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Preface 

The science and practice of catalysis is central to most activities in 

chemical industry. In recent years, catalysis has become an important route to 

improvement of environmental quality by helping in the abatement of air 

pollution and the reduction of industrial waste. As materials become more and 

more sophisticated, the precursors used for their manufacture are likely to 

increase in complexity of synthesis, motivating the development of new types 

of catalysts to meet these requirements. Indeed, the burgeoning interest in 

nanotechnology will undoubtedly have an impact on the preparation of metal 

oxides. The aim of catalysis research is to apply the catalyst successfully in 

economically important reactions. 

We briefly review the preparation of titania and their modified forms 

through sol-gel route. Sol-gel route allows the precise control of the synthetic 

conditions and hence of the factors relevant to catalytic activity, such as purity, 

stoichiometry, homogeneity and microstructural properties of the catalyst or 

the catalyst support. Characterization using various physico-chemical 

techniques and a detailed study of acidic properties are also carried out. The 

prepared catalysts have proved their value in many organic reactions as 

environmentally friendly replacements for established reagents responsible for 

unacceptable chemical waste. Some reactions of industrial importance such as 

epoxidation of cyclohexene, hydroxylation of phenol, alkylation of arenes, 

dehydrogenation of cyclohexane and cyclohexene, photooxidation of 

benzhydol as well as photodegradation of methyl orange have been selected in 

the present venture. 



The present research work is organized into 11 chapters. The first 

chapter lays the foundations. It describes the history, importance and 

fundamental concepts of heterogeneous catalysis. A brief introduction and 

literature survey on titania and their modified forms is also done in this 

chapter. The materials and the experimental methods employed in the work 

are discussed in the second chapter. Further needs and directions in terms of 

instrumentation and methods are briefly treated in this section. The eighth 

chapter gives an overview about various aspects of photocatalysis. Results and 

discussion regarding the characterization and catalytic activity are discussed in 

the rest of the chapters. The last chapter gives the summary of the work done 

during the research period. A consolidated and systematic investigation on 

both transition metals and rare earth metals incorporated titania systems clearly 

indicate their great versatility in organic transformations. Ongoing 

developments, still at an early stage are focusing on new environmentally 

benign applications of titania based catalysts. 
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Chapter 1 

Introduction and Literature survey 

Abstract 

Tightening environmental legislation is driving the fine and specially 

chemical industries to consider alternative processes that avoid the use of 

cOfJventional mineral acids. The use of heterogeneous catalysis in these 

processes would vastly simplifY catalyst removal, minimizing the amount of 

waste formed. Heterogeneous catalysis is indeed a field where new challenges 

appear continuously, more and more charming and intriguing. Solid acids 

especially those based on sol-gel titania and their modified forms are 

beginning to play a significant role in the greening of fine chemicals 

manufacturing processes. A wide range of important organic reactions can be 

efficiently catalyzed by these materials, which can be designed to provide 

different types of acidity as well as high degrees of reaction selectivity. This 

research work concentrates on the preparation of titania and to study the 

influence of transition metals and rare earth metals on its physico chemical 

properties, considering their relevancefor environmental applications. 

Cochin University of Science and Technology 



Chapter 1 

1.1 General Introduction 

Although catalysis is a mature field, it remains at the center of most 

industrial processes, accounting for about a quarter of the world's gross 

domestic product. The development of catalysis, from the Greek ~ata, wholly; 

lyein, to loosen), as a concept has been accorded to Berzelius (1779-1848) who 

rationalized the "catalytic power" of certain substances as an ability to 

"awaken affinities, which are asleep at a particular temperature, by their mere 

presence and not by their own affInity" 1-2. Berzelius' definition highlights the 

fact that, at the beginning at least, the focus of catalysis was placed on 

accelerating reaction rates. Even before Berzelius coined this term, human 

beings have used catalysts in the fermentation of drinks and preparation of 

cheese. Ail biological processes in living beings fimction through enzyrnatic 

processes. It is likely that even the very first organic molecule that fonned on 

earth were produced by catalysis. Various definitions of catalysis have been 

proposed but an early definition offered by Wilhelm Ostwald in 1895 is still 

widely in use: "Catalysts are substances which change the velocity of a 

reaction without modification of the energy factors of the reaction". The 

original definition of catalysis has stood the test of time. The catalysts aid the 

attainment of chemical equilibrium by reducing the potential energy barrier in 

the reaction path. The success of catalysis relies on the ability of the catalyst to 

modify the kinetics of the chemical system being catalyzed. Specifically, a 

catalyst accelerates chemical reactions by opening alternative mechanisms 

with lower activation barriers3
• The quantitative aspects of catalysis take the 

fonn of reaction mechanisms that account for such matters as reaction 

Cochin University of Science and Technology 2 
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stoichiometry, nature of the chemical interaction, geometric and electronic 

factors4 . 

It is unfortunate that, in certain quarters, the science of catalysis IS 

regarded as something of a ''black art" largely because of the difficulty ill 

achieving a full catalyst characterization and providing an explicit correlation 

of catalytic perfonnance with catalyst structure. The choice of a suitable 

catalyst for a particular reaction depends on the stability of the complexes 

formed between the reactant and/or product and the catalyst. Catalyst 

efficiency is assessed in terms of three parameters; activity, selectivity and life 

time. As more complex catalytic processes were developed, however, the 

emphasis shifted towards improving their selectivity. A reaction that is highly 

selective towards the desired product(s) is bound to consume less reactants, 

minimize the need for expensive and difficult separation processes, and create 

less polluting byproducts. A selective catalyst will facilitate the formation of 

one product molecule while inhibiting the production of other different 

molecules, even though thermodynamically the formation of all the products is 

feasible. A molecular level control of the selectivity of the catalysts is arguably 

the single most important challenge in this field One of the major problems 

that have bedeviled the operation of heterogeneous catalysis is a progressive 

loss of activity with catalyst use. 

The phenomenon of catalysis is very widespread in chemistry and has 

enormous practical consequences in our daily lives. It plays a decisive role in 

the production of medicines, of synthetic fabrics for clothing, and of material 

such as plastics. It is widely applied in the processing of foods, in the 

manufacture of many valuable chemicals, and in the production of fuels for 

Cochin University of Science and Technology 3 
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making energy readily available for transportation and for internal heating. It is 

also crucial in many processes occurring in living things, where enzymes are 

the catalysts. Finally, it is very important in the preservation of our 

environment, as demonstrated by its vital contribution in making lead free 

gasoline a reality and by its role in decreasing pollution from automobile 

exhaust gases. 

Catalytic technologies have played a vital role in the economic 

development of the chemicals industry in the 20th century, with a total 

contribution of -20010 of world GNP. In the 21 st century, we can expect the 

drive towards cleaner technologies brought about by public, legislative and 

corporate pressure to provide new and exciting opportunities for catalysis and 

catalytic processes5
. The area of catalysis is sometimes referred to as a 

"fotmdational pillar" of green chemistry. Catalytic reactions often reduce 

energy requirements and decrease separations due to increased selectivity; they 

may permit the use of renewable feedstocks or minimize the quantities of 

reagents needed6
• 

The catalytic reