo 

functionalized silicon atom, there is gradual decrease in the structural integrity. The 

maximum fraction of organo functionalized silicon atom attached into the mesoporous silica 

walls were achieved up to 0.2. XRD, FT-IR, UV-vis, 13C-CPMAS NMR, SEM, TEM, N2 

adsorption/desorption and thermal analysis characterized the mesoporous materials.  
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3.1. Benzoylation of biphenyl 
 
3.1.1. Introduction 
 
4-Phenylbenzophenone is used as an important intermediate in the pharmaceutical and 

agrochemical industry [1]. In addition, 4-PBP is also used in the synthesis of photo chromic 

naphthopyran compounds for the coatings of lenses and other optical materials [2], and as a 

photo initiator [3]. Acylation of biphenyl with acyl halides, which is a typical example of 

Friedel-Crafts acylation, is generally known to proceed over the homogeneous Lewis acid 

catalyst AlCl3. 4-PBP is prepared in 74% yield by treatment of benzoyl chloride with AlCl3 in 

CHCl3 at room temperature, followed by addition of biphenyl into refluxing solution of 

complex of benzoyl chloride with AlCl3 [4].  Either trace amounts of FeCl3, Fe 

acetylacetonate and salicylate, powder of Fe or Fe2(SO4)3 catalyses the benzoylation of 

biphenyl, giving 61 to 84 % yield of 4-PBP with 100% selectivity at 393-448 K [5]. A 

detailed investigation of Friedel-Crafts reaction on biphenyl was carried out by Adam [6]. 

The ortho- and meta-phenylacetophenones were prepared from acetic anhydride by the low 

temperature Grignard procedure [7,8]. In a rather extensive investigation Silver and Lowy [9] 

and Long and Henze [10] have shown conclusively that acylhalides reacts with biphenyl in 

the Friedel-Crafts reactions to form 4-monoacetylbiphenyl and 4,4’-diacetylbiphneyl 

products. 4-Phenylacetophenone is also prepared by the acetylation of biphenyl with acetic 

anhydride in the presence of anhydrous HF and BF3 [11]. The use of Lewis acid catalysts is 

fraught with problems, such as their handling, the necessity of using large amounts with 

substrates and separation from the products. Some catalysts are toxic. In addition, halides of 

iron and aluminum, being strong Lewis acids also, catalyze other undesirable reactions such 

as isomerization and trans-alkylation reactions. In view of the above, it was of interest to 
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develop a new solid catalyst for the selective synthesis of 4-phenylbenzopheneone, 4-

phenylpropiophenone and 4-phenylacetophenone (Scheme 3.1).  

Zeolite catalysts, due to their shape-selectivity, thermo stability, the easy separation 

from the products and the possibility of regeneration of the deactivated catalysts, are used 

extensively in the petroleum refining and petrochemical industries for various cracking, 

hydrocracking, isomerization, alkylation, dehydrogenation and rearrangement reactions of 

hydrocarbons and their derivatives [12]. The use of zeolite catalysts in the synthesis of fine 

chemicals is of growing importance in recent years [13]. Recently, zeolite catalysts were 

found to be active in the acylation of aromatics [14-29]. Acylation of biphenyl under various 

reaction conditions and effect of some variables on catalyst performance was investigated. 

The results obtained over zeolite catalyst are compared with those obtained using the Lewis 

acid catalyst, AlCl3.  

 

 

 

 

 

 

3.1.2. Experimental 
Anhydrous AR grade chemicals were used without further purification. The liquid 

phase acylation of biphenyl with acylating agent was carried out in a 50 ml two necked flask 

attached to a condenser and a septum. The temperature of the reaction vessel was maintained 

using an oil bath. In a typical run, to a nitrobenzene (NB) solution (20 ml) of biphenyl (10 

mmol) and acylating agent (10 mmol) was added activated zeolite catalyst (0.5 g). The 
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reaction mixture was magnetically stirred and heated to the required temperature at 

atmospheric pressure.  

 
3.1.3. Results and Discussions 

3.1.3.1. Catalytic activity of various catalysts 

The results of the catalytic activities in the benzoylation of biphenyl with benzoyl 

chloride using H-beta, H-ZSM-5, H-Y and RE-Y are depicted in Table 3.1. The results with 

Lewis acid catalyst, AlCl3, are compared under identical reaction conditions. The main 

product of the reaction is 4-PBP. A small amount of 2-PBP is also observed in some cases. 

The activities of catalysts are compared using data after 6 h runs.  

Table 3.1 Benzoylation of Biphenyl 

 

Product  
distributionc 

(%) 

 
  

Catalyst 

 
Reaction 

time 

(h) 

 
Biphenyl 
Conv. (%)a 

 
TOFb 

(10-5 s-1mol-1 
Al) 2-PBP 

 
4-PBP 

 
4-/2-d 
PBP 

 
H-beta 

         6 
12 

41.0 
58.3 

 

31.7 
22.5 

2.6 
2.7 

97.4 
97.3 

37.4 
36.1 

 
H-ZSM-5 

6 
12 

5.2 
9.0 

6.0 
5.2 

0 
0 

100 
100 

 

0 
0 
 

 
    REe-Y 

6 
12 

3.4 
7.5 

0.5 
0.6 

0 
0 

100 
100 

 

0 
0 

 
H-Y 

6 
12 
 

3.2 
5.6 

0.5 
0.5 

 

0 
0 
 

100 
100 

 

0 
0 

 
AlCl3 

0.5 
1 
 

48.6 
63.2 

72.1 
46.8 

20 
20 
 

80 
80 
 

4.0 
4.0 

 
  a Reaction conditions:  catalyst (g) = 0.5; biphenyl (mol) = 0.01; benzoyl chloride (mol) =     
    0.01; nitrobenzene (mL)=20; reaction temperature (K) = 443; b TOF (turnover frequency) =  
    moles of BP transformed per second per mol of aluminum; c 2-PBP = 2-phenyl-   
    benzophenone; 4-PBP = 4-phenylbenzophenone; d ratio of 4-phenylbenzophenone / 2- 
    phenylbenzophenones; e 70.6% RE3+-exchange in NH4-Y-zeolite      
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The most interesting feature of the reaction is that conversion of BP, rate of BP 

conversion, product distribution and 4-PBP to 2-PBP ratio depend on the type of zeolite used. 

As can be seen from the Table 3.1, zeolite H-beta is found to be more active than any other 

zeolite. The H-ZSM-5, RE-Y and H-Y are less active and have almost identical activities. The 

conversion of BP, rate of BP conversion and selectivity for 4-PBP over H-beta, H-ZSM-5, 

RE-Y and H-Y after 6 h of reaction time are found to be 41.0, 5.2, 3.4, 3.2 (%), 31.7, 6.0, 0.5, 

0.5 (10-5s-1mol-1Al) and 97.4, 100, 100, 100 (%), respectively. AlCl3 produces 20 % 2-PBP 

and 80 % 4-PBP at 48.6 % conversion level of BP at 0.5 h reaction time. The 4-PBP/2-PBP 

ratio was found to be about ten times higher (4-/2- = 37.4) over H-beta than that of non shape-

selective Lewis acid AlCl3 catalyst (4-/2- = 4.0). Among the zeolites studied, H-beta revealed 

the highest PBP yield and rate of BP conversion, which may be attributed to its stronger acid 

sites (Table 2.2) as seen from NH3 desorption experiment. With the increase the amount of 

strong acid sites, the conversion of BP enhances, which means that medium and strong acid 

sites of H-beta promoted the reaction. Being large pore and weaker acid sites, HY and RE-Y 

showed less PBP yield for the same reaction. The lower yield of PBP over H-ZSM-5 in the 

benzoylation of BP may be attributed to its pore openings being smaller than the size of the 

products. The catalysts used in this study, show the following decreasing order of activity 

after 6h of reaction time: AlCl3 > H-beta > H-ZSM-5 > RE-Y ≈ H-Y. The results indicate that 

mainly ortho- and para- substitutions take place over zeolite H-beta, which is expected for an 

electrophilic aromatic substitution pathway. Acidic zeolites polarize the benzoyl chloride into 

an electrophile (C6H5CO+), which attacks on the aromatic ring, resulting in the formation of 

phenylbenzophenones [30-32]. 
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3.1.3.2. Influence of reaction time using zeolite H-beta      

 A typical reaction course according to the time is pointed out in Fig. 3.1 for the 

transformation of biphenyl over zeolite H-beta at 443 K. The conversion of biphenyl 

increased almost linearly up to 8 h of reaction time and then a marginal increase in the 

conversion of BP is observed. BP leads mainly to 4-PBP in 97.6% selectivity at 15 min. 

reaction time and remains almost unchanged up to 12 h.  A small amount of 2-PBP is also 

observed until the end of the reaction. The results show that the reaction time influenced the 

conversion of BP, but did not affect the 4-PBP / 2-PBP isomer ratio to a great extent.  

 

 
Fig. 3.1. Effect of reaction time on conversion of BP (%), product distribution (%) and 4-
PBP/2-PBPP ratio using H-beta as catalyst. Reaction conditions:  catalyst (g) = 0.5; biphenyl 
(mol) = 0.01; benzoyl chloride (mol) = 0.01; nitrobenzene (mL)=20; reaction temperature (K) 
= 443. 
 
3.1.3.3. Influence of H-beta / BP (wt./wt.) ratio 

In order to clarify the effects of catalyst concentration on the conversion of BP, rate of 

BP conversion and product distribution, the catalyst concentration (H-beta / BP ratio (w/w)) 
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was increased from 0.06 to 0.49 (Fig.3.2). A sharp increase in the conversion of BP is 

observed when H-beta / BP (wt./wt.) ratio was raised from 0.06 to 0.19. Afterwards, a slow 

but steady increase in the conversion of BP is noticed in the benzoylation of BP. No change in 

the product distribution is seen due to the change in catalyst concentration. A marginal 

increase in the rate of BP conversion (TOF) is seen up to 0.19 ratio of H-beta to BP, whereas 

it decreases continuously and linearly due to the increase in catalyst concentration and a 

corresponding increase in the concentration of aluminum in the total amount of zeolite H-beta 

used in the benzoylation of BP. The maximum increase in the conversion of BP with reaction 

time is found for a H-beta / BP (wt./wt.) ratio of 0.49.    

 

 

 

 

 

 

 

 

 
 
 
Fig. 3.2. Effect of beta/BP (wt./wt.) on conversion of BP (%), TOF (10-5s-1mol-1Al) and 
product distribution (%). Reaction conditions:  biphenyl (mol) = 0.01; benzoyl chloride (mol) 
= 0.01; nitrobenzene (mL)=20; reaction temperature (K) = 443; reaction time (h)=6. 
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The effect of reaction temperature is studied on the conversion of BP, rate of BP 
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3.3. When the temperature is increased from 433 to 453 K, both the conversion of BP and rate 

of BP conversion increased from 6.7 to 46.4 %and 5.2 to 35.8 (10-5s-1mol-1Al), respectively.  

 

 

 

 

 

 

 

 

 
 
Fig. 3.3. Effect of reaction temperature on conversion of BP (%), TOF (10-5s-1mol-1Al) and 
product distribution (%). Reaction conditions:  biphenyl (mol) = 0.01; benzoyl chloride (mol) 
= 0.01; H-beta catalyst (g)=0.5; nitrobenzene (mL)=20; reaction time (h)=6. 
 
 

However, the selectivity for 4-PBP remains nearly unchanged with the increase in reaction 

temperature, as shown in Fig. 3.8. The conversion of BP at various reaction temperatures over 

a period of 12 h using zeolite H-beta increases sharply at the initial stages of the reaction and 

finally reaches a relatively steady state value over all temperatures.     

 

3.1.3.5. Influence of BOC / BP molar ratio 

 

  Figure 3.4 exhibits the effect of the BOC / BP molar ratio on the catalytic activity of 

H-beta. The ratio is changed while keeping the amount of biphenyl constant. The data at 443 

K show that, as the BOC / BP molar ratio is increased from 0.3 to 2, the conversion of BP and 

rate of BP conversion increase linearly from 21.2 %and 16.4 (10-5s-1mol-1Al) to 58.6% and 

0

20

40

60

80

100

433 443 453

Temperature (K)

C
on

v.
 o

f B
P 

(%
) T

O
F 

(1
0-5

 s-1
m

ol
-1

A
l)

an
d 

Pr
od

uc
t d

is
tr

ib
ut

io
n 

(%
) Conv.

TOF

2-PBP

4-PBP



 

 73

45.2 (10-5s-1mol-1Al), respectively. In addition, the selectivity to 4-PBP is found to be 

unaffected over the wide range of BOC / BP ratio. The conversion of BP vs. reaction time 

increased with all molar ratios of BOC/BP, and the fact that the conversion of BP is also  

 

 

 

 

 

 

 

 

 

 
 
Fig.3.4. Effect of BOC/BP molar ratio on conversion of BP (%), TOF (10-5s-1mol-1Al) and 
product distribution (%). Reaction conditions:  biphenyl (mol) = 0.01; H-beta catalyst 
(g)=0.5; nitrobenzene (mL)=20; reaction time (h)=6; reaction temperature (K)= 443. 
 
 stabilized from an early stage till 7 h of the reaction time. A higher increase in the BP 

conversion with reaction time is observed when BOC/BP molar ratio of two is used in the 

benzoylation of biphenyl. 

 
3.1.3.6. Acetylation, propionylation and benzoylation of biphenyl 

 The results of the benzoylation of biphenyl are compared at 443 K with the results of 

propionylation and acetylation of biphenyl using zeolite H-beta as catalysts and acyl halides 

(benzoyl chloride, propionyl chloride, and acetyl chloride, respectively) as acylating agents 

(Table 3.2).  The propionylation and acetylation of biphenyl lead to the formation of 2-
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(2-PAP) and 4-phenylacetophenone (4-PAP), respectively. The conversion and rate of BP 

conversion in the acylation reactions under similar reaction conditions decrease in the 

following order: benzoylation > propionylation > acetylation.  

 
Table 3.2 Influence of acylating agent 

 
             

Product distribution (%)b 
 

       Agent 
 

Conv. 
Of BP 
(%)a 

 
TOF 

(10-5s-1mol-1 Al) 2-
PBP 

4-
PBP 

2-
PPP 

4-
PPP 

2-
PAP 

4-
PAP 

 
4-/2- 
ratiod

C6H5COCl 41.0 31.7 2.6 97.4 - - - - 37.4 

(C6H5CO)2O 30.3 23.4 2.0 98.0 - - - - 49.0 

C2H5COCl 11.1 8.6 - - 21.7 78.3 - - 3.6 

(C2H5CO)2O 10.1 7.8 - - 0 100 - - 0 

CH3COCl 6.7 5.2 - - - - 1.0 99.0 99.0 

(CH3CO)2Oe 4.2 3.2 - - - - 1.0 99.0 99.0 
 a Reaction conditions:  Catalyst (H-beta) (g) = 0.5;  Biphenyl (mol) = 0.01; acylating agent 
(mol) = 0.01; nitrobenzene (ml)=20; reaction temperature (K) = 443; reaction time (h) = 6 
 b 2-PBP = 2-Phenylbenzophenone; 4-PBP = 4-Phenylbenzophenone; 2-PPP = 2-
Phenylpropiophenone;  4-PPP = 4-Phenylpropiophenone;  2-PAP = 2-Phenylacetophenone; 4-
PAP = 4-Phenylacetophenone;  c Ratio of 4-/2- isomer; d Reaction temperature (K) = 453. 
 

The conversion of BP and rate of BP conversion in the benzoylation, propionylation 

and acetylation of biphenyl using acyl halides as acylating agents over zeolite H-beta are 

found to be 41.0, 11.1, 6.7 % and 31.7, 8.6 and 5.2 (10-5s-1mol-1Al), respectively. The 

corresponding selectivity for 4-PBP, 4-PPP and 4-PAP are 97.4, 78.3 and 99.0%, 

respectively.    

Acid anhydrides (benzoic anhydride, propionic anhydride and acetic anhydride) are 

also employed as acylating agents instead of acyl chlorides in the acylation of biphenyl. Acid 

anhydrides are also capable of acylating biphenyl.  The conversion of BP and rate of BP 

conversion in the acylation of biphenyl with benzoic anhydride, propionic anhydride and 

acetic anhydride are found to be 30.3, 10.1, 4.2 %and 23.4, 7.8 and 3.2 (10-5s-1mol-1Al), 
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respectively. The corresponding selectivity for 4-PBP, 4-PPP and 4-PAP is 98, 100 and 99%, 

respectively. The yield of PBP over zeolite H-beta in the acylation of biphenyl with acid 

chlorides and acid anhydrides decreases in the following order: Acid chlorides > Acid 

anhydrides.         

As a function of reaction time over zeolite H-beta using various acylating agents, 

benzoyl chloride exhibited higher conversion of BP compared to the other acylating agents. 

The total conversion of BP reached 58.3% in 12 h using benzoyl chloride as benzoylating 

agent. Benzoic anhydride was found to be less active than BOC and only 38.3% conversion of 

BP is noticed after 12 h of reaction time. Other acylating agents gave much less conversion of 

BP. The conversion of BP after 12 h of reaction time with various acylating agents decreases 

in the following order: benzoyl chloride > benzoic anhydride > propionyl chloride > 

propionic anhydride > acetyl chloride > acetic anhydride.   

 
3.1.3.7. Reaction mechanism 

The classical Friedel-Crafts acylation is an electrophilic aromatic substitution in which 

an electron deficient species (electrophile) is generated by the activation of acyl chloride or 

acid anhydride on the protonic sites of the zeolite which then attacks the electron cloud in the 

aromatic ring resulting in the formation of aromatic ketones. Phenylbenzophenones are 

formed according to the following scheme (Scheme 3.2) [30-33]. Generally, kinetic studies 

reported in the literature [12] for alkylation or acylation of aromatics on acidic zeolites 

suggest that an Eley-Rideal mechanism is operative. According an Eley-Rideal-type 

mechanism, the considered reaction takes place between benzoyl chloride (BC) compulsory 

adsorbed on the catalyst site to form the surface electrophile and biphenyl (BP) from the 

liquid phase.  
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3.1.3.8. Effect on catalyst recycling 

       In order to check the stability and catalytic activity of zeolite H-beta in the benzoylation 

of biphenyl, three reaction cycles (fresh and two cycles) were carried out using the same 

catalyst. The results are presented in Table 3.3. After workup of the reaction mixture, the 

zeolite H-beta was separated by filtration washed with acetone and calcined for 16 h at 773 K  

in the presence of air before use in the next experiment. Thus, the recovered zeolite after each 

reaction was characterized for its chemical composition by atomic absorption spectroscopy 

(AAS) and crystallinity by X-ray diffraction (XRD). AAS and XRD studies showed a 

downward trend in the content of aluminium and crystallinity of H-beta after each cycle. The 

4-PBP yield decreases progressively on recycling and the conversion of BP decreases from 41 

to 33.0 % when H-beta was recycled from fresh to second cycle, respectively, in the 

benzoylation of biphenyl. The hydrogen halide liberated during the reaction probably 
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promotes the extraction of aluminium to some extent from the framework positions of the 

zeolite H-beta. The loss of aluminium and a decrease in the crystallinity of zeolite H-beta may  

be attributed for the decrease in catalytic activity after each cycle. The results reported here 

are in good agreement with the benzoylation of aromatics using zeolite catalysts [27,32]. 

 
Table 3.3. Effect of catalyst recycling  
 

 
Product distribution 

(%)b 

 
 

Cycle 

 
 

SiO2/Al2O3 
(molar ratio)

 

 
 

Conv. of 
BP (%)a 2-PBP 4-PBP 

 
 

4-/2- 
ratio 

 
H-beta 

crystallinity 
(%)c 

Fresh 26.0 41.0 2.6 97.4 37.4 100 

1st recycle 27.1 35.0 2.0 98.0 43.0 100 

2nd recycle 33.7 33.0 3.0 97.0 37.3 92.8 

 

a Reaction conditions:  Catalyst (H-beta) (g) = 0.5;  Biphenyl (mol) = 0.01; acylating agent 
(mol) = 0.01; nitrobenzene (ml)=20; reaction temperature (K) = 443; reaction time (h) = 6 
 b 2-PBP = 2-Phenylbenzophenone; 4-PBP = 4-Phenylbenzophenone. 
c Determined by XRD. 

 
 
3.1.4. Conclusions   

  Zeolite H-beta catalyzes the benzoylation of biphenyl efficiently and is superior to 

other zeolite catalysts. Higher selectivity to 4-PBP in the range of 97.4% is achieved at 41.0% 

conversion of BP over H-beta, whereas AlCl3 gave lower selectivity to 4-PBP  (80%) under 

similar reaction conditions. A higher strength of acid sites and medium pore size of H-beta 

are the responsible for the conversion of BP. The conversion of BP using zeolite H-beta 

increased significantly with an increase in reaction time, catalyst concentration, reaction 

temperature and BOC to BP molar ratio. The acetylation and propionylation of BP are also 

investigated along with benzoylation over zeolite H-beta catalyst with different acylating 

agents (BOC, benzoic anhydride, propionyl chloride, propionic anhydride, acetyl chloride, 



 

 78

acetic anhydride) and found that the conversion of BP decreases in the following order: 

benzoylation > propionylation > acetylation. The yield of 4-PBP over zeolite H-beta in the 

acylation of biphenyl with acid chlorides and acid anhydrides decreases in the following 

order: acid chlorides > acid anhydrides.  H-beta was recycled two times (fresh plus two 

cycles) and a decrease in BP conversion is observed after each cycle, which is related to a 

minor dealumination of zeolite catalyst and consequently a decrease in the crystallinity of H-

beta due to the formation of HCl during the reaction. The formation of acylated products of 

BP is explained by an electrophilic attack of acyl cation (R-CO+; where R = C6H5- or 

CH3CH2- or CH3- ) on the BP ring, whose formation is facilitated by acid sites of the zeolite 

catalysts. 

 
3.2. Benzoylation of chlorobenzene  
 
3.2.1. Introduction 
 
4,4’-Dichlorobenzophenone (4,4’-DCBP) is used as photosensitizer and applied to the UV-

curable coatings or UV-curable inks. Substituted diphenylketones are also used as 

intermediates for pharmaceutical and agricultural chemicals [34]. 4,4’-DCBP is usually 

produced by the Friedel-Crafts reactions of chlorobenzene (CB) with 4-chlrobenzoylchloride 

using Lewis acid catalysts such as AlCl3, BF3, TiCl4, ZnCl2 etc. [35-38], however, these 

catalysts have several disadvantages; wasting a lot of Lewis acid catalyst AlCl3, because of 

the reaction being mostly equimolar and of the difficulty of recycling it after use, and 

corrosion of containers by evolved acidic gases. In order to overcome these difficulties of 

Lewis acid catalysts, solid acidic zeolite catalysts meet the requirement for industrial 

processing of organic chemicals taking into account their environmental advantage. In 

addition, zeolites are well known shape-selective and thermally stable materials. Here we 

studied for the first time the catalytic activity of a stable and recyclable H-beta catalyst in the 
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benzoylation of chlorobenzene with 4-ClBC at atmospheric pressure (scheme 3.3). The 

influence of catalyst concentration, reaction temperature, CB/4-ClBC molar ratio and 

recycling of H-beta is also examined on the conversion of 4-ClBC using H-beta. The results 

obtained over H-beta are compared with that over the AlCl3. 

 
3.2.2. Experimental 

The catalytic reactions were carried out in a three necked flask (capacity, 50 ml) fitted 

with condenser, gas supply tube and a septum. The temperature of the reaction vessel was 

maintained using an oil bath. In the reaction flask, 0.044 mol of chlorobenzene and 0.3 g of 

zeolite (activated at 438 K for 2 h) and 0.022 mol of 4-chlrobenzoyl chloride were introduced.   

The reaction mixture was stirred and heated to attain the reaction temperature (443 K) in the 

presence of nitrogen gas. The reaction was monitored by taking the samples of reaction 

mixture at suitable intervals and analyzed using a gas chromatograph (HP 6890N series) with 

a flame ionization detector (FID) and a 50 m x 0.2 mm capillary column of methyl silicone 

gum. The products were also identified by GC-MS and compared with authentic samples. 

 
 
 
 
 
 
 
 

3.2.3. Results and discussion   

3.2.3.1 Influence of various catalysts 

       Table 3.4 lists typical values of benzoylation of chlorobenzene by 4-

chlorobenzoylchloride over various acidic zeolites. The results obtained over various catalysts 

Cl
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Liquid phase

CB 4-ClBC 4,4'-DCBP
ClCl

O

Catalyst, 443 K

Scheme 3.3



 

 80

are compared under identical reaction conditions with the homogeneous catalyst, AlCl3. The 

main product of the reaction is 4,4’-dichlorobenzophenone (4,4’-DCBP). Small amounts of 

2,4’-dichlorobenzophenone (2,4’-DCBP) and others (di-benzoylated products) are also 

detected. While 2,4’- and 4,4’-DCBP results from the aromatic substitution of CB by parallel 

reactions the others are obtained by the consecutive reactions of 2,4’- and 4,4’-DCBP. The 

activities of various zeolite catalysts are compared using data after the 4 h of the reaction time 

under similar reaction conditions whereas the activity and selectivity of AlCl3 is compared 

after 1 h of reaction time owing to its higher activity and rate of reaction than that of zeolite 

catalysts. As can be seen from the Table 3.4, H-beta exhibits the higher catalytic activity and 

rate of 4-ClBC conversion  (TOF = turn over frequency) among zeolite catalysts.  The rate of 

4-ClBC conversion (TOF) was found to be several times higher over H-beta than that of the 

RE-Y and H-mordenite, whereas dealuminated H-Y is found to active compared to the RE-Y 

and H-mordenite. The conversion of 4-ClBC over H-beta, H-Y, RE-Y and H-mordenite are 

found to be 19.8, 12.4, 1.5 and 1.8 wt. %, respectively. 

 
Table 3.4 Benzoylation of chlorobenzene to 4,4’-dichlorobenzophenone 
 

Product distribution (wt.%)c Catalyst Conv.of 
4-ClBC 
(wt.%)a 

TOF 

(10-4s-1mol-1Al) b 2,4’-DCBP 4,4’-
DCBP 

Others 

H-beta 19.8 8.4 6 88 6 

H-Y  12.4 6.0 10 87 3 

RE-Yd 1.5 0.1 7 83 10 

H-Mordenite 1.8 0.6 8 85 7 

AlCl3 e 22.0 6.0 2 84 14 
aReaction conditions: catalysts (g) = 0.3 ; catalyst / 4-ClBC (wt./wt.) = 0.078; chlorobenzene 
(mole)=0.044; 4-ClBC (mole)=0.022; reaction temperature(K)=443; reaction time (h)=4 ; 
 bTurnover rates are expressed as turnover frequency (TOF, moles of 4-ClBC converted s-1 
mol-1 Al); c 2,4’-DCBP = 2,4’-dichlorobenzophenone; 4,4’-DCBP = 4,4’-
dichlorobenzopheneone; Others = consecutive products; d70.6% RE3+-exchange in NH4-Y-
zeolite; e reaction time (h) = 1. 
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The corresponding TOF (10-4 s-1mol-1Al) are 8.4, 6.0, 0.1 and 0.6 x 10-4 s-1mol-1Al, 

respectively. The homogeneous Lewis acid catalyst, AlCl3, is found to be most active catalyst 

due to its strong Lewis acidity and the conversion of 4-ClBC, TOF and selectivity for 4,4’-

DCBP are found to be 22.0 wt.%, 6.0  (10-4 s-1mol-1Al) and 84.0 wt.%, respectively. In 

addition, the results show that the selectivity for 4,4’-DCBP over H-beta is higher (88.0 wt.%) 

than the other catalysts. A higher amount of consecutive products formation is observed over 

AlCl3 due to its non shape-selective character. From the data in Table 3.4, it is clear that that 

the performance of the catalyst is governed by the acidity and the structure of the zeolites.  

The higher conversion of 4-ClBC and TOF over H-beta and H-Y seem to be due the fact that 

the H-beta exhibits the stronger Brönsted acid sites compared to the other catalysts. These 

results indicate that acid strength is the most important factor for the polarization of 

ClC6H5COCl (4-ClBC) into an electrophile (ClC6H5CO+) which attacks the CB ring and 

produces the DCBPs (dichlorobenzophenones) [39-42] The little higher selectivity for 4,4’-

DCBP over H-beta might be attributed to its peculiar pore opening (5.5 x 7.5 Å) than H-Y 

(7.4 Å) and H-mordenite (6.5 x 7.0 Å). The results of the preceding section have revealed that 

H-beta is the best catalyst for the benzoylation of chlorobenzene to 4,4’-DCBP. The influence 

of various parameters on the conversion of 4-ClBC and product distribution over H-beta is 

reported in the following section.  

 
3.2.3.2 Influence of catalyst concentration     

       Figure 3.5 displays the conversion of 4-ClBC, rate of 4-ClBC conversion (TOF) and 

product distribution at 4 h reaction time as a function of H-beta / 4-ClBC ratio. The different 

ratios of H-beta / 4-ClBC ratio were obtained by varying the amount of the catalyst (H-beta, 

SiO2/Al2O3 =26) and keeping the concentration of 4-ClBC constant. A linear increase in the 

conversion of 4-ClBC from 3.1 to 23.8 wt.% was observed when catalyst to 4-ClBC ratio was 
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increased from 0 to 0.131, respectively. The corresponding TOF decreases from 14.9 to 6.0 

(10-4 s-1mol-1Al.) due to the increase in aluminum content when H-beta / 4-ClBC ratio was 

increased from 0.026 to 0.131, respectively. However, the selectivity for 4,4’-DCBP remains 

mostly unaffected even after the change in catalyst to 4-ClBC ratio. The yields of the products 

increase with the increase in the catalyst concentration due to the increase of moles of Al in 

the total amount of zeolite H-beta. These results indicate that with an increase in catalyst 

loading the conversion of 4-ClBC increases linearly because of the increase in the total 

number of acid sites available for the reaction. 

 

 

 

 

 

 

 

 

 

 
Fig.3.5. Effect of H-beta/4-ClBC ration on the conversion of 4-ClBC, TOF (10-4s-1mol-1Al) 
and product distribution (%). Reaction conditions: catalysts (g) = 0.3; chlorobenzene 
(mole)=0.044; 4-ClBC (mole)=0.022; reaction temperature (K)=443; reaction time (h)=4. 

 

3.2.3.3 Influence of reaction temperature 

       Figure 3.6 shows the variation of conversion of 4-ClBC (wt.%), rate of 4-ClBC 

conversion (10-4 s-1mol-1Al) and product distribution (wt.%) as a function of reaction 

temperature A significant increase in the conversion of 4-ClBC and rate of 4-ClBC 

conversion is achieved with the increase in reaction temperature. The conversion of 4-ClBC 
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and rate of 4-ClBC conversion increases from 14.1 to 23.1 wt.% and 6.0 to 9.8 (10-4 s-1mol-

1Al), respectively. However, the selectivity for 4,4’-ClBC remains nearly constant in all 

experiments. One of the reasons for the increased rates at higher temperature may be 

attributed to an enhancement of the rate of diffusion of 4-ClBC inside the channel of the H-

beta; however, reaction rates are usually more temperature dependent than rate of diffusion 

[43, 44].   The apparent activation energy of 4-ClBC conversion over H-beta estimated to be     

40.4 kJ / mol in the temperature range 433-453 K. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6. Effect of reaction temperature on conversion of 4-ClBC, TOF (10-4s-1mol-1Al) and 
product distribution (%). Reaction conditions: catalyst / 4-ClBC (wt./wt.) = 0.078; 
chlorobenzene (mole)=0.044; 4-ClBC (mole)=0.022; reaction time (h)=4. 

 

3.2.3.4 Influence of CB / 4-ClBC molar ratio 

       Keeping the amount of CB constant changed the CB/4-ClBC ratios. The increase in 

CB/4-ClBC ratio up to 3 gave a linear rise in the conversion of 4-ClBC and rate of 4-ClBC 

conversion (Fig. 3.7). The conversion of 4-ClBC and rate of 4-ClBC conversion increased 

from12.6 to 28.3 wt. % and 5.3 to 12.0 (10-4 s-1mol-1Al), respectively, as the CB / 4-ClBC 
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molar ratio increased from 1 to 3.The selectivity for the products was not influenced by the 

change in molar ratios (Fig. 3.7).  The increase in CB/4-ClBC ratio causes decrease in the 

concentration of 4-ClBC in the reaction mixture, which is effectively solvated in presence of 

higher concentration of CB. Thus adsorption of 4-ClBC over the acid sites takes place 

effectively at lower concentration level of 4-ClBC and hence higher conversion of 4-ClBC 

resulted. At CB/4-ClBC ratio of 3, higher conversion of 4-ClBC was achieved. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7. Effect of CB/4-ClBC molar ratio on conversion of 4-ClBC, TOF (10-4s-1mol-1Al) 
and product distribution (%). Reaction conditions: catalyst (g) =0.3; reaction temperature (K): 
443; reaction time (h)=4. 
 
3.2.3.5 Effect on catalyst recycling 

       H-beta sample used in the benzoylation of CB was recycled three times (fresh and two 

cycles) in order to check the activity and stability of the catalyst. After reaction of each cycle, 

the catalyst was filtered off, washed with acetone and calcined at 773 K in the presence of air 

for 16 h. Figure 3.8 lists the results of these experiments. H-beta shows an immediate but 

little decrease in the activity after each cycle. The conversion of 4-ClBC decreased from 19.8 
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to 17.0 wt. % when catalyst was recycled from fresh to 2nd cycle, respectively. However, the 

selectivity for the products remained unaffected. In order to check the structure of the catalyst  

after each reaction, X-ray diffraction pattern were recorded. XRD measurements indicated 

that the catalyst retains the H-beta structure. Chemical analysis of the reaction mixture as well 

as zeolite H-beta after each cycle revealed that minor amount of the aluminum leached out 

from the zeolite by the HCl (formed during the reaction). The SiO2/Al2O3 molar ratio of the 

zeolite H-beta increases from 26 to 28.9 after fresh to 2nd cycle, respectively, due to the 

leaching of minor amount of aluminum from the structure of the H-beta and hence a linear 

decrease in the activity of the catalyst is observed. The present study indicates that the 

catalyst can be recycled a number of times without loosing its activity to a greater extent. 

 

 

 

 

 

 

 

 

 

Fig. 3.8. Effect of CB/4-ClBC molar ratio on conversion of 4-ClBC, TOF (10-4s-1mol-1Al) 
and product distribution (%). Reaction conditions: catalyst (g) =0.3; reaction temperature (K): 
443; reaction time (h)=4. 

 

3.2.4. Conclusions 

       It is demonstrated for the first time that zeolite H-beta catalyzes the benzoylation of 

chlorobenzene with 4-ClBC efficiently, which leads to the formation of 4,4’-DCBP in high 
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selectivity. At identical reaction conditions the activity (conversion of 4-ClBC) trend after 4 h 

reaction time is AlCl3> H-beta > Del. H-Y > H.mordenite ≈ RE-Y. H-mordenite and RE-Y 

are less active due to their weaker acid sites. It is concluded that that the presence of strong 

Bronsted acid sites in the zeolite catalysts appears to be very important for the polarization of 

ClC6H5COCl (4-ClBC) into an electrophile (ClC6H5CO+), which then attacks the 

chlorobenzene ring resulting in the formation of dichlorobenzophenones. The higher yield of  

the products can be achieved by increasing the values of the catalyst concentration, reaction 

temperature and CB/ 4-ClBC molar ratio. Recycling of the catalyst progressively decreases 

the 4-ClBC conversions to a little extent.   
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4.1. Isopropylation of isobutylbenzene 
 
4.1.1.Introduction 
 
 The alkylation of aromatics through Friedel-Crafts reaction is of substantial industrial 

and pharmaceutical significance [1]. Alkylation of aromatic nucleus has been traditionally 

carried out with well-known Lewis acids or organometallic reagents using alkyl halides as the 

alkylating agents. Isopropylation of benzene and toluene with isopropyl bromide as an 

alkylating agent and AlCl3 as a catalyst had been studied in detail by Olah [2]. Alkylation 

with varieties of alkylating agents and Friedel-Crafts catalysts had provided insight into the 

trends in which activity and selectivity were mostly considered. Alcohols and alkenes can 

also serve as sources of electrophiles in Friedel-Crafts reactions in the presence of strong 

acids. Until recently, solid phosphoric acid and Friedel-Crafts catalysts like AlCl3 and BF3 

were used in the synthesis of many fine chemicals and pharmaceutical intermediate [3]. In 

many cases, more than stoichiometric amount of AlCl3 is used for the reaction, giving poor 

selectivity because of degradation, polymerization and isomerization.  Solid acid catalysis is 

one of the most important areas of research as varieties of industrially important reactions are 

being carried out using solid acids [3-5]. The use of a variety of solid acids like zeolitic 

materials is well defined in the production of aromatics and petrochemicals such as xylenes, 

ethylbenzene, cumene and linear alkyl benzenes [6-9]. A recent Mobil patent claimed cumene 

production over MCM-56 and MCM-22 [10]. Acidic zeolites, having Bronsted or Lewis acid 

centers uniformly distributed throughout the micro pores, have substantial acid strengths and 

are capable of replacing homogenous bulk Lewis acids. Here we studied liquid phase 

isopropylation of isobutyl benzene to 3-isobutylcumene and 4-isobutylcumene (Scheme 1) 

using 2-propanol as alkylating agents (in the presence of nitrobenzene as solvent) over 

zeolites and H-Al-MCM-41.  The products 3-isobutylcumene and 4-isobutylcumene serve as 
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precursors for making 3-hydroxy benzyl alcohol and 4-hydroxy benzyl alcohol, respectively, 

which are the intermediates for making bisphenol-F. The results concerning the optimization 

of the reaction conditions with zeolite, H-beta is presented here.  

 

 

 

 

 

 

4.1.2. Experimental 

 
The alkylation of isobutylbenzene with 2-propanol was carried out in a 250 ml stainless steel 

Parr autoclave equipped with a stirrer and a temperature controller. In a typical run freshly 

activated catalyst (0.5 g) was added to the isobutyl benzene (25 mmol), 2-propanol (25 mmol) 

and nitrobenzene (20 ml) mixture in the stainless steel autoclave and flushed with nitrogen 

before heating to the required temperature.  

4.1.3. Results and Discussions 

4.1.3.1 Effect of different catalysts  

Zeolite H-beta was found to be the active catalyst in the isopropylation of IBB to 3-

isobutylcumene and 4-isobutylcumene with 2-propanol. Among the three isomers, meta-

isomer was found to form in a significant amount followed by para- isomer due to its lower 

strain energy compared with ortho-isomer. The strain energies for ortho-, meta- and para-

isomers were calculated to be -312470.0835, -312474.1799 and -312474.2110 kcal/mol, 

respectively. The calculated strain energy differences of ortho-isomer with respect to meta- 

+
OH

NB solvent, catalyst
+

IBB -IBC43-IBC

Scheme 4.1
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and para- isomers were 4.0964 and 4.1275 kcal/mol, respectively. The mesoporous H-Al-

MCM-41 catalyst having SiO2/Al2O3 ratio of 50 showed higher TOF (10-2 h-1 mol-1 Al) for 

isobutyl benzene conversion than the other zeolites except H-beta (Table 4.1). Medium pore 

size and strong acid sites promote the catalytic activity of isopropylation of IBB to para- and 

meta alkylated products and hence H-beta is found to be the active catalyst in the 

isopropylation of IBB while H-Y, RE-Y showed lower activities due to their weaker acid 

sites. H-mordenite, having unidimensional pores, showed lower activity than H-Y, RE-Y and 

H-beta. Small pore openings of zeolite H-ZSM-5 (5.4 x 5.6 and 5.1 x 5.5 Å) made this 

catalyst inactive for the reaction (< 1 wt.% conversion of IBB). The conventional 

homogeneous catalyst AlCl3 showed higher activity but poor selectivity for 3-IBC or 4-IBC. 

The conversion of IBB and 4-IBC/3-IBC ratios over AlCl3 were 79 wt. % and 0.45, 

respectively.  

Table. 4.1 Isopropylation of isobutylbenzene 
 

Product distribution 

(wt.%)d 

 

Catalyst a 

Conv. of 

IBB 

(wt.%)b 

 

TOF 

(10-2 h-1 mol-1 Al)c 
3-IBC 4-IBC Others 

4-
IBC/3-
IBC 
ratio 

H-beta (26) 17 59.0 44 52 4 1.18 

H-Y (4) 3.4 2.5 43 51 6 1.19 

RE-Y (4) 4.6 3.3 41 47 12 1.15 

H-Mordenite (22) 1.8 5.4 40 60 0 1.5 

H-ZSM-5 (41) 0.8 5.2 42 53 5 1.26 

H-Al-MCM-41(50) 2.0 14.4 60 40 0 0.67 

AlCl3
e 79 22.0 42 19 39 0.45 

 
a SiO2/Al2O3 molar ratio is given in bracket 
b Reaction conditions : Catalyst (g) = 0.5 ; IBB (mol) = 0.025 ; IPA (mol) = 0.025 ; 
nitrobenzene (ml)= 25;    reaction temperature (K) = 453; reaction time (h) = 12. 
c  (TOF, turn over frequency, moles of IBB converted per mole of aluminum per hour). 
d  3-IBC = 3-isobutylcumene ; 4-IBC = 4-isobutylcumenee ; Others= disubstituted and higher 
molecular weight products; e Reaction temperature (K)=323. 
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Fig. 4.1. Effect of H-beta/IBB ratio on the conversion of IBB, TOF (10-2h-1mol-1Al) and     

product distribution (wt.%); Reaction conditions; IBB (mol) = 0.025; IPA (mol)=0.025; 

nitrobenzene (ml)= 25; reaction temperature (K) = 453; reaction time (h) = 12. 

 

4.1.3.2 Effect of catalyst/IBB  

Fig. 1 represents the conversion of IBB, rate of IBB conversion (TOF) and product 

distribution as a function of catalyst loading. The different H-beta/IBB (wt./wt.) ratios were 

obtained by varying the amount of catalyst loading corresponding to IBB. Without catalyst 

the conversion of IBB was less than 0.5 wt.%. Addition of small amount of catalyst  (H-

beta/IBB=0.06 ratio) accelerates the reaction to proceed with higher rate than before. 

Conversion of IBB increases from 0.5 to 4.6 wt.% when the H-beta/IBB ratio is increased 

from 0 to 0.06. A sharp increase in conversion and rate of IBB conversion, 17.0 wt.% and 

59.0 x10-2 h-1 mol-1 Al, respectively, were observed when 0.15 ratio of H-beta/IBB is used.  
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Further increase in the ratio did not affect the conversion of IBB significantly whereas 

selectivity to 3-IBC and 4-IBC was found to be nearly similar in all cases. Increase in the 

catalyst loading provides higher surface area with higher acid sites concentration for reactant 

molecules to adsorb on it. 

 
4.1.3.3 Effect of IBB/i-PrOH molar ratio 

 The effect of molar ratios of reactants on the conversion of IBB, rate of IBB 

conversion and selectivity to 4-IBC and 3-IBC was studied by changing the alkylating agent 

(i-PrOH) concentration and keeping IBB concentration constant. Four different combinations 

of molar ratio of IBB/i-PrOH (1,2,3 and 5) were studied (Fig. 4.2). As the molar ratio of 

IBB/i-PrOH increases, the i-PrOH concentration decreases and hence the competitive 

adsorption of i-PrOH on the surface of the catalytic sites increases to react with the substrate 

molecule.  

 

 

 

 

 

 

 

 

 

Fig. 4.2 Effect of IBB/i-PrOH molar ratio on the conversion of IBB, TOF  (10-2h-1mol-1Al)  

and product distribution (wt.%); Reaction conditions; Catalyst (g) = 0.5 ; IBB (mol) = 0.025 ; 

nitrobenzene (ml)= 25;  reaction temperature (K) = 453; reaction time (h) = 12. 
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4.1.3.6 Effect of Reaction temperature 

 The influence of temperature on the isopropylation of IBB with H-beta at constant 

catalyst/IBB ratio, 0.15, was studied with different temperature ranges. The variation of 

conversion of IBB, rate of IBB conversion and product distribution as a function of reaction 

temperature is given in Fig. 4.3. An increase in the conversion of IBB is achieved with the 

increase in reaction temperature. The conversion of IBB, TOF and 4-IBC/3-IBC ratio 

increased from 9.0 to 16.1 wt.%, 31.3 to 55.9 x 10-2h-1mol-1Al and 1.00 to 1.08, respectively, 

when the temperature is increased from 413 K to 433 K. Further increase in the reaction 

temperature, >433 K, gave a marginal increase in the IBB conversion, rate of IBB conversion 

(TOF) and 4-IBC/3-IBC ratio. The apparent activation energy calculated for the 

isopropylation of IBB is 18.5 kJ/mol. 

 

 
Fig. 4.3. Influence of reaction temperature on the conversion of IBB, TOF (10-2h-1mol-1Al)  
and product distribution (wt.%); Reaction conditions: Catalyst (g) = 0.5; IBB (mol)= 0.025; 
IPA (mol) = 0.025; nitrobenzene (ml)= 25; reaction time (h) = 12. 
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4.1.3.6 Effect of recycling 

In order to check the stability and catalytic activity of zeolite H-beta in the 

isopropylation of IBB, three cycles (fresh and two cycles) were carried out using the same 

catalyst. The results are presented in Table 4.2. After workup of the reaction mixture, the 

zeolite H-beta was separated by filtration washed with acetone and calcined for 16 h at 773 K 

in the presence of air. Thus, the recovered zeolite after each reaction was characterized for its 

chemical composition by EDX and crystallinity by X-ray diffraction (XRD). It was found that 

there is slight decrease in the content of aluminum and crystallinity of H-beta after each cycle. 

The activity of H-beta decreases progressively but marginally on each recycle and the 

conversion of IBB decreases from 17.0 to 16.1 % when H-beta was recycled from fresh to 

second cycle, respectively, in the isopropylation of IBB. The loss of aluminum and a little 

decrease in crystallinity of zeolite H-beta may be attributed for the decrease in catalytic 

activity after each cycle. 

 Table 4.2. Effect of recycling of H-beta catalyst in the isopropylation of IBB  
 

Product distribution  
(wt.%)d 

 
Catalyst 

SiO2/ 
Al2O3 
ratioa 

Conv.of 
IBB 
(wt.%)b 

TOF 
 (10-2h-1 

mol-1Al)c 

3-IBC 4-IBC Others 

4-
IBC/3-

IBC 

Crystalli
nity 
(%)e 

Fresh     26 

 

17.0 59.0 44 52 4 1.18 100 

1st recycle 26.8 16.7 58.0 47 50 3 1.06 98 

2nd recycle 27.0 16.1 56.0 46 49 5 1.07 
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a Determined by EDX. 
b,c ,d see foot notes of c,d,e, respectively , to Table 4.1. 
e By X-ray diffraction. 
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4.1.4. Conclusions 

Zeolite H-beta catalyzes the isopropylation of IBB efficiently with 2-propanol as the 

alkylating agent and is found to be superior to other zeolite catalysts. The conventional 

homogeneous catalyst, AlCl3, does not possess shape-selectivity and favors the formation of 

large amount of high molecular weight products. Among the isomers, meta-isomer was found 

to form in a significant amount followed by para isomer as the ortho isomer has relatively 

high strain energy compared to the other two isomers. Selectivity of the order of 52 % for 4-

IBC and 44 % 3-IBC is achieved at 17.0 wt.% conversion level of IBB over H-beta, whereas 

AlCl3 gave 19 % 4-IBC and 42 % 3-IBC under similar reaction conditions.  A higher strength 

of acid sites of H-beta is responsible for the conversion of IBB. The conversion of IBB 

increased significantly with increase in catalyst concentration (H-beta), reaction temperature 

and IBB/ i-PrOH molar ratio. At higher IBB/i-PrOH molar ratio, i.e. 5, the consumption of 2-

propanol is comparatively higher (95 %) compared to the equimolar ratio, (2-propanol 

consumption is 17.0 %). Recycling of the catalyst has not affected the activity of the catalyst 

significantly. 

 
4.2. Monomethylation of phenylacetonitrile 

4.2.1. Introduction 

 
 Monomethylated arylacetonitriles are important precursors of 2-arylpropionic acids, 

the well-known anti-inflammatory drugs [11]. Alkylation of PAN under environmentally 

benign conditions with non-toxic alkylating agents is of interest for the industries. Base 

promoted monomethylation of methylene active compounds is not an easy process for 

industries as substantial quantity of dimethyl derivatives also obtained with the usual 

methylating agents [12, 13]. The direct monomethylation of PAN was less selective even with 
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phase transfer catalysts [14, 15]. Tundo et al. observed very high selectivity for the 

monomethylation of PAN with DMC as methylating agent over gas-liquid phase-transfer 

catalysts [16, 17]. Basic zeolites were also studied for the alkylation of PAN with methanol 

under vapor phase conditions, but higher yields of 2-PPN were not achieved [18]. Alkali 

metal carbonates and organic bases have been studied in detail in the monomethylation of 

arylacetonitriles and methyl aryl acetates under batch conditions [19]. Solid base catalysts 

allow easier separation from the product as well as possible regeneration and reuse. Solid 

bases also have the added advantages of being noncorrosive and environmentally friendly, 

which allow easier disposal [20].  

Mesoporous MCM-41 type silica represents an ideal inorganic support due to higher 

surface area and sharply distributed pore dimensions, 2-20 nm [21, 22]. Recent researches in 

the area of organic functionalized and alkali metal ion exchanged mesoporous materials with 

high surface area suggest that these materials could be developed as basic catalysts, especially 

for the reactions of large molecules [23-25]. Organic functionalization of the internal 

mesopores of MCM-41 can be achieved, either by covalently grafting of various organic 

species onto the surface, or by incorporating functionalities directly during the synthesis. The 

attachment of functional groups to the mesoporous silica walls can be achieved by the direct 

reaction of surface hydroxyl groups with reactive silylating agents. The organosilane having 

ligands such as amine is directly grafted to the silica surface by an in-situ silylation procedure 

[26-28]. Among the organo functionalized mesoporous materials, 

aminopropyltriethoxysilylated mesoporous silica has been studied extensively as an organic-

inorganic hybrid solid for various applications [29-33].  
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4.2.2. Experimental 

  Monomethylation of phenylacetonitrile with dimethyl carbonate was carried out in a 

250 ml stainless steel Parr autoclave equipped with a stirrer and a temperature controller 

between 443 and 473 K and at autogeneous pressure with solid base catalysts (Scheme 4.2). 

In a typical run, freshly activated (at 423 K in case of NH2-Na-Al-MCM-41 and NH2-Si-

MCM-41, and 573 K for all other catalysts, 3 h) catalyst (0.5 g) was added to the PAN (1.5 x 

10-2 mol) and DMC (0.3 x 10-1 mol) mixture and heated to attain required temperature. The 

products were analyzed by gas chromatograph (HP 6890N) equipped with FID detector and 

capillary column (HP-5, 50 m x 0.2 mm) of 5 % methyl silicone gum and identified by GC-

MS and H1-NMR of the samples. 

1H NMR for 2-PPN  (200 MHz) (CDCl3) (δ): 1.63-1.67(3H, d); 3.9-3.93(1H, q); 7.38 (5H, 

aromatic).   

The conversion (%) is defined as the percentage of moles of PAN transformed into 2-

PPN. The rate of PAN conversion or turn over frequency (TOF) is calculated as the moles of 

PAN converted per hour and per gram of the catalyst. The selectivity (%) for a product is 

expressed as the amount of the particular product divided by the total amount of products and 

multiplied by 100. 
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4.2.3. Results And Discussion 

4.2.3.1. Effect of different catalysts  

Table 4.3 depicts the activities of different catalysts in the monomethylation of PAN. A 

steady increase in the conversion of PAN to 2-PPN over faujasites catalysts was observed in 

the order: Na-X, Na-Y < K-X, K-Y < Cs-X, Cs-Y. The conversion of PAN (%), rate of PAN 

conversion (10-4h-1g-1) and selectivity to 2-PPN (%) over Na-X, K-X and Cs-X are 11.1, 3.3,  

21, and 17.9, 5.3, 34 and 29.5, 8.8, 50, respectively. Almost similar trend of conversion and 

selectivity was found in case of Na-Y, K-Y, and Cs-Y. These results suggest that 

monomethylation of PAN to 2-PPN, is mainly enhanced by the increase in size 

electropositive character of the alkali metals. Zeolite K-beta gave 12.6 % conversion of PAN 

with 27 % selectivity to 2-PPN at the rate of 3.8 x 10-4h-1g-1 while K-L shows 55.5 % 

conversion of PAN with 53 % selectivity for 2-PPN. The higher conversion of PAN over K-L 

indicates the presence of stronger basic sites over the K-X, K-Y, K-beta, Cs-X and Cs-Y 

catalysts.  

The activity for the conversion of PAN is found to increase when Na-Al-MCM-41 is 

exchanged with KNO3 solution. Conversion of PAN, rate of PAN conversion (10-4 h-1g-1) and 

selectivity to 2-PPN over Na-Al-MCM-41, and K-Na-Al-MCM-41 are 11.1, 3.3, 31 and 56.2, 

16.8, 70, respectively. The exchange of Na+ by K+ in Na-Al-MCM-41 could cause formation 

of bulk potassium silicate and potassium aluminate with some residual K2O species. Under 

identical reaction conditions, conventional catalyst, K2CO3 gave 80 % selectivity to 2-PPN at 

100 % conversion of PAN. 

As seen from Table 4.3, at similar conversion level of PAN over the catalysts NH2-Si-MCM-

41 (7.5), and Na-Al-MCM-41 (10.2 and 11.1 %, respectively), selectivity to 2-PPN over the 

former is found higher (72 %) than over the latter (31%). The higher selectivity over APTES 
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functionalized catalyst indicates the higher basic strength of amine function, which could 

convert the intermediates into required product at similar reaction conditions. When both the 

functionalities (Na+ and –NH2) were mixed, the catalyst, NH2-Na-Al-MCM-41 (7.5), 

exhibited activity three times higher than that of Na-Al-MCM-41 or NH2-Si-MCM-41 (7.5). 

The possible reason might be understood that the quality and distribution of the functional 

Table 4.3. Physico-chemical properties of different catalysts used in the monomethylation 
of  PAN 
 

Product 
selectivity (%)b 

 
       

Catalyst 

 
SiO2/Al2

O3 
(mole 
ratio) 

Surface 
area  

(m2/g) 

Conv. of 
PAN  
(%)a 

 
TOF 

(10-4 h-1 g-1) 2-PPN Others 

Na-X 2.4 620 11.1 3.3 21 79 

K-X 2.4 615 17.9 5.3 34 66 

Cs-X 2.4 605 29.5 8.8 50 50 

Na-Y 4.1 612 13.0 3.9 19 81 

K-Y 4.1 606 15.1 4.5 32 68 

Cs-Y 4.1 598 24.7 7.4 53 47 

K-L 6.8 215 55.5 16.6 53 47 

K-beta 26.0 743 12.6 3.8 27 73 

Na-Al-MCM-41 33 1243 11.1 3.3 31 69 

K-Na-Al-MCM-41 14 540 56.2 16.8 70 30 

NH2-Si-MCM-
41(7.5)c 

- 889 10.2 3.0 72 28 

NH2-Na-Al-MCM-
41(7.5)c 

33 658 34.6 3.8 83 17 

K2CO3 - - 100 30.0 80 20 

a Reaction conditions: PAN : 0.015 mol; DMC : 0.3 mol; catalyst : 0.5 g; reaction temperature:  

 473 K; reaction time :10 h;  b 2-PPN= 2-phenylpropionitrile; others = intermediates,  

dimethylated and ring alkylated products; cAPTES loading =7.5 wt.%. 
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monolayers on the mesoporous materials is greatly influenced by the population of silanol 

groups, adsorbed water molecules [34], and resultant charge of the surface.  The charge 

compensating alkali ion (Na+) in aluminosilicates gels directs the organo-silane to assemble 

and anchor into coupling agents, TEOS, at regular interval between one molecule to another. 

APTES moieties arrange spatially within the mesopores and hence result uniform distribution 

of active sites. As a result, nucleophilicity of confined APTES moiety inside the mesopores is 

sufficient enough for the transformation of PAN to 2-PPN effectively. Much attention was 

given for the exploitation of heterogeneous basic catalyst, NH2-Na-Al-MCM-41, to bring 

forth a best catalytic system for the selective conversion of PAN to 2-PPN through optimizing 

both the reaction and catalyst parameter.  

 
4.2.3.2. Effect of APTES loading 

Effect of APTES concentration in the monomethylation of PAN was studied over 

NH2-Na-Al-MCM-41 catalysts with different concentration of APTES, i.e., NH2-Na-Al-

MCM-41 (7.5), NH2-Na-Al-MCM-41 (16), NH2-Na-Al-MCM-41 (30) and NH2-Na-Al-

MCM-41 (42) containing 0.34, 0.74, 1.13, and 1.89 mmol/g, respectively, (Fig. 4.4). It is seen 

that NH2-Na-Al-MCM-41 (7.5) gave about 83 % of 2-PPN at 34.6 % conversion level of 

PAN. A quick as well as sharp increase in conversion (34.6 to 66.4 %) was observed when 

NH2-Na-Al-MCM-41 (16) is used. The rate of PAN conversion exactly doubled when the 

concentration of APTES molecules in the catalyst is doubled which confirms the fact of 

active sites concentration dependent conversion of PAN. Further increase in the loading  (1.13 

mmol/g) increases the activity of the catalyst and thereafter it levels off and no appreciable 

change in rate of PAN conversion was observed. It is believed that 1.13 mmol/g must be the 

optimum loading and further increase in loading does not show any appreciable conversion of 

PAN and selectivity to 2-PPN and moreover higher loading of APTES makes the structure of 
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MCM-41 much less order which is evident from the broad signal in XRD (Fig 2.5). The 

selectivity for 2-PPN was found to be in the range of 83 to 91% when APTES loading was 

increased from 0.34 to 1.13 mmol/g, respectively. Increase in the loading of APTES groups 

on mesoporous walls increase the distribution of basic amine-groups up to the optimum level. 

Above that level, only degradation of long-range order was observed. NH2-Na-Al-MCM-41 

(30) catalyst has been chosen for further optimization studies. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. Effect of APTES group loading on the conversion of PAN  (%), TOF (10-4 h-1g- 1)  
and product distribution (%); Reaction conditions: PAN: 0.03 mol; DMC: 0.3  

    mol; catalyst: 0.5 g; reaction temperature: 473 K; reaction time: 10 h. 
 

4.2.3.3. Duration of run 

The effect of reaction time on the conversion of PAN, rate of PAN conversion and selectivity 

to 2-PPN was studied over NH2-Na-Al-MCM-41 (30) at 473 K and at autogeneous pressure 

(Fig. 4.5).  
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 Fig. 4.5. Conversion of PAN (%), TOF (10-4h-1g–1) and product distribution (%) vs. reaction  
                   time (h) over catalyst NH2-Na-Al-MCM-41 (30); Reaction conditions: PAN: 0.03  

      mol; DMC: 0.3 mol;catalyst: 0.5 g; reaction temperature: 473 K. 
 
 
To collect sample at regular interval of time, reaction was stopped and the reactor was 

allowed to cool down to room temperature. The conversion of PAN and selectivity to 2-PPN 

increase linearly with the reaction time up to 10 h. At initial hours of reaction, higher rate of 

PAN conversion with lower selectivity to 2-PPN suggests that formation of intermediates, 

PAN anion, ArCH(COOCH3)CN and ArC-(COOCH3)CN takes place consecutively in the 

initial hours of reaction (Scheme-1). These intermediates transform into 2-PPN in the course 

of reaction time and hence conversion of PAN as well as selectivity to 2-PPN increase 

linearly with reaction time.  The maximum conversion of PAN (>91.7 %) with the rate of 

PAN conversion, 58.3 x 10-4 h-1g-1, and higher selectivity to 2-PPN (>94 %) were obtained at 

10 h of reaction time. Selectivity to 2-PPN in the initial hour of reaction was found lower but 

steadily increased with reaction time. The decrease in rate in later hours of reaction may be 

attributed to shifting of the equilibrium between intermediates and PAN towards 2-PPN and 

intermediates.  The rate of formation of intermediates by the reaction of PAN with DMC is 

highly facilitated by the active sites (nucleophilic centre) in the catalyst.  
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4.2.3.4. Effect of catalyst/PAN (wt./wt.) ratio       

  Figure 4.6 shows the effect of catalyst loading, i.e., NH2-Na-Al-MCM-41 (30) / PAN 

(wt./wt.) ratio on the conversion of PAN, TOF, and 2-PPN selectivity in the methylation of 

PAN at 453 K and 10 h of reaction time. When there was a lower loading of catalyst against 

higher concentration of PAN, conversion of PAN to 2-PPN was less. Lower conversion is due 

to the lesser concentration of active sites than the threshold concentration. Threshold 

concentration can be understood as concentration of a catalyst at which active sites are 

equally spaced and exposed to the reactant molecules without allowing much crowd of 

reactant molecules near the active sites. Since the monomethylation of PAN proceeds via 

intermediates, all the steps in the mechanistic path require to be activated by the active sites. 

Hence threshold concentration of active sites is required for the conversion of PAN into 2-

PPN at any given time. When the catalyst/PAN (w/w) ratio increased from 0.06 to 0.09, 

increase in the conversion of PAN from 16.5 to 48.2 %, rate of PAN conversion (TOF x 10-4 

h-1g-1) from 24.8 to 48.2 and selectivity for 2-PPN from 35 to 80 % were observed, which 

reflects the above fact. This sharp increase in the conversion of PAN due to the slight increase 

in the catalyst concentration is due to crowding of reactant molecule over the active sites is 

minimized significantly. When the catalyst/PAN (w/w) ratio increased from 0.09 to 0.11, still 

higher conversion of PAN (91.7 %) with maximum selectivity of 2-PPN (94 %) is resulted. 

There was little increase in conversion of PAN and nearly similar selectivity to 2-PPN 

observed when the catalyst/PAN (w/w) ratio is increased above 0.11. These results confirm 

that higher efficiency of active sites can be exploited only at the optimum catalyst 

concentration with respect to reactant concentration. The optimum loading of catalyst is found 

to be 11.4 % with respect to PAN.  
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Fig. 4.6. Effect of NH2-Na-Al-MCM-41 (30)/PAN (wt./wt.) ratio on the conversion of PAN   
(%), TOF (10-4 h-1g –1) and product distribution (%); Reaction conditions: PAN: 0.03mol; 
DMC: 0.3 mol; reaction temperature: 473 K. 
 

 
4.2.3.5. Effect of DMC/PAN molar ratio 

Effect of PAN concentration in the monomethylation reaction of PAN was studied and 

depicted in Table 4.4. By keeping DMC concentration constant and change in the PAN 

concentration of the reaction mixture were done to get various molar ratio of DMC/PAN. At 

lower DMC/PAN molar ratio, conversion of PAN was found lower but the rate of PAN 

conversion was higher. The rate of PAN conversion at 10 h reaction time increases with 

decrease in DMC/PAN molar ratio mainly due to the increase of PAN concentration.  But in 

the initial hours of reaction, the rate of PAN conversion over all the ratios are more or less 

similar. At DMC/PAN ratio of 3, the conversion of PAN, rate of PAN conversion (TOF x 10-4 

g –1min-1) and selectivity to 2-PPN after 10 h reaction time were found to be 63.5 %, 2.1 and 

91 %, respectively, where as at DMC/PAN molar ratio of 20, the conversion of PAN, rate of 
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PAN conversion (TOF) and selectivity to 2-PPN were found to be 97.5 %, 0.48 and 92 %, 

respectively. 

 
Table 4.4 Effect of PAN concentrations in the monomethylation of PANa 

 

PAN (moles) Parameters 

0.015 0.03 0.05 0.1 

Conv. of PAN     

30 min 42.3 13.8 12.0 5.6 

60 min 65.0 24.6 22.3 13.3 

120 min 68.5 46.4 49.2 25.4 

600 min 97.5 97.1 84.6 63.5 

Selectivity to 2-PPN     

30 min 22 34 42 46 

60 min 49 64 61 59 

120 min 57 78 74 76 

600 min 92 93 94 91 

Rate (10-4 min-1g-1)     

30 min 4.3 2.7 4.0 3.7 

60 min 3.2 2.4 3.7 4.4 

120 min 1.7 2.3 4.1 4.2 

600 min 0.48 0.97 1.4 2.1 

 
a Reaction conditions: DMC= 0.3 mol; reaction temperature= 453 K; NH2-Na-Al-MCM-41        
   catalyst =0.5 g. 
 

 

Higher concentration of PAN in the reaction mixture will enhance the PAN adsorption over 

the active sites and formation of PAN anion intermediate. In the initial hours of reaction, 
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selectivity for 2-PPN increases as the DMC/PAN molar ratio decreases. These results suggest 

a phenomenon that, adsorption of intermediates predominates over PAN at lower DMC/PAN 

molar ratio and hence higher possibility of formation of 2-PPN. DMC works more as a 

solvent at higher DMC/PAN molar ratio and helps the intermediates relaxation through 

solvation. During this relaxation period of intermediates, PAN molecules get adsorbed over 

the active sites, rather than intermediates and hence lower selectivity for 2-PPN.  

 
4.2.3.6. Effect of reaction temperature 

The influence of reaction temperature (between 423 and 473 K) on the selective mono 

methylation of PAN with constant NH2-Na-Al-MCM-41 (30) /PAN ratio (wt./wt.) of 0.14, 

and DMC/PAN ratio of 20, was studied (Table 4.5). As an alternate pathway provided by a 

catalyst helps the reactant molecules to cross the energy barrier for attaining 

thermodynamically stable product. The rate of PAN conversion is enhanced with increase in 

temperature. Since the monomethylation of PAN proceeds through formation of 

intermediates, which are to be catalytically activated, elevation of reaction temperature favors 

the rate of PAN conversion. The conversion of PAN, rate of PAN conversion (TOF x 10-4 h-

1g-1) and selectivity to 2-PPN increase from 11.8 to 34.2 % and 7.0 to 20.5 and 29 to 67 %, 

respectively, when the temperature is increased from 423 to 433 K at 10 h reaction time. A 

linear increase in the conversion of PAN, rate of PAN conversion and selectivity to 2-PPN 

were observed when the temperature is increased up to 453 K. Beyond 453 K, the conversion 

of PAN, rate of PAN conversion and selectivity to 2-PPN level off. At lower temperature 

ranges (<453 K) and at 4 h of reaction time, it was observed that conversions of PAN as well 

as 2-PPN yields were lower (Table 4.4). It is also seen that rate of PAN conversion is lower at 

lower reaction temperature (<453 K) at 4 h of reaction time compared to the rates at 10 h 

reaction time. 
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   Table 4.5. Effect of temperature and reaction time on methylation of PAN 

 

Product selectivity (%) Reaction 
temperature 

(K) 

Reaction 
time (h) 

Conversion 
(%)a 

TOF 

 (10-4 h-1 g-1) b 
2-PPN Others 

423 4 2.6 3.9 30 70 

423 10 11.8 7.0 29 71 

433 4 6.3 9.4 37 63 

433 10 34.2 20.5 67 33 

443 4 12.2 18.3 44 56 

443 10 77.4 46.4 88 12 

453 4 22.9 34.3 68 32 

453 10 82.2 49.3 90 10 

473 4 51.3 76.8 83 17 

473 10 90.2 54.1 91 9 

 
aReaction conditions: PAN : 0.015 mol; DMC : 0.3 mol; NH2-Na-Al-MCM-41:  0.25 g. 
b Rate of PAN conversion= number of moles of PAN converted per  hour of reaction time per  

      gram of catalyst. 
 
But when the temperature increased to 473 K, the rate of PAN conversion at 4 h of reaction 

time is higher than at 10 h of reaction time. This result evident the formation of intermediates 

with higher rate in the initial hours of reaction favors at higher reaction temperature. At 

higher temperatures there is an enhancement in the polarization of PAN into a PAN-anion, 

which activates the DMC molecule at carbonyl carbon position results in forming an 

intermediate A (Scheme 4.3). Intermediate A is activated by the basic sites to produce 

intermediate B (Scheme 4.3) with higher nucleophilic in character which attacks methyl 

group of DMC and rearranges to form 2-PPN and dimethylcarbonate. These all 

transformations are highly facilitated by higher reaction temperatures. The apparent activation 
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energy calculated for the methylation of PAN at lower conversion level is 114.0 kJ/mol (Fig. 

4.7). 

 

 

 

 

 

 

 

 

 
 
 

Fig. 4.8. Arrhenius plot for the rate of reaction (TOF, 10-4 h-1 g –1) with different 
              temperatures. 

 

4.2.3.7. Recycling 

To study the deactivation of basic sites, the catalyst was reused without any further treatment. 

After the reaction completed, the reaction mixture was decanted and a fresh reaction mixture 

was charged and continued the reaction. Fig. 9 shows the results of conversion of PAN, rate 

of PAN conversion (TOF) and selectivity for 2-PPN over fresh, first and second reused NH2-

Na-Al-MCM-41 (30) catalyst. A decrease in the PAN conversion is seen immediately in the 

first reuse, but selectivity to 2-PPN remains nearly ~ 90 %. Second reused catalyst shows a 

drastic decrease in activity (PAN conversion 52.2 %) as well as selectivity to 2-PPN (79 %). 

The decrease in activity may be due to either the formation of carbonaceous material inside 

pores of the catalyst, which block the active sites or formation of quaternary ammonium salts. 

The C, H, N elemental analysis confirms that there is an increase in carbon content in the 

0

0.5

1

1.5

2

2.5

3

2.15 2.2 2.25 2.3 2.35 2.4
1000/T(° K)

ln
(r

at
e,

 T
O

F,
 1

0
-4

 h-1
 g-1

)

Eact =115 kJ/mol



 

 110

recycled catalyst compared to the fresh catalyst whereas nitrogen content remains almost the 

same in both fresh and recycled catalyst.  Formation of large amount of “others” in case of 

second reuse can be accounted to the increase in carbon content (either as undesorbed 

products or formation of quaternary ammonium salts), which lowers the nucleophilic 

character of the amines. To confirm that, triethoxysilyl propyltriemthylammonium salt was 

prepared by the reaction of 3-APTES molecules with DMC and used as a catalyst. Almost full 

conversion of PAN with 85 % selectivity to 2-PPN could be achieved when neat 3-APTES 

was used as a catalyst where as only 50 % conversion of PAN with 65 % selectivity to 2-PPN 

was obtained when triethoxysilyl propyltriemthylammonium salt was used as a catalyst 

(Table 4.6).  

 

 

 

 

 

 

 

 
 
 
 
 
Fig. 4.8. Effect of recycling on the conversion of PAN (%), TOF (10-4 h-1 g –1) and product  
distribution (%); Reaction conditions: PAN: 0.03 mol; DMC: 0.3 mol; catalyst: 0.5 g; reaction 
temperature: 473 K. 
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formation of quaternary ammonium salt in case of recycling catalysts are responsible for less 

activity of the catalyst for the conversion of PAN to 2-PPN. 

Table 4.6 Effect of recycling of catalysts over the conversion of PAN. 
 

Elemental  analysis (%) Product distribution 

(%) 

Catalyst  Surface 

area 

(m2/g) 
C H N 

Conv. of 

PAN (%)a 

2-PPN Others 

Fresh  550 6.93 1.90 1.58 77.7 93 7 

Recycle-1  308 7.62 2.32 1.51 75.6 89 11 

  

 a Reaction conditions: NH2-Na-Al-MCM-41 /PAN (wt./wt.) : 0.07; DMC : 0.2 mol; reaction 
temperature: 453 K; reaction time :10 h.  

 

 

 

 

 

 

 

 

 

 

Fig.4.9. FT-IR spectrum of NH2-Na-Al-MCM-41 (30); a: Fresh catalyst; b: recycled 

 

FT-IR spectrum of used NH2-Na-Al-MCM-41 (30) catalyst shows little decrease in 

intensity of the peaks compared to the fresh catalyst, corresponding to the stretching 
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frequency of amine functions and additionally some new, but weak bands also formed which 

may be correlated to carbonaceous materials formed over catalytic sites and stick over on it 

(Fig 4.9).  

The stretching band of NH2 and CH2 groups found to be shifted to higher energy side 

in case of used catalyst (3619, 3298, 3026, 2940, 2877 and 1817 cm-1 to 3634, 3306, 

3056,2955, 2851 and 1857 cm-1, respectively). Fig. 4.10 shows the XRD pattern of the fresh 

and used NH2-Na-Al-MCM-41 (30) catalysts. There is a decrease in intensity of the peak (hkl 

100) but at the same time pore structure remain without collapse. This fact was also 

confirmed by decrease in surface area of the samples.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10. X-ray diffractograms of NH2-Na-Al-MCM-41 (30); (a) Fresh (b) recycled. 

 

4.2.3.8. Mechanism of the reaction 

Scheme 4.3 explains the possible mechanism for the conversion of PAN into 2-PPN over 
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are the source of basic sites (Scheme 4.3, eqn.1).  PAN anion is generated by the activation of 

PAN over basic sites (Scheme 4.3, eqn.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DMC has double selectivity, i.e., both as methoxycarbonylating agent according to a BAc2 

mechanism and as a methylating agent according to a BA12 mechanism [19]. Both reaction 
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formation of an intermediate A takes place (Scheme 4.3, eqn.3), which is highly acidic and 

reacts with the base immediately to form anion of the intermediate B (Scheme 4.3, eqn.4). 

DMC as a solvent has been shown to provide a suitable polar and aprotic environment for 

selectively orienting the reactivity of methoxycarbonylation and methylation reactions, 

respectively, in consecutive steps. Intermediate B, which is highly nucleophilic attacks CH3 

group of DMC and possibly converts into 2-PPN and gives back DMC (Scheme 4.3, eqn.5). 

In the course of reaction, basic sites of the catalysts are regenerated and methanol also formed 

as bi-product. The DMC is regenerated back and continuously utilized in the reaction.  

 
4. 2. 4.Conclusions 

NH2-Na-Al-MCM-41 catalysts prepared by co-condensation of APTES, TEOS and 

sodium aluminate, are showing higher conversion of PAN and selectivity to 2-PPN compared 

to the microporous zeolites, alkali ion exchanged Na-Al-MCM-41, and conventional K2CO3 

catalysts. Catalyst optimization study reveals that 30 wt % loading of APTES group over 

mesoporous aliminosilica exhibits maximum conversion of PAN and selectivity to 2-PPN. 

Reaction parameter study reveals that higher efficiency of active sites can be exploited only at 

the optimum catalyst concentration corresponds to reactant concentration, optimum molar 

ratio of DMC/PAN and higher reaction temperature. The optimum loading of catalyst was 

found to be 11.4 %. Higher concentration of DMC at DMC/PAN molar ratio (>10) facilitates 

the formation of 2-PPN by effective solvation and maximum random distribution of the 

intermediates, to access the catalytic sites effectively. Increase in reaction temperature 

enhances the activity of PAN conversion selectively towards 2-PPN. Recycling studies show 

that formation of quaternary ammonium salt in case of recycling catalysts is responsible for 

less activity of the catalyst for the conversion of PAN to 2-PPN.  
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5.1. Introduction 

 
Dypnone is a useful intermediate for the production of a large range of compounds. It 

has been used as a softening agent, plastisizer and perfumery base.  Dypnone has been 

prepared conventionally by the action of sodium ethoxide, aluminum bromide, phosphorous 

pentachloride, aluminum triphenyl, zinc diethyl, calcium hydroxide, anhydrous hydrogen 

chloride, anhydrous hydrogen bromide, aluminum chloride, aluminum tert-butoxide or 

hydrogen fluoride on acetophenone as described in the earlier literature [1-4]. In addition, it 

has been obtained by the action of aniline hydrochloride on acetophenone, followed by 

treatment with hydrochloric acid. Unfortunately, its synthesis is not always an easy task and 

Lewis acid catalysts have several disadvantages if applied to industrial processes such as 

wasting large amounts of catalysts, corrosion of reactor, water pollution by acidic wastewater, 

and difficulty of catalyst recovery. In addition, AlCl3 being a strong Lewis acid also catalyzes 

other undesirable side reactions such as polycondensation of ACP to a mixture of other 

products. In view of the above, it was of interest to develop a new solid catalyst for the 

selective synthesis of dypnone. Modified zeolites are known to catalyze selectively aldol 

condensation of ACP to dypnone [5-8]. The objective of the present work is to replace the 

conventional Lewis acids catalyst with environmentally friendly solid acid catalysts such as 

sulfated zirconia (SZ) sulfated titania (ST) which are open structure and H-beta zeolite is 

closed three dimensional porous structure. We have chosen the later among other zeolites 

because it has been synthesized and characterized in our lab shows a good activity towards a 

variety of acylation reactions [9-11] and halogenation reactions [12]. It has also been reported 

that a comparative study of SZ with H-beta zeolite for alkylation of isobutene [13]. Another 

objective is to enhance the selectivity for dypnone and to minimize the formation of 

consecutive products in the condensation of ACP using solid acid catalysts. This paper  
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presents the results of a study comparing the performance of sulfated metal oxides with H-

beta catalyst in the condensation of ACP (scheme 1). The condensation of ACP to dypnone 

has not been reported yet using such catalysts. The influence of catalyst concentration and 

reaction temperature is also reported using SZ as catalyst. 

 

 

 

 

 

5.2. Experimental 

Acidity of the catalysts was evaluated by the temperature programmed desorption of 

ammonia from 303 K to 873 K (in several steps) using the method described in the literature 

[14]. The physico-chemical properties of the samples are given in Table 5.1.  Before reaction, 

the catalysts were dehydrated at 573 K for 3 h.  

Table 5.1: Physico-chemical properties of catalysts 

 
a measured by SEM JEOL(JSM-5200); b measured by N2 adsorption (NOVA). 
c SiO2/Al2O3 molar ratio=26; degree of H+-exchange= >98.7%. 
 
 
 

NH3 desorbed (mmol/g) at (K)     
Catalyst 

Sulfur 
content  

(wt%) a 

Surface 
area 

(m2/g) b 303-
353  

353-
433  

433-
513  

513-
653  

653-
773  

773-
873  

NH3 
chemisorbed 

at 303 K 
(mmolg-1) 

SO4
2-

/ZrO2 

3.08 100.6 0.16 0.07 0.17 0.29 0.15 0.61 1.45 

SO4
2-

/TiO2 
3.04 145 0.01 0.14 0.01 0.03 0.01 0.17 0.37 

H-betac - 745 0.08 0.1 0.15 0.43 0.36 0.07 1.19 

Scheme 5.1

O

H

O
CH3

Acid catalyst 

stirring,2
+ H2O

acetophenone dypnone
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5.2.1. Catalytic reaction  

Reactions were performed in the liquid phase under batch conditions. In a typical 

reaction, the activated catalyst (0.5 g) was added to ACP (0.042 mol) and the resulting 

suspension was magnetically stirred at 433 K. The course of the reaction was followed by 

analyzing the reaction mixture periodically using a gas-chromatograph (HP 6890) equipped 

with a flame ionization detector (FID) and a capillary column (HP 5% silicone gum). The 

products were also identified by GC/MS (Shimadzu, QP 2000 A) analysis.  The isolation of 

pure products was accomplished by silica gel (60-120-mesh) column chromatography with 5 

% ethyl acetate in petroleum ether as eluting solvent. TLC and GC confirmed the formation 

of pure compound. The major products obtained in this study are in agreement with the 

spectroscopic data of the pure compound. 

Spectroscopic data of dypnone: 1H NMR  (200 MHz) (CDCl3)  (δ): 2.48(s, 3H); 

7.05(m, 1H); 7.05-7.87(m, 10H).  GC-FT-IR (vapor phase): 1610 cm-1 (-C=C-); 1675  

cm-1 (-C=O).     

The conversion is defined as the percentage of ACP transformed. The rate of ACP 

conversion is given as the amount of ACP  (mmol) converted per gram of the catalyst per 

hour during the initial period. The selectivity (wt.%) for a product is expressed as the amount 

of the product divided by the amount of total products and multiplied by 100. 

 
5.3. Results and discussion 

5.3.1 Effect of various catalysts 

The catalytic activity, rate of ACP conversion and selectivity to dypnone formation 

with different catalysts, under similar reaction conditions, are given in Table 5.2.  The results 

with AlCl3 are also included for comparison. As seen from Table 5.2, trans and cis dypnone 

together with ketene are formed in the condensation of ACP. The aldol condensation of ACP 
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produces dypnone as a major and primary product while ketene is a secondary product. As 

can be seen from Table 2, SZ and zeolite H-beta exhibit similar and higher activity compared 

to the ST. However, the selectivity for dypnone over all catalysts remains nearly constant. 

The conversion of ACP, rate of ACP conversion and selectivity for dypnone over SZ, ST and 

H-beta are found to be 40.1, 28.5, 40.8 wt.%, 6.7, 4.8, 6.8 mmol g-1 h-1 and 86, 86 and 85 wt. 

%, respectively. AlCl3 catalyst is found to be more active (180.5 mmol g-1 h-1) with 

comparable selectivity (84 wt.%) to dypnone. The higher conversion of ACP over SZ and H-

beta seems to be due to the fact that these catalysts exhibit stronger acid sites (Table 5.1). 

 
   Table 5.2. Condensation of acetophenone with various catalysts 

 
Product distribution (wt. %) Catalyst Conversion of 

ACP (wt.%)a 
Rate of ACP conv. 

(mmolg-1h-1)b 

Dypnone Othersc 

SO4
2-/ZrO2 40.1 6.7 86 14 

SO4
2-/TiO2 28.5 4.8 86 14 

H-beta 40.8 6.8 85 15 

AlCl3
c 36.1 180.5 84 16 

 
a Reaction conditions: catalyst(g)=0.5; acetophenone(mol) = 0.042; reaction 

     temperature (K) = 433; reaction time(h) = 5 
b Rate of ACP conversion(mmolg-1h-1) is expressed as the ACP converted per hour per 

     g ram of the catalyst 
c 

 Others = cis form of dypnone and ketenes 
d Reaction time (h) = 0.16 

  
As can be seen from Table 5.2, SZ and zeolite H-beta exhibit similar and higher 

activity compared to the ST. However, the selectivity for dypnone over all catalysts remains 

nearly constant. The conversion of ACP, rate of ACP conversion and selectivity for dypnone 

over SZ, ST and H-beta are found to be 40.1, 28.5, 40.8 wt.%, 6.7, 4.8, 6.8 mmol g-1 h-1 and 

86, 86 and 85 wt. %, respectively. AlCl3 catalyst is found to be more active (180.5 mmol g-1h-
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1) with comparable selectivity (84 wt.%) to dypnone. The higher conversion of ACP over SZ 

and H-beta seems to be due to the fact that these catalysts exhibit stronger acid sites (Table 

5.1).  These results indicate that strong acid sites are the most important factor to enhance 

both the protonation and the dehydration and consequently to force the aldol condensation of 

ACP to dypnone. Optimization of the reaction condition was done with catalyst SZ and other 

catalysts were compared under optimized conditions. 

    
5.3.2. Duration of the run 

   

Fig. 5.1.  Effect of different catalysts on conversion of ACP (wt.%); Reaction conditions:  
catalyst (g)=0.5; acetophenone (mol) = 0.042; reaction   temperature (K) = 433; reaction 
time(h) = 5. 
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Fig. 5.1 shows the time dependence of the conversion of ACP (wt.%) over SZ, ST, H-

beta and AlCl3 under similar conditions. H-beta showed a lower initial activity compared to 

SZ and AlCl3, because of diffusional resistance in H-beta. However, after 2 h of reaction time 

H-beta performed better than AlCl3. The lower activity of AlCl3 after 2 h may be attributed to 

the amount of AlCl3 (in relation to ACP) used in the reaction, which was less than the 

stoichiometric amount normally required. The ST catalyst was considerably less active than 

SZ and AlCl3, because of diffusional resistance in H-beta. 

Fig. 5.2. Effect of reaction time on conversion (wt.%) of ACP and dypnone selectivity (%)  
over SZ catalyst; Reaction conditions: catalyst (g)=0.5; acetophenone (mol) = 0.042;   
reaction temperature (K) = 433. 
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AlCl3 after 2 h may be attributed to the amount of AlCl3 (in relation to ACP) used in the 
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was considerably less active than H-beta and SZ due to its lower acidity and weaker acid sites  

 
 

0 2 4 6 8 10
0

10

20

30

40

C
on

v.
 o

f A
C

P 
(w

t.%
) a

nd
 p

ro
du

ct
 d

is
tr

ib
ut

io
n 

(w
t.%

)  

 Conv.
 Dyp.
 Others

Reaction time (h)



 

 123

(Table 5.1). Based on this conversion of ACP after 1 h of reaction time, positive trend in 

activities for the catalyst SZ was studied varying other reaction parameters. Fig. 5.2 shows the 

conversion of ACP and product distribution over SZ with the increase in reaction time up to 

10 h. Reaction conditions were detailed in Table 5.2. It can also be seen from the results that 

there is a steady increase in the conversion of ACP and the yield of dypnone, which level off 

after 3 h of reaction time. The result shows that the reaction time influenced the conversion of 

ACP and product yields in the condensation of ACP. 

 
5.3.3. Influence of catalyst/ACP ratio on ACP conv. Vs reaction time 

Fig. 5.3 compares the conversion of ACP as a function of reaction time using different 

concentrations of catalyst under similar conditions as those depicted in Table 5.2. The 

conversion of ACP is found to increase markedly up to 2 h of reaction time with the increase 

in SZ/ACP ratio from 0.05 to 0.15. However, for longer reaction time (5 h) the conversion of  

 
Fig. 5.3. Effect of catalyst/ACP ration on conversion of ACP (wt.%); Reaction conditions:  
acetophenone (mol) = 0.042; catalyst (g)=0.5; reaction   temperature (K) = 433. 
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ACP is similar at all catalyst concentrations. A negligible, lower conversion of ACP (wt.%) is 

observed in the absence of catalyst. Fig. 5.4 shows the effect of SZ (catalyst)/ ACP ratio 

(wt./wt.) on the conversion of ACP, rate of ACP conversion and product distribution. The 

catalyst/ACP ratio was varied from 0.05 to 0.15 by keeping the concentration of ACP 

constant. The total surface area available for the reaction depends on the catalyst loading. It 

was found that with an increase in catalyst/ACP ratio the conversion of ACP increases 

linearly from 17.2 to 30.7 wt. % for the reaction time of 1 h. The reason is due to the increase 

in the total number of acid sites available for the reaction. 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 5.4. Effect of catalyst/ACP ration on conversion of ACP (wt.%), rate and product 
distribution (wt.%); Reaction conditions: acetophenone (mol) = 0.042; reaction  
temperature (K) = 433; reaction time (h) = 5. 
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the need of a catalyst for decreasing the activation energy barrier in the condensation of ACP 

to dypnone.  

 
5.3.4. Influence of reaction temp. on ACP conv. Vs reaction time 

 Fig. 5.5 shows the effect of the reaction temperature on the conversion of ACP Vs 

reaction time during the condensation of ACP. The reaction temperature was varied between 

403 K and 433 K. Increasing the reaction temperature increases the catalytic activity sharply 

up to 3 h of reaction time and the conversion of ACP levels off with reaction time at all 

reaction temperature studied. The effect of reaction temperature on the conversion of ACP, 

rate of ACP conversion and product distribution is investigated in the range of 403-443 K  

 

 
Fig. 5.5 Influence of reaction temperature (K) on the conversion of ACP (wt.%) over SZ 
catalyst with reaction time (h) ; Reaction conditions: catalyst(g)=0.5; acetophenone(mol) = 
0.042. 
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using the SZ as catalyst (Fig. 5.6). The conversion of ACP and rate of ACP conversion 

increases from 17.1 to 40.1 wt.% and 2.8 to 6.7 mmolg-1h-1 respectively, when the 

temperature is raised from 403 to 433 K. However, the selectivity for dypnone remains nearly 

constant as shown in Fig. 5.6. A maximum in dypnone selectivity  (87 wt.%) over this 

catalyst is observed at 403 K. The apparent activation energy for the condensation reaction 

over SZ is estimated to be 40.8 kJ mol-1. 

 

Fig. 5.6. Effect of reaction temperature (K) on the conversion of ACP (wt.%), rate of ACP 
conversion (mmol g -1 h-1) and product distribution, over SZ catalyst; Reaction conditions: 
catalyst (g)=0.5; acetophenone (mol) = 0.042; reaction time (h) = 5. 
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catalyst, a minor decrease in the catalytic activity was noticed without loosing its selectivity 

for dypnone. The present study indicates that the catalyst can be recycled a number of times 

without loosing its activity to a greater extent. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7. Effect of recycling of catalyst (SZ); Reaction conditions: catalyst (g)=0.5;  
  acetophenone (mol) = 0.042; reaction time (h) = 5. 

 

5.3.6. Mechanism 

The formation of dypnone takes place when one of acetophenone molecule gets 

protonated and forms its conjugate acid (Scheme 5.2, eq.1). The electrophilic addition of the 

carbonium ion (conjugate acid) to the enol form of another molecule produces aldol (Scheme 

5.2, eq.2). Further protonation of the alcoholic OH of the aldol and elimination of water 

molecule forms a carbonium ion intermediate (Scheme 5.2, eq.3). Loss of H+ from the α-C 

atom results in the formation of α, β-unsaturated ketone (dypnone) (Scheme 5.2, eq.4). 
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5.4 Conclusions 

It is found that SZ and H-beta exhibit similar activity (rate of ACP conversion), which is 

higher than that of sulfated titania. From the TPD of NH3 it is seen that both sulfated zirconia 

and H-beta are highly acidic and possess strong acid sites, as seen from NH3 desorption in the 

temperature range of 513 K to 873 K, which are responsible for the reaction. The conversion 

of ACP increases with reaction time, the catalyst concentration and reaction temperature. The 

SZ is recycled two times to show that there is only a marginal decrease in activity on recycled 

catalyst with no loss in the selectivity for dypnone. 

 

+

O

cat-H
+

C6H5 C

O

CH3

H

C6H5 C

O

CH3
C6H5 C

OH

+ CH3 ---------(eq.1)

acetophenone

+C6H5 C CH2

O H -H
+

C6H5 C

OH

+ CH3

C6H5 C C

H

H

C

OH

CH3

C6H5
---------(eq.2)

aldolenol form-ACP

+

----------(eq.3)
H

+

C6H5 C C

H

H
C

OH

CH3

C6H5

O
C6H5 C C

H

H

C

CH3

C6H5

O OH2

aldol

H

-H +
C6H5 C C

H

C

CH3

C6H5

O
+ ------------(eq.4)C6H5

C

O

C

H

C

CH3

C6H5

dypnone

Scheme 5.2



 

 129

5.5. References 

1. W. Taylor, J. Chem. Soc. (1937) 304. 

2. N. O. Calloway and L. D. Green, J. Am. Chem. Soc. 59 (1937) 809. 

3. H. Adkins and F. W. Cox, J. Am. Chem. Soc. 60 (1938) 1151. 

4. J. H. Simons and E. O. Ramler, J. Am. Chem. Soc. 65 (1943) 1390 

5. H. Garcia, J. C. Maria, A. Corma, S. Iborra and J. Primo, Appl. Catal. A: General 

     130 (1995) 5. 

6. H. P. Hagen, U.S. Patent 4 433 174 (1984). 

7. P.B. Venuto, Microporous Mater. 2 (1994) 297. 

8. P.B. Venuto and P.S. Landis, J. Catal. 6 (1966) 237. 

9. T. Jaimol, P. Moreau, A. Finiels, A.V. Ramaswamy and A.P. Singh, Appl. Catal. A:  

      General 214 (2001) 1. 

10. V.D. Chaube, P. Moreau, A. Finiels, A.V. Ramaswamy and A.P. Singh, J. Mol.  

        Catal. A: Chemical 174 (2001) 355. 

11. C. Venkatesan, T. Jaimol, P. Moreau, A. Finiels, A.V. Ramaswamy and A.P. Singh, 

        Catal. Lett. 75 (2001) 119. 

12. A.P. Singh, S.P. Mirajkar, S. Sharma, J. Mol. Catal. A. 150 (1999) 241. 

13. A. Corma, M.I. Juan-Rajadell, J.M. Lopez-Nieto, A.Martinez, and C. Martinez,  

        Appl. Catal. A: General 111 (1994) 175. 

14. A. P. Singh, D. Bhattacharya, and S. Sharma, J. Mol. Catal. A: Chemical 102 (1995)  

        139. 

 
 
 
 
 
 
 
 
 



 

 130

6.1. Introduction 

 Transition metal-catalyzed reactions have gained a steadily increasing importance in 

recent research and developments. Fine tuning of reaction parameters of known or newly 

discovered metal catalyzed transformations along with the catalyst development had a good 

impact on the synthesis of natural and non-natural biological active compounds (valuable 

intermediates in the pharmaceutical and agrochemical industries) as well as theoretically 

interesting molecules. Among the process, palladium catalyzed transformations have played a 

leading role in developing and understanding totally new reaction types and peculiar path 

ways of transformations. Two of the most general and widely used palladium catalyzed 

processes are the arylation and alkenylation of alkenes, generally known as Heck reactions 

and the nucleophilic substitution of allylic substrates.  

 Carbon-carbon bond forming reactions represent the potential applications of 

palladium catalysts [1]. Among pool of palladium catalysts, carbometallated Pd (II) 

compounds, especially palladacycles, have emerged as very promising catalysts for C-C bond 

forming reactions [2-5]. Cyclopalladated phosphines, phosphinite, chelating diphosphines, 

carbene ligands and dimethylglycine have also been reported [6-9], however, a desired option 

for commercial realization stays back as the catalysts either require hazardous phosphate 

ligands for the stabilization of Pd in its zero valence state or tedious synthesis and activation 

procedures. A recent trend in catalysis related with environmental and economic concerns is 

the transformation of a homogeneous catalytic system into a heterogeneous system in which 

the active centers are supported on a solid, making the catalyst easily recoverable from the 

reaction mixture with the possibility of reuse and waste minimization [10-12]. For this reason, 

the activity of Pd and its metallic complexes supported over variety of solid supports,  
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particularly active charcoal, silica, and inorganic oxides have been studied for C-C coupling 

reactions [13-18]. Pd modified zeolites have been studied in the Heck reaction [19-20], but 

the smaller pore dimension limit their applications for larger molecules. Moreover Pd-zeolites 

catalysts need to be activated for getting the active metallic Pd in zero state.   

The discovery of mesoporous molecular sieves has simulated a renewed interest in 

developing adsorbent, sensors and the design of catalysts due to their high surface areas with 

narrow pore size distributions (2-20 nm) [21, 22]. Kosslick et al. have studied the anchoring 

of alkylsilylsulfonic acid into the walls of Al-MCM-41 to stabilize the catalytic active 

palladium complex that was formed during the course of reaction [23]. Silica supported 

palladacycle catalysts have been studied for C-C coupling reactions [24, 25]. Corma et al. 

have reported an oxime-carbapalladacycle complex covalently anchored to silica as an active 

and reusable heterogeneous catalyst for Suzuki cross-coupling in water [26]. Various attempts 

towards the immobilization of organometallic complexes have been made previously, such as 

attachment to supporting materials by chemisorption, immobilization by steric hindrance in 

zeolite micropores (ship-in-a-bottle concept), or supported liquid phase catalysts [27].  

Ortho-palladation with the weakest of palladation agents (Li2PdCl4) under very mild 

conditions, due to steric promotion of an aromatic C-H bond activation was studied by Dunia 

et al [28]. In this study, carbometallation was used to immobilize the palladium catalysts on 

MCM-41 support.  Carbometallation of anchored ligands with palladium metal centre 

enhanced by steric constraint of mesopores have been exploited to get heterogeneous 

palladium catalyst.  

Recently, we have reported for the first time that aliphatic C-metallated palladacycle 

synthesized in the pores of 3-hydroxypropyl triethoxysilane functionalized MCM-41 was 

found as an active and stable catalyst for Heck alkenylation of bromobenzne [29]. Here we 

report the synthesis and characterization of palladacycle-MCM-41 materials along with the 



 

 132

catalysts textural properties. The influence of synthesis conditions on the catalytic 

performance of the catalysts has been studied in the Heck alkenylation of bromobenzene. The 

heterogeneity of the catalyst has also been examined.  

 
6.2. Experimental 

Synthesis of palladacycle has been detailed in chapter 2.  Here the complete 

characterizations of the sample and optimization studies are presented. Scheme 6.1 shows the 

synthesis procedure for obtaining palladacycle immobilized on solid materials. 

 

 

 

 

 

 

 

 

 
6.2. 1. Heck alkenylation reactions 
 

Heck alkenylation reactions were carried out in a 25 ml glass reactor. In a typical 

experiment 0.03 g catalyst and 2.4 x 10-3 mol potassium carbonate were added into a solution 

of 2 x 10-3 mol bromobenzene and 3 x 10-3 mol of styrene in 5.0 ml N-methyl-2-pyrrolidone 

solvent (Scheme 6.2). The reaction mixture was heated under stirring for specified time. At 

regular intervals samples were collected and analysed by GC (HP 6890 N series) equipped 

with FID detector and HP-5 capillary column. Peak positions of reaction products were 
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compared and matched with the retention times of authentic samples. Identity of the products 

was also confirmed by GC-MS and 1H-NMR analysis. 

 

 

 

 

 

 
6.2. 2. Homoaryl coupling reactions 

Homoaryl coupling reactions were carried out in a 25 ml glass reactor. In a typical 

experiment 0.05 g catalyst and 2.4 x 10-3 mol potassium carbonate were added into a solution 

of 1 x 10-2 mol halobenzene in 5.0 ml dimethylformamide (DMF) solvent (Scheme 6.3). The 

reaction mixture was heated under stirring for specified time. At regular intervals samples 

were collected and analysed by GC (HP 6890 N series) equipped with FID detector and HP-5 

capillary column. Peak positions of reaction products were compared and matched with the 

retention times of authentic samples. Identity of the products was also confirmed by GC-MS 

and 1H-NMR analysis. 
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6.3. Results and discussions 

6. 3.1. Synthesis of catalysts 

In order to immobilize the homogeneous catalyst on a heterogeneous solid surface, an organic 

linker group is needed. Organic functionalization of the internal surfaces of MCM-41 can be 

achieved, either by covalently grafting of various organic species onto the surface, or by 

incorporating of functionalities directly during the preparation. The organosilane having 

ligands such as chlorine or amine is directly grafted to the silica surface by an in-situ 

silylation procedure. The chlorine functional group gets hydrolyzed into hydroxyl group 

either at synthesis condition or at post-synthesis hydrolysis treatment. These types of ligands 

permit formation of complexes through coordination bond with metal centers [31, 32]. There 

are three types of ≡ SiOH groups over siliceous MCM-41 surface [33], e.g. isolated single, 

hydrogen bonded and geminal ≡ SiOH groups, of which only the single and geminal ≡ SiOH 

groups are responsible for active silylation. The Hydrolysis of required composition of ClPTS 

and TEOS (0.05-0.3 and 0.095-0.7, respectively) in the presence of TMAOH enriches the 

mother liquor with single and geminal ≡ SiOH monomer silica species. Co-condensation of 

symmetrical Si(OH)4 and unsymmetrical RSi(OH)3 species results to the formation of 

uniformly distributed organo functionalized silica.  

Six different molar ratios of TEOS to ClPTS in the synthesis mixture have been taken while 

synthesis to obtain materials with a range of different concentration of ClPTS functional 

groups over MCM-41. Six different samples are designated as Cl-M1, Cl-M2, Cl-M3, Cl-M4, 

Cl-M5 and Cl-M6 and the respective hydrolyzed samples are designated as OH-M1, OH-M2, 

OH-M3, OH-M4, OH-M5 and OH-M6.  The fraction of functionalized silicon atoms in the 

synthesis gel (x) was set in the range of 0.025 to 0.3 as it was reported that material prepared 

with fraction of silicon atom in that range is more stable and hydrophobic in nature because of 



 

 135

hydrophobisation of all the silanol groups. The higher fraction of functionalized silicon atoms 

obtained in the synthesized material was 0.2 (Table 6.1). From C, H elemental analysis it was 

observed that effective loading of ClPTS groups into the coupling agent, TEOS was about 60 

wt % with respect to the amount of ClPTS taken in the synthesis gel.  

 
Table 6. 1 Molar composition of silylating agent and coupling agents in the synthesis of  

mesoporous materials with the molar composition: (1-x) TEOS: x ClPTS: 0.25 C16TAB:  

0.3 TMAOH: 90H2O: 10 MeOH 

 

x ClPTS 
(mmol/g) 

Catalysts TEOS 
(mol) 

ClPTS 
(mol) 

In put Out 
puta 

In put Out 
puta 

% of 
Loading 

Surface 
area 
(m2/g) 

Cl-M0 0.1 0 0 0 - - - 1050 

Cl-M1 0.12 0.003 0.024 0.016 0.42 0.27 64 760 

Cl-M2 0.107 0.007 0.061 0.036 1.08 0.6 56 735 

Cl-M3 0.093 0.01 0.097 0.059 1.78 0.99 56 855 

Cl-M4 0.08 0.013 0.14 0.1 2.7 1.67 62 614 

Cl-M5 0.067 0.017 0.202 0.159 4.21 2.65 63 726 

Cl-M6 0.05 0.02 0.286 0.196 6.66 3.26 49 715 

 
a Calculated from the data obtained from C, H analysis 
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Table. 6. 2 Physical characteristics of the catalysts (OH-M) 
 

Catalysts 2θ d100 (Å) Unit-cell 
parameter, a0 (Å) 

BET surface 
area (m2/g) 

OH-M1 2.57 34.36 39.68 547 

OH-M2 2.49 35.47 40.96 578 

OH-M3 2.47 35.75 41.29 862 

OH-M4 2.48 35.61 41.12 624 

OH-M5 2.34 37.74 43.58 732 

OH-M6 2.4 35.9 41.46 712 

 

The physical properties of OH-M samples are given in Table 6.2. Palladation was carried out 

over OH-M1, OH-M2, OH-M3, OH-M4, OH-M5, and OH-M6 samples under similar reaction 

conditions to obtain Pd-OMS1, Pd-OMS2, Pd-OMS3, Pd-OMS4, Pd-OMS5 and Pd-OMS6, 

respectively. All the palladation reactions were carried out at 335 K in methanol and with 

sodium acetate (Table 6.3). Dunia et al. have achieved best results when ortho-palladation of 

a sterically crowded primary benzylamine, α-phenylneopentylamine, was performed with 

Li2PdCl4 and excess sodium acetate in methanol [28]. Polar solvents have some advantages 

over non-polar solvents in the palladation reactions due to their strong solvating effect that 

assists in the generation of three- coordinate intermediate of the [L2PdX2(solv)]- type required 

for subsequent C-H bond activation [34]. Here the same steric effect due to the 

organofunctionalized mesoporous structure has been utilized for the activation of aliphatic C-

H activation. Formation of a quasi-immobilized palladium complex inside the mesopores 

when the anchored 3-hydroxypropyltriethoxy silane is treated with palladium source creates a 

steric constraint which might be expected to cause aliphatic C-H bond activation and hence 
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carbometallation occurs with weakest of palladation reagents and weak ligands under mild 

conditions. In the case of porous catalysts incorporating with organic functionalities, not only  

Table 6.3. Physico-chemical characteristics of the catalysts (Pd-OMS) 
 
Catalysts 2θ d100 

(Å) 
Unit-cell 
paramet
er, a0 
(Å) 

BET 
surface 
area 
(m2/g) 

Pd 
cont. 
(%) 

Conv. of 
bromoben. 
(wt.%)g 

Yield 
tran-
stilbene 

TONh 

Pd-OMS1a 2.62 33.71 38.93 351 0.44 5.8 100 93 

Pd-OMS2b 2.76 32.0 36.95 384 0.88 27.3 95 205 

Pd-OMS3c 2.77 31.88 36.82 632 0.94 33.8 90 213 

Pd-OMS4d 2.40 36.83 42.53 640 1.12 42.4 89 340 

Pd-OMS5e 2.49 39.42 40.96 862 1.05 57.8 90 389 

Pd-OMS6f 2.4 35.9 41.46 722 0.97 38.5 92 280 
 

a-f   OH-M1, OH-M2, OH-M3, OH-M4, OH-M5, OH-M6, and OH-SiO2 respectively =1 g; 
Li2PdCl4=1.4 x10-4mol (1.5% Pd); NaOAc= 50 mg; methanol= 20mL; reaction 
temperature=335 K;  reaction time= 24 h. 
g BB=2 mmol; styrene=3 mmol; K2CO3= 2.4 mmol; NMP=5.0 ml; temp.=423 K ;catalyst=30 mg; 
reaction time=5 h.  
hTON (Turn over number)= moles of BB converted per mole of Pd. 

 
the constraint of the surface, but also of the pore itself has to be considered potentially 

resulting in an even larger constraint [35]. The spatial confinement induced by the pore walls 

forces the propyl group to cyclise in presence of electrophilic metal centre. Two main 

possible factors determine the easier aliphatic carbometallation with weakest palladation 

reagents: (i) a large effective volume of the ligand (3-hydroxypropyltriethoxysilane) 

incorporated into MCM-41 pore walls must increase an internal energy of the intermediate bi-

nuclear coordination compounds due to a set of unfavorable non-bonding interaction [36], 

thus stimulating an intermediate dissociation to form reactive three coordinate species; (ii) the 

same steric effect must result in a weakening of Pd-O bond in the coordination intermediate, 

to make the palladium (II) centre more electrophilic. Both effects essentially facilitate the C-H 
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bond activation [37]. The palladation results obtained with the week palladation reagents, 

Li2PdCl4, in methanol in the presence of sodium acetate at room temperature may be 

considered as the most convincing evidence for the mesoporous structure promoted aliphatic 

C-H bond activation. 

Table 6.4. Effect of different synthesis conditions  

Catalysts 2θ d100 
(Å) 

Unit-cell 
paramet
er, a0 
(Å) 

BET 
surface 
area 
(m2/g) 

Pd 
cont. 
(%) 

Conv. of 
bromoben. 
(wt.%)i 

Yield 
tran-
stilbene 

TONj 

Pd-OMS51a 2.32 38.07 43.96 590 0.32 71.1 90.0 1570 

Pd-OMS52b 2.36 37.42 43.21 605 0.35 86.6 90.0 1748 

Pd-OMS53c 2.34 37.74 43.58 723 0.26 76.6 90.0 2082 

Pd-OMS54d 2.38 37.1 42.85 894 0.38 53.6 90.0 997 

Pd-OMS55e 2.44 36.2 41.8 802 0.71 74.0 91 736 

 Pd-Si-
MCM-41f 

2.86 30.9 35.66 1020 0.14 No 
reaction 

- - 

SiO2-Pdg - - - 255 0.26 5.6 100 152 

Am-PdMS 2.56 34.5 39.85 261 1.26 85.5 91 477 

 

a OH-M5=1.0 g; Li2PdCl4=1.4 x 10-4mol; NaOAc=0.05 g; methanol= 20 cc; reaction       
temperature=303 K; reaction time =24 h. 
b OH-M5=1.0 g; Li2PdCl4=1.4 x 10-4mol; methanol= 20 cc; reaction temperature=335 K; 
reaction time =24 h. 
c OH-M5=1.0 g; Li2PdCl4=1.4 x 10-4mol; acetone= 20 cc; reaction temperature=335 K; 
reaction time =24 h;  
d OH-M5=1.0 g; Pd(Oac)2 =1.4 x 10-4mol; chloroform= 20 cc; reaction temperature=335 K;   
reaction time =24 h. 
e OH-M5=1.0 g; Pd(Oac)2 =1.4 x 10-4mol; NaOAc=0.05 g; chloroform = 20 cc; reaction   

      temperature=335 K; reaction time =24 h. 
f ,g Si-MCM-41/OH-SiO2 =1.0 g; Li2PdCl4=1.4 x 10-4mol; NaOAc=0.05 g; methanol= 20 cc; 
reaction temperature=335 K; reaction time =24 h. 
h Am-MCM-41= 1g; Pd(Oac)2 =1.4 x 10-4mol; chloroform= 20 cc; reaction temperature=335 
K;   reaction time =24 h. 
i BB=2 mmol; styrene=3 mmol; K2CO3= 2.4 mmol; NMP=5.0 ml; temp.=423 K ;catalyst=30 mg; 
reaction time=5 h; j TON (Turn over number)= moles of BB converted per mole of Pd. 
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Few samples were prepared with or without addition of base and at room temperature to study 

the effect of base and synthesis temperature. Chloroform or acetone has also been used 

instead of methanol but found that Li2PdCl4 was not dissolving in chloroform. Palladium 

acetate was taken as palladium source in chloroform solvent. The different conditions in the 

preparation of different palladacycle catalysts are also given in Table 4. For comparison, 3-

aminopropylated MCM-41 (Am-MCM-41) have been palladated with Pd(OAc)2 under similar 

reaction conditions to get Am-PdMS catalyst and the characterization data are compared with 

Pd-OMS catalysts. Liquid phase palladation of 3-aminopropyltriethoxysilane with Pd(OAc)2 

in CDCl3 has been done and analysed by liquid phase 13C- NMR spectra and diffuse 

reflectance UV-vis spectra. The results are compared with the solid sample prepared with 

Am-MCM-41. 

 
6.3.2. X-ray diffraction (XRD) 

The XRD pattern of the as-made samples shows an intense peak due to d100 reflection, 

at 2θ between 2.0 and 2.5 accompanied by weaker reflections at 2θ between 4.0° and 6.5°, 

corresponding to the d110, d200 and d210 spacing (hexagonal symmetry p6mm) which are 

characteristic peaks of MCM-41 [21]. The XRD peak intensity of template extracted and 

hydrolyzed OH-M1 and OH-M2 decreased significantly as compared to the peak intensity of 

Cl-M1 and Cl-M2, respectively. Likewise the peak intensity of Pd-OMS1 and Pd-OMS2 

catalysts decreased further when compared to the peak intensity of OH-M1 and OH-M2, 

respectively (Fig 6.1). As can be seen from the Table 6.1 that the fraction of organo 

functionalized atom over Cl-M1 and Cl-M2 is lower and hence might have left more silanol 

groups free. While treating the catalysts with acidic solvents in case of template extraction 

and basic solvents in case of palladation reaction, the active Si-O bond in ≡ SiOH hydrolyzed 

easily and hence the long-range order of the structure collapsed as reflected in the XRD 
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pattern (Fig. 6.1). On the other hand, OH-M3, OH-M4, OH-M5 and respective palladated 

materials Pd-OMS3, Pd-OMS4, and Pd-OMS5 retain their long-range order after palladation 

as seen in X-ray diffraction (Fig 6.2). As the concentration of organo-functional group 

increases the surface of the silica walls become more passive due to the silylation, which help 

in retaining the long-range order during reaction with acidic or basic solvents. The unit cell 

parameter (a0=2d100/√3) of the palladated materials is close to 40Å (Table 6.3).  

The XRD pattern of palladium metal has major diffraction peaks at 2θ=40.0°(111) and 

46.5°(200), which are found in case of Pd-OMS catalysts prepared with Li2PdCl4, NaOAc in 

methanol at 335 K, confirming the presence of bulk Pd on the surface apart from metallated 

palladium (Fig. 6.3). Fig. 6.4 shows the XRD pattern of OH-M-5, which is palladated with 

different amount of Pd under similar reaction conditions (Pd-OMS5 series). It was observed 

that when the loading of Pd is lower, there was no diffraction pattern of metallic Pd observed.  

 

Fig. 6.1 X-ray diffraction patterns of Cl-M, OH-M and Pd-OMS 
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Fig. 6. 2 X-ray diffraction patterns of Cl-M, OH-M, Si-MCM-41, Pd-OMS and  

Pd-Si-MCM-41 

 

As the loading increases the diffraction pattern corresponding to the Pd arises. At higher 

loading of Pd (Pd-OMS5 (1.4), Pd-OMS5 (1.68)) the peak intensity corresponding to Pd is 

higher.  This shows that as the concentration of Pd increases while loading the chance for 

depositing bulk Pd at the surface also increases.  
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Fig. 6.3 X-ray diffraction patterns Pd-OMS catalysts 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.4. X-ray diffraction patterns of Pd-OMS5 catalysts 
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Fig. 6. 5 X-ray diffraction patterns of Pd-OMS52, Pd-OMS53 and Pd-OMS54. 

 
 

Palladation of OH-M5 with Li2PdCl4 and sodium acetate in methanol either at room 

temperature or at 335 K produces bulk Pd0 on the surface as evidenced by XRD pattern. Base 

added during palladation catalyses the formation of palladacycle and also the deposition of Pd 

as bulk on the surface of silica. Catalysts prepared with different solvents such as methanol 

(Pd-OMS52), acetone (Pd-OMS53) and chloroform (Pd-OMS54) with Li2PdCl4 at 335 K 

without addition of base showed no characteristic Pd peak (Fig 5). Pd-OMS54, prepared with 

Pd(OAc)2 in CHCl3 at 335 K shows no Pd0 peaks but the same when prepared with sodium 

acetate shows Pd0 peaks. These results suggest that formation of palladacycle and deposition 

of bulk Pd on the surface mainly depend on the solvents and base used. It was found that the 

propyl alcohol acts as a ligand in which the loan pair of electron on oxygen atom coordinate 

with palladium which in turn coordinate with the carbon atom of propyl chain by cyclisation 

at very mild conditions without formation of any bulk Pd at the silica surfaces.  
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6.3.3. ICP-OES and CHN analyses  

 
The palladium content in the materials was determined by ICP-OES analysis. When similar 

concentration of Pd (1.5% Pd) was treated with OH-M samples with different concentration 

of ClPTS, the uptake of Pd through coordination of ligands proportionally increases with the 

concentration of ligands (ClPTS) in the material, which is an evident, that loading of 

palladium depends on the concentration of the ligand (Table 6.3). Total Pd content in the 

synthesized materials was achieved in the range of 0.3 to 1.7 % that depended on both the 

loading of ClPTS groups and Pd concentration used in the reaction solution (Table 6.3). 

When similar concentration of ligands is exposed to different concentration of Pd, the uptake 

of Pd increases as the concentration of Pd increases in the solution upto a certain level and 

then it levels off. The maximum uptake of Pd reaches to 70% in case of catalyst Pd-OMS5 

(1.05) then it decreases to 40% when higher concentration of Pd used in the solution. 

Palladation with organo functionalized silica also shows lower Pd uptake (0.25 %Pd) when 

compared to Pd-OMS5. The lower Pd uptake can be accounted for the slow palladation 

process over OH-SiO2, as there is no spatial confinement as in the case of OH-M5. The 

spatial confinement induced by the pore walls of OH-M drives the palladation more faster 

than in OH-SiO2. Pd content was lower in the materials, which were synthesized either at 

room temperature or without addition of base or with acetone as a solvent as compared to the 

material synthesized at 335 K and with addition of base in methanol even though the reaction 

conditions are the same. Pd-OMS51, which was synthesized under room temperature, showed 

0.32% Pd where as Pd-OMS5 (1.05), synthesized at 333 K showed 1.05% Pd (Table 6.4). 

Similarly Pd-OMS52, which was synthesized without addition of base, showed Pd content 

only 0.35%. Pd-OMS54, which was synthesized with palladium acetate and CHCl3 as a 

solvent at 335 K without addition of base, showed Pd content 0.38 but when the same one 
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was synthesized at 333 K with addition of sodium acetate (Pd-OMS55) showed Pd 0.71%. 

Pd-OMS53, prepared with acetone as a solvent shows a very low Pd uptake compare to the 

same one prepared with methanol solvent. The non-polar solvent (acetone, 0.26 %Pd) favors 

palladation lesser extent than polar solvent (methanol, 1.05 %Pd). From thermal studies, it 

was confirmed that addition complex formed exclusively when acetone was used as a solvent 

(exothermic peak around 673 K, Fig 6.10c). This data clearly indicate that palladium complex 

has been formed at mild reaction conditions irrespective of the solvent and base but at the 

same time the base and reaction temperature enhances not only the formation of palladacycle 

but also the reduction of palladium salt into Pd0. So under the optimum reaction conditions, 

the formation of palladacycle is enhanced. For comparison un-functionalized Si-MCM-41 

was treated with palladation reagents and found much lower Pd uptake (0.14% Pd). This 

result clearly shows that propyl alcohol plays an important role in stabilizing Pd as Pd (II) in 

the palladacycle complex.  C, H, N analyses of the samples show that there is a linear increase 

in carbon content as we go from Cl-M1 to Cl-M6 catalysts (Table 6.3).  

Table 6. 4. Effect of Pd loading (%) 
 

Pd content (%)b 

 

 

Catalystsa Surface 
area 

(m2/g) 

Input Out put 
 

Conv. of BB 
(wt.%)c 

Yield 
trans-

stilbene 
(%) 

TON 

Pd-OMS5 (0.33) 911 0.48 0.33 18.8 100 403 

Pd-OMS5 (0.62) 863 0.9 0.62 37.8 91.0 431 

Pd-OMS5 (1.05) 862 1.5 1.05 57.8 92.0 389 

Pd-OMS5 (1.4) 763 3.0 1.40 90.1 91.0 455 

Pd-OMS5 (1.68) 887 6.0 1.68 70.0 100 291 
a number in bracket denotes the Pd content present in the catalyst. 
b input is  based on the amount of Pd in solution during palladation reaction; out put is  
  based on the ICP-OES analysis. 
cbromobenzene (BB)=2 mmol; styrene=3 mmol; K2CO3= 2.4 mmol; NMP=5.0 ml; temp.=423 K ;             
  catalyst=30 mg; reaction time=5 h. 
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6.3.4. Adsorption studies 

The surface areas of functionalized MCM-41 materials were in the range of 500-900 m2/g, 

which are comparable to the previously reported organo functionalized MCM-41 with 

organosilane functional groups [30]. Surface area of OH-M1 and OH-M2 were 547 and 578 

m2/g, respectively. The lower in surface areas for OH-M1 and OH-M2 compared to Cl-M1 

(760 m2/g) and Cl-M2 (735 m2/g), respectively, is attributed to their collapsing of long-range 

order, which is also evident from XRD pattern. OH-M3, OH-M4, OH-M5 and OH-M6 

materials do not show much difference in surface area confirming the fact that as the 

concentration of functionalized silicon atom increases the passive character of the silica walls 

towards acidic or basic solvent mixture also increases. The respective palladated catalysts 

show either similar or little higher surface areas. The surface area, average pore diameter as 

well as pore volume found to increase when the material is palladated. The increase in surface 

area is attributed to the metal content and cyclisation of propyl group inside the pores of 

MCM-41. The palladium, which enters into the pore, causes the pores widen than before to 

sufficiently get accommodated and therefore there was increase in pore diameter as well total 

pore volume (Fig. 6.6).  The BJH (Braunauer-Joyner-Halenda) pore size distribution of Pd-

OMS5 illustrates a narrow peak centred at 28.8 Å for the pore diameter and pore volume 

measured was 0.63 cc/g. In case of pore size distribution of OH-M5, average pore diameter 

was in the range of 28.4 Å and the pore volume measured was 0.43 cc/g.  
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Fig. 6. 6.   Nitrogen adsorption-desorption isotherms and pore size distribution (inset) for  

      OH-M5 and Pd-OMS5 

 

6.3.5. Fourier transform infra red spectra (FTIR) 

Fig. 6.7 shows the FTIR spectroscopy of the as-synthesized Cl-M5, OH-M5 and Pd-

OMS-5 materials. OH-M5 containing propylalcohol group has a strong band in the region 

between 1300 and 800 cm-1, assigned for the C—O stretching band and intense O—H 

stretching adsorption in the region of 3600-2500 cm-1. In case of as-synthesized Cl-M5 

sample, very strong stretching bands in the region 2950-2850 cm-1 and deformation bands in 

the region 1400-1420 cm-1 were observed. In OH-M5 sample, the methylene stretching bands 

of the propyl chain, in the region 2950-2850 cm-1, and their deformation bands, at 1414, 1440, 

1475 cm-1 are comparatively weaker (Fig. 6.7).  

 

OH-M5 Pd-OMS5
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Fig. 6. 7   FT-IR spectra of as-synthesized Cl-M5, OH-M5 and Pd-OMS5. 

 

These bands can be assigned to the symmetric bending (“scissoring”) mode of the three 

distinct methylene groups of the propyl chain. The first one, at 1416 cm-1, is assigned to a 

methylene directly bonded to silicon [38] is also present in the palladated samples but the 

intensity is comparatively weak. After the palladation it was found that intensity of the O—H 

stretching vibration also decreased. The C—H stretching bands also shifted from 2887, 2941 

cm-1 to 2894, 2951 cm-1, respectively, and one more extra band at 2851 cm-1 was also seen in 

Pd-OMS5. The shift towards higher energy side indicates the change of bonding behaviour of 

C-H bond. These data provide the supplement evidence of the cyclometallation of propyl 

alcohol group, which is anchored on the walls of MCM-41 in the presence of palladation 

reagents.  

 

6.3.6. TGA–DTA analyses 

The thermal stability of the palladated catalysts could be measured by TGA-DTA analysis. 

The weight losses observed for Cl-M5, OH-M5 and Pd-OMS5 (1.68) correspond to the loss 
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of propylchloride, free propylalcohol and complexed propylalcohol are 30,20 and 18 wt %, 

respectively (Fig. 6.8).  It is clearly seen from the weight loss profile that 30 wt % loss  

 

 

 

 

 

 

 

 

 

Fig. 6. 8.   TGA-DTA curves of (a) Cl-M5 (b) OH-M5 and (c) Pd-OMS5. 

 

corresponds to propylchloride are reduced to 20 wt % due to propyl alcohol as expected. An 

exothermic peak centered at 280°C in Cl-M5 is shifted to 300°C in OH-M-5. The palladated 

sample Pd-OMS5 exhibits two broad peaks centered at 450 and 500°C. The two exothermic 

peaks can be interpreted in such a way that palladium complex formation with the ligands 

propylalcohol in two different ways. The exothermic peak at 500°C can be assigned to the 

formation of palladacycle while the exothermic peak at 450°C to the formation of addition 

complex (PdX2L2; L=ligand; X=-Cl or –OAc)[2-4]. When the similar concentration of ligands 

was treated with different concentration of Pd, it was observed that at lower Pd concentration, 

palladacycle predominates whereas at higher concentration of Pd, addition complex as well 

palladacycle formed [Fig. 6.9]. OH-M was treated with Li2PdCl4 in methanol either at 335 K  
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Fig. 6. 9.  TGA-DTA curves of (a) Pd-OMS5 (0.33) (b) Pd-OMS (1.68) and (c) Pd-OMS5 

      (1.05). 

or at room temperature, with or without addition of base to know about the formation of 

palladacycle and stability of the same. It was observed that the exothermic peak centered 

around 400°C assigned for the addition complex predominates when OH-M was treated 

without addition of base at 335 K (Fig. 6.10c). Addition of base during synthesis catalyses the 

formation of palladacycle even at room temperature (Fig 6.10b). Pd-OMS54, prepared using 

acetone as a solvent shows two exothermic peaks at 410° and 520°C [Fig 6.10].  The uptake 

of Pd is lower in case of Pd-OMS54 as measured by ICP-OES analysis, and formation of 

addition complex predominates over palladacycle. These results suggest that palladacycle 

formation requires optimum reaction conditions and base. Polar solvent, methanol, favors the 

formation of palladacycle at room temperature. 
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Fig. 6. 10.  TGA-DTA curves of (a) Pd-OMS5 (b) Pd-OMS51 (c) Pd-OMS52 and (d) Pd- 

   OMS53. 

 

6.3.7. Electron microscopy 

Scanning electron micrographs show the particle morphology of the samples. SEM 

photographs of OH-M5 and Pd-OMS5 shown in Fig. 6.11 are typical for mesoporous 

materials. Uniform particles sizes (1-2µm) were present in OH-M5. Pd-OMS5 sample show 

particles sizes in the range of 1-3 µm. The same material when palladated under different 

solvent system show different morphologies. Pd-OMS53 prepared in acetone medium shows 

uniform spherical and cylindrical rod crystals.  
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Fig. 6. 11.  SEM photographs of (a) OH-M5 (b) Pd-OMS5 (c) Pd-OMS53 (d) Am-PdMS. 

 

6.3.8. NMR Studies 

Fig. 6.12 shows the 29Si NMR spectra of Pd-OMS5. The peak at 67.0 ppm is due to the cross-

linked silicon atom. The concentration of cross-linked silicon atom is higher and hence the 

concentration of Q3 species along with Q4 species is accountable. In order to confirm the 

cyclic palladation with aliphatic carbon and oxygen of OH group, 125.76 MHz solid-state 13C 

CP/MAS spectra of OH-MCM-41 and Pd-OMS have been recorded on a Bruker DRX-500 

NMR spectrometer spun at 10 and 8 kHz, respectively, and are shown in Fig. 6.13.  Three 

a b

c d
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main peaks of OH-M5 observed at (δ) 8.67, 25.28, and 63.63 ppm have been shifted to 8.33, 

25.368, and 63.65 ppm, respectively, in Pd-OMS5. The shift of methylene carbon next to the 

silyl silicon towards high field is sufficiently higher, 0.34 ppm, compared to that of the 

middle carbon and carbon atom neighbor to the OH group in Pd-OMS5. The shift of signal 

corresponding to methylene carbon next to silyl silicon to high field confirms that the carbon 

exhibited different environment after palladation while other two carbons are not showing 

much difference. The shift towards higher field confirms the complexation of the ligand with 

Pd centre. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 12.  29Si NMR spectra of Pd-OMS5 catalyst 

 

Liquid state 13C NMR spectra of 3-aminopopyltriethoxysilane (APTES) in CDCl3 and 

APTES+Pd(OAc)2 have been recorded on a Bruker 300 MHz instrument to evident the 

formation of Pd complex (Fig. 14). APTES shows three well distinct peaks (C1, C2 and C3 at 

7.16, 26.72 and 44.54 ppm, respectively) corresponding to the three carbons of propyl group. 
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When the APTES is added with palladium acetate and heated at 333 K for 24 h, it shows 

broader and almost invisible peaks corresponding to carbons C1 and C3 which  strongly 

confirms the formation of palladium complex. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6.13. 13C CP MAS NMR spectrum of OH-M5 and Pd-OMS5. 
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A peak at 26.72 ppm corresponding to C2 carbon of the propyl group in APTES is found 

shifted towards higher field (24.7 ppm) after palladation. Though the shift is not much as in 

case of completely complexed solid, this shift suggests that there is an equilibrium existing 

between partly complexed and uncomplexed ligand and hence the shift is not much. This 

analysis confirms the formation of palladacycle complex with 3-aminopropylsilyl ligands 

anchored onto the walls of MCM-41. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 14. Liquid state 13C NMR spectra of APTES and Pd(OAc)2+APTES in CDCl3  

                             

6.3.9. XPS Studies 

Pd (3d) XPS spectra of Pd-OMS5 (1.4), Pd-OMS51, Pd-OMS54 and Am-PdMS 

support the formation of palladacycle (Fig. 6.15). The binding energy of adventitious C 1s 

core level, which is 284.6 eV [39], was used to correct for the energy shift due to the surface 

charging. The accuracy of the measured B.E was  ± 0.2 eV. The peak maximum of the Pd (II) 

3d5/2 line for all the samples except Am-PdMS is centered around 336 eV. Pd-OMS5 (1.4) 
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shows a weak Pd (0) 3d5/2 line at a binding energy of 334.7 eV, which is found to be absent in 

case of other samples. Palladium present in palladacycle is in Pd (II) form and the binding 

energy is slightly lower compared to Pd (II) in PdO (335.6 eV). Pd-OMS54 prepared with 

Pd(OAc)2 shows no shoulder corresponds to Pd (0) on its surface where as Pd-OMS5 (1.4) 

prepared with Li2PdCl4 as Pd source at 333 K with methanol as a solvent and sodium acetate 

as base shows weaker band at 334.7 eV which is characteristic binding energy of Pd(0).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 15.    XPS spectra of (a) Pd-OMS5 (1.4) (b) Pd-OMS53 (c) Pd-OMS51 and (d) Am- 

         PdMS. 
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Pd-OMS51 prepared at room temperature shows clear peak corresponding to Pd(II) at 336.4 

eV(Fig. 6.15c). Similarly Am-PdMS shows clear and sharp peak at 337.6 eV confirms the 

formation of highly stable palladacycle (Fig. 6.15d). 

 
6.3.10. UV-vis spectral studies 

The diffuse reflectance spectra (200-800 nm) of Pd-OMS catalysts display nearly 

identical features with three absorption bands in the UV region in the range 260 and 450 nm 

with reference to BaSO4 standard (Fig. 6.16). Pd-OMS5 shows a characteristic absorption 

band at 284 nm corresponding to metal-ligand charge transfer d-p transition. The shift 

towards higher energy value was resulted from the metallation (Fig 6.16). When the 

palladation was carried out at room temperature over OH-M5, an intense absorption band 

around 281 nm indicates the formation of palladacycle exclusively. A weak shoulder at 346 

nm followed by the intense band may be due to the little formation of addition complex (Fig 

6.16).  The absorption band around 346 nm is getting more visible along with one more broad 

band at 475 nm when the OH-M5 was palladated without addition of base at 335 K (Fig 

6.16). Palladation with acetone as a solvent shows weak but exclusive absorption band 

corresponding to the rigid palladacycle (Fig. 6.16).  

To confirm the above fact, UV-Vis spectra of APTES in CHCl3 solvent was recorded 

before and after addition of palladium acetate in to APTES to evident the complexation. In the 

DR-UV-Vis spectrum, it is clearly seen that the absorbance band for the neat palladium 

acetate in CHCl3 at 400 nm gets shifted to 300 nm when subjected to complexation with 

APTES ligand (Fig. 6.17). The blue shift of the absorption peak clearly evident the formation 

of Pd complex. In the DR-UV-Vis spectrum of solid Am-PdMS, the most characteristic 

absorption bands at 261 and 400 nm indicate the formation of rigid palladium complex and 

non-rigid addition complex. The blue shift found in case of solid Am-PdMS catalyst (139 nm) 
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is higher than that of Pd complex in CHCl3 solution (100 nm) as there are higher degrees of 

freedom in case of liquid than solid. Absorption spectrum of neutral palladium (II) complexes 

is generally characterized by ligand-metal charge transfer d-p transition. The observed 

spectral features are consistent with Pd (II) [d8] diamagnetic species [40]. These results 

confirm the formation of rigid palladacycle and non-rigid addition complex when OH-M5 or 

Am-MCM-41 was treated with palladation reagents even at mild reaction conditions 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.16.    UV-Vis spectra of Pd-OMS catalysts 
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Fig. 6.17.    UV-Vis spectrum of APTES, Pd(OAc)2 , APTES+ Pd(OAc)2 in CHCl3   

            and  Am-PdMS. 

 

6.3.11. Heck alkenylation 

Heck alkenylation of bromobenzene (BB) with styrene has been performed to evaluate 

the catalysts prepared under different reaction conditions. Palladacycle-SiO2 shows lower 

activity for the conversion of BB. The uptake of Pd consequently signified in the Heck 

alkenylation reaction. Under the similar reaction condition the conversion and TON increases 

linearly from Pd-OMS1 to Pd-OMS5 and thereafter decreases which implies exceeding the 

optimum loading of ClPTS groups. As the reaction proceeds at the active Pd metal centre, the 

TON (with respect to Pd) varies significantly when the Pd content is changed. The Pd uptake 

increases proportional to the amount of ligand (3-hydroxypropyltriethoxysilane) present in the 

mesoporous walls of MCM-41 and so the rate of reaction (TON) increases accordingly. As it 
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can be seen from Table 3, though the Pd content is higher in Pd-OMS2 than in Pd-OMS4 the 

activity was shown lower which might be attributed to the formation of bulk Pd in Pd-OMS2, 

which is catalytically inactive for such reaction. The same fact also was observed in Pd-

OMS3 where Pd content was higher than those of Pd-OMS4 and Pd-OMS5 but found to be 

lower active. From these experiment it was clearly seen that whenever there are less number 

of ligands available for the formation of palladacycle, the excess palladium present in the 

solution tend to deposit at the surface of silica near to the anchoring point of functional group. 

To confirm this fact, palladation was performed with Si-MCM-41 (where there is no 

functional group) under similar reaction conditions and found that uptake of palladium in the 

form of bulk Pd was substantially low as seen in XRD which is inactive for this reaction. In 

order to study the effect of base and reaction temperature palladation was performed with and 

without addition of base either at room temperature or at 333 K. Palladacycle prepared at 

room temperature shows lower Pd content but moderate activity. Catalytic activity of Pd-

OMS54 prepared with palladium acetate with chloroform solvent was found to be lower when 

compared to the one prepared with base and at 333 K (Pd-OMS55). Table 4 shows effect of 

Pd (%) loading over OH-M5 in the Heck alkenylation reaction. When OH-M5 was treated 

with different concentration of Pd containing solution, the uptake of Pd increases upto 70% 

and then started decreasing. Conversion of bromobenzene increases as the Pd content 

increases in the catalyst. A maximum of 1.68 % Pd content in the catalyst (Pd-OMS5 (1.68) 

was achieved but at the same time the catalyst shows less activity in the conversion of 

bromobenzene than Pd-OMS5 (1.4) containing 1.4 % Pd. This result confirms that activity of 

Pd will arise only from Pd present as Pd(II) in palladacycle and not from bulk Pd deposited on 

the surface. 
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6.3.11.1. Effect of different bases 
 

The effect of different bases in Heck alkenylation of bromobenzene is given in Table 

6.5. The reactions were conducted at a fixed bromobenzene concentration of 2 x 10-3 mol, 

styrene concentration of 3 x 10-3 mol, base concentration of 2.4 x 10-3 mol and Pd 

concentration of 4.8 x 10-6 mol. The reaction was performed at 423 K for 10 h. Organic bases, 

trimethyl amine and tributyl amine showed less activity in alkenylation of bromobenzene. 

Sodium acetate showed lower activity than sodium carbonate.  

Table 6.5 Effect of different bases on Heck alkenylation of bromobenzene 
 

Base Conv. Of 

bromobenzene 

(wt%)a 

Sel. to trans-stilbene 

(%) 

TON 

Triethyl amine 20.9 91 88 

Tributyl amine 26.0 93 109 

Sodium acetate 32.0 87 135 

Sodium carbonate 56.5 88 238 

Potassium carbonate 84.6 90 356 
a Reaction condition: bromobenzene=2 mmol; styrene=3 mmol; base=2.4 mmol; NMP=5.0 
mL; catalyst= 0.2 mol% Pd; temperature=423 K. 
 
Potassium carbonate showed 84.6 wt.% conversion of bromobenzene with 90 % selectivity to 

trans-stilbene. So all the other parameters have been done with potassium carbonate as base.  

 
6.3.11.2 Effect of reaction temperature and time 

Figure 6.18 shows effect of reaction temperature on conversion of bromobenzene and 

Arrhenius plot of reciprocal of temperature against rate of the reaction. To study the effect of 

temperature on the conversion the reaction was performed at different temperatures. The 

Heck alkenylation reactions were conducted by varying the temperature from 403 to 433 K at 

a fixed bromobenzene concentration of 2 x 10-3 mol, styrene concentration of 3 x10-3 mol, 
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potassium concentration of 2.4 x10-3 mol and Pd concentration of 4.8 x 10-6 mol. It was 

observed that at 403 K temperature, the conversion was low. At initial hours of reaction, 0.5 

h, the conversion of bromobenzene, yield of trans-stilbene and TON are 5.0 wt.%, 90 %, 21 at 

403 K; 10.6 wt.%, 89 %, 45 at 413 K; 17.5 wt.%, 92 %, 73 at 423 K and 19.8 wt.%, 91%, 83 

at 433 K, respectively.  As it can be seen there, the initial reaction rate increases gradually 

with the reaction temperature. Selectivity to trans-stilbene remains above 90 % in all the 

cases.  

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 6.18 a) Effect of reaction temperature and reaction time on conversion of BB 

                      b) Arrhenius plot 
 

The conversion of BB, yield of trans-stilbene, and TON after 10 h of reaction time are 11.2 

wt.%, 90 %, 47 at 403 K; 20.9 wt.%, 90 %, 88 at 413 K; 84.6 wt.%, 94 %, 355 at 423 K and 

98.9 wt.%, 90%, 416 at 433 K, respectively.  The apparent activation energy calculated for 

initial rates of reaction of four different temperatures was 112.7 kJ/mol. 
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6.3.11.3. Effect of Pd mol %  

The concentration of Pd in Pd-OMS was varied from 1.5 x 10-6 to 4.8 x 10-6 mol while 

bromobenzene (2 mmol), styrene (3 mmol), potassium carbonate (2.4 mmol) and temperature 

(433 K) were kept constant. The time dependent conversions of bromobenzene over different 

concentration of Pd were given in Figure 6.19. The initial conversions show a direct 

dependence with respect to the catalyst concentration. At 1.5 x 10-6 mol Pd concentration 

(0.075 mol % Pd with respect to substrate) the conversion of bromobenzene at 0.5 h reaction 

time was low (4.2 wt.%) and it was found to increase to 14.6 wt.% when the Pd concentration 

was further increased from 1.5 x 10-6 to 2.5 x 10-6 mol.  The initial reaction rate increases 

proportionally with the Pd content but at the same time increase is not linear.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 6. 19  Effect of Pd mol % and reaction time on conversion of bromobenzene 
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important role in activating the Heck alkenylation reaction and activity varies with the Pd 

concentration.  

 
6.3.11.4 Heterogeneity study  

To analyze the heterogeneity of the catalyst, a reaction was performed with PdOMS5 

catalyst and depicted in Fig 6.20. After attaining 20% conversion of bromobenzene, 5 mL 

reaction mixture was filtered and performed reaction in a separate reaction set up. After 

filtering the sample the reaction was continued further up to 24 h. A higher conversion of 36 

% of bromobenzene could be achieved with tributylamine as a base. The conversion of 

bromobenzene was lower when tributylamine was used as a base. Even though K2CO3 gave 

>90% conversion, tributylamine was chosen to study the leaching of Pd at slower conversion 

rate and also organic amine will be equally mixed with the reactant mixture rather than 

K2CO3. The Pd content present in the solution was measured by ICP-OES analysis and found 

that a negligible amount of Pd in ppm 

 

 

 

 

 

 

 

 

 

 

Fig. 6. 20.   Heck alkenylation of bromobenzene; Reaction conditions: BB= 1 x 10-2 mol; styrene 

=1.5 x 10-2 mol; tributylamine= 1.2 x 10-2 mol; NMP=25 ml; temperature=423 K; catalyst=0.1 g. 
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level present in the solution. However, this Pd can be accounted that bulk Pd present in the 

catalyst surface may get leached out during the reaction and not the cyclised Pd. This fact can 

also be confirmed by the reaction performed with the reaction mixture, which was separated 

after 5 h reaction time shows no increase in conversion.  

 
6.3.14. Homo aryl coupling 

Table 6.6 shows results on homoaryl coupling reactions of halobenznenes. 4-4’-

dinitrobiphenyl and 4,4’-dihydroxybiphenyl have been formed selectively in case of 4-

chloronitrobenznene and 4-bromophenol, respectively when Pd-OMS5 (1.4) is used a 

catalyst. The conversion of chlorobenzene to biphenyl, 4-chlronitrobenzene to 4,4’-

dinitrobiphenyl, 4-bromophenol to 4,4’-dihydroxybiphenyl were found to be 14.3, 98.0, and 

100 wt.%. The corresponding selectivities for biphenyl, 4,4-dinitrobiphenyl and 4,4’-

dihydroxybiphenyl were 54,70 and 60 %, respectively. 

 

Table 6.6 Homoaryl coupling reactions of haloaromatics over Pd-OMS5 (1.4) catalyst 

Substrate Time (h) Conv. (mol.%)a Selectivity to 4,4’-

biphenyl (%) 

Chlorobenzene 24 14.3 54 

4-Chloronitrobenzene 5 98 70 

4-Bromophenol 10 100 60 

a Halobenzene=10.0 mmol; K2CO3=11.0 mmol; DMF=5.0 mL; catalyst= 0.25 mol% Pd; 
temperature=423 K. 
 

6.4. Conclusions 

Heterogeneous carbometallated palladacycle has been successfully synthesized by 

treatment of palladation reagents with 3-hydroxypropyltriethoxysilane incorporated MCM-41 
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(OH-M) under mild reaction conditions. Palladation is found to be more effective in case of 

organo functionalized MCM-41 than organo-functionalized silica. The spatial confinement 

induced by the pore walls drives the palladation process more. It was observed through the 

optimization studies that the uptake and stabilization of Pd in palladacycle depend on both the 

concentration of ligands tethered on silica walls and concentration of Pd in the reaction 

medium. Palladium content increases with the concentration of ligands up to certain extent 

then levels off. Loading of Pd as palladacycle depends on reaction conditions. Polar solvent, 

methanol, favors formation of palladacycle with sodium acetate as base and at mild reaction 

conditions. Higher reaction temperature enhances the deposition of bulk Pd along with the 

formation of palladacycle. Non-polar solvent, acetone, favors only addition complex under 

similar reaction conditions. A number of characterization techniques supported the formation 

of palladacycle complex inside the pores of mesoporous materials. Heck alkenylation of 

bromobenzene, was set as model reaction to evaluate the catalytic activity of all the catalysts 

investigated in this study and found that Pd-OMS5 (1.4) having 1.4 % Pd exhibited higher 

activity in the conversion of bromobenzene to trans-stilbene. Heterogeneity study reveals that 

leaching of Pd from the complex into the solution is much lower (in ppm level) and could be 

used as a heterogeneous coupling catalyst.  
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7. CONCLUSIONS 
 
 

The present work reports the synthesis, modification and characterization of 

synthesized or commercially available zeolite catalysts, sulphated metal oxides, mesoporous 

materials such as Si-MCM-41, Na-Al-MCM-41, organo functionalized materials such as 3-

aminopropyltriethoxysilyl functionalized MCM-41 (NH2-MCM-41), 3-

chloropropyltiethoxysilyl functionalized MCM-41 (Cl-MCM-41) and palladacycle-MCM-41. 

The catalytic activity of these catalysts in the selective benzoylation (biphenyl, and 

chlorobenzene), alkylation (isopropylation of isobutyl benzene and side chain 

monomethylation of phenylacetonitrile), condensation of acetophenone as well as C-C 

coupling reactions of haloaromatics is investigated for producing industrially important 

products in high selectivity. 

 

The work is presented in seven chapters. 

 A review on the published and patented literature on the synthesis, characterization 

and utility of zeolites, sulphated metal oxides and mesoporous materials in the synthesis of 

fine chemicals, particularly in the acylation, alkylation, condensation and C-C coupling 

reactions of aromatics with shape selective characteristics is reported in Chapter 1.  

 

Chapter 2 describes the synthesis, modification and characterization of different zeolites, 

sulphated zirconia, sulphated titania, Si-MCM-41, Na-Al-MCM-41 and organo functionalized 

MCM-41. It contains the hydrothermal synthesis of zeolite K-L, beta and ZSM-5 and reflux 

method synthesis of mesoporous materials. Organo-functionalized mesoporous materials have 

been synthesized by in-situ co-condensation of coupling agent with organosilane with  

 



 

 170 
 

required proportions. The modification of various synthesized as well as commercial zeolites 

into protonic, K+, Cs+, and RE+3 forms is also included here. Characterization of these 

zeolites, sulphated zirconia and mesoporous materials with various physico-chemical methods 

such as chemical analysis, XRD, FT-IR, elemental analysis, thermal studies, SEM, TEM, 

NMR, surface area measurement as well as acidity measurement using TPD of ammonia is 

also discussed. In addition the chapter includes procedure for the experimental set up for the 

evaluation of catalytic activity, product identification and product analysis.  

 

Chapter 3 focuses on liquid phase selective acylation reactions i.e. benzoylation of biphenyl, 

and chlorobenzene using zeolite catalysts. 

Zeolite H-beta catalyzes the benzoylation of biphenyl efficiently and is superior to 

other zeolite catalysts. Higher selectivity to 4-PBP in the range of 97.4% is achieved at 41.0% 

conversion of BP over H-beta, whereas AlCl3 gave lower selectivity to 4-PBP  (80%) under 

similar reaction conditions. A higher strength of acid sites and medium pore size of H-beta are 

the responsible for the conversion of BP. The conversion of BP using zeolite H-beta increased 

significantly with an increase in reaction time, catalyst concentration, reaction temperature 

and BOC to BP molar ratio. The acetylation and propionylation of BP are also investigated 

over zeolite H-beta catalyst with different acylating agents (BOC, benzoic anhydride, 

propionyl chloride, propionic anhydride, acetyl chloride, acetic anhydride) and found that the 

conversion of BP decreases in the following order: benzoylation > propionylation > 

acetylation. The yield of 4-PBP over zeolite H-beta in the acylation of biphenyl with acid 

chlorides and acid anhydrides decreases in the following order: acid chlorides > acid 

anhydrides.  H-beta was recycled two times (fresh plus two cycles) and a decrease in BP 

conversion is observed after each cycle, which is related to a minor dealumination of zeolite  
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catalyst and consequently a decrease in the crystallinity of H-beta due to the formation of HCl 

during the reaction. The formation of acylated products of BP is explained by an electrophilic 

attack of acyl cation (R-CO+; where R = C6H5- or CH3CH2- or CH3- ) on the BP ring, whose 

formation is facilitated by acid sites of the zeolite catalysts.  

It is demonstrated for the first time that zeolite H-beta catalyzes the benzoylation of 

chlorobenzene with 4-ClBC efficiently, which leads to the formation of 4,4’-DCBP in high 

selectivity. At identical reaction conditions the activity (conversion of 4-ClBC) trend after 4 h 

reaction time is AlCl3> H-beta > Del. H-Y > H.mordenite ≈ RE-Y. H-mordenite and RE-Y 

are less active due to their weaker acid sites. It is concluded that that the presence of strong 

Bronsted acid sites in the zeolite catalysts appears to be very important for the polarization of 

ClC6H5COCl (4-ClBC) into an electrophile (ClC6H5CO+), which then attacks the 

chlorobenzene ring resulting in the formation of dichlorobenzophenones. The higher yield of 

the products can be achieved by increasing the values of the catalyst concentration, reaction 

temperature and CB/ 4-ClBC molar ratio. Recycling of the catalyst progressively decreases 

the 4-ClBC conversions to a little extent.   

 

Chapter 4 deals with the isopropylation of isobutylbenzene (IBB) and side chain 

monomethylation of phenylacetonitrile to 2-phneylpropionitrile.  

Isopropylation of IBB to 3-isobutylcumene (3-IBC) and 4-isobutylcumene (4-IBC) is 

carried out at 453 K under autogeneous pressure over various zeolite catalysts viz. H-beta, H-

mordenite and H-RE(70.6)Y and H-ZSM-5. Zeolite H-beta catalyzes the isopropylation of 

IBB efficiently with 2-propanol as the alkylating agent and is found to be superior to other 

zeolite catalysts. The conventional homogeneous catalyst, AlCl3, does not possess shape-

selectivity and favors the formation of large amount of high molecular weight products.  
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Among the isomers, meta-isomer was found to form in a significant amount followed by para 

isomer as the ortho isomer has relatively high strain energy compared to the other two 

isomers. Selectivity of the order of 52 % for 4-IBC and 44 % 3-IBC is achieved at 17.0 wt.% 

conversion level of IBB over H-beta, whereas AlCl3 gave 19 % 4-IBC and 42 % 3-IBC under 

similar reaction conditions.  A higher strength of acid sites of H-beta is responsible for the 

conversion of IBB. The conversion of IBB increased significantly with increase in catalyst 

concentration (H-beta), reaction temperature and IBB/ i-PrOH molar ratio. At higher IBB/i-

PrOH molar ratio, i.e. 5, the consumption of 2-propanol is comparatively higher (95 %) 

compared to the equimolar ratio, (2-propanol consumption is 17.0 %). Recycling of the 

catalyst has not affected the activity of the catalyst significantly. 

NH2-Na-Al-MCM-41 catalysts prepared by co-condensation of APTES, TEOS and 

sodium aluminate, are showing higher conversion of PAN and selectivity to 2-PPN compared 

to the microporous zeolites, alkali ion exchanged Na-Al-MCM-41, and conventional K2CO3 

catalysts. Catalyst optimization study reveals that 30 wt % loading of APTES group over 

mesoporous aliminosilica exhibits maximum conversion of PAN and selectivity to 2-PPN. 

Reaction parameter study reveals that higher efficiency of active sites can be exploited only at 

the optimum catalyst concentration corresponds to reactant concentration, optimum molar 

ratio of DMC/PAN and higher reaction temperature. The optimum loading of catalyst was 

found to be 11.4 %. Higher concentration of DMC at DMC/PAN molar ratio (>10) facilitates 

the formation of 2-PPN by effective solvation and maximum random distribution of the 

intermediates, to access the catalytic sites effectively. Increase in reaction temperature 

enhances the activity of PAN conversion selectively towards 2-PPN. Recycling studies show 

that formation of quaternary ammonium salt in case of recycling catalysts is responsible for 

less activity of the catalyst for the conversion of PAN to 2-PPN.  
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Chapter 5 deals with the self-condensation of acetophenone to dypnone over sulphated 

zirconia (SZ), sulphated titania (ST) and H-beta zeolite as catalysts in the temperature range 

of 403 K to 433 K. It is found that SZ and H-beta exhibit similar activity (rate of ACP 

conversion), which is higher than that of sulphated titania. From the TPD of NH3 it is seen 

that both sulfated zirconia and H-beta are highly acidic and possess strong acid sites, as seen 

from NH3 desorption in the temperature range of 513 K to 873 K, which are responsible for 

the reaction. The conversion of ACP increases with reaction time, the catalyst concentration 

and reaction temperature. The SZ is recycled two times to show that there is only a marginal 

decrease in activity on recycled catalyst with no loss in the selectivity for dypnone. 

 

Chapter 6 deals with the synthesis, characterization of palladacycle-MCM-41 catalysts and 

their applications in C-C coupling reactions. 

Heterogeneous carbometallated palladacycle has been successfully synthesized by treatment 

of palladation reagents with 3-hydroxypropyltriethoxysilane incorporated MCM-41 (OH-M) 

under mild reaction conditions. The spatial confinement induced by the pore walls drives the 

palladation process more. It was observed through the optimization studies that the uptake 

and stabilization of Pd in palladacycle depend both the concentration of ligands tethered on 

silica walls and concentration of Pd in the reaction medium. Palladium content increases with 

the concentration of ligands up to certain extend then levels off. A number of characterization 

techniques supported the formation of palladacycle complex inside the pores of mesoporous 

materials. Heck alkenylation of bromobenzene, was set as model reaction to evaluate the 

catalytic activity of all the catalysts investigated in this study and found that Pd-OMS5 (1.4) 

having 1.4 % Pd exhibited higher activity in the conversion of bromobenzene to trans-

stilbene.  
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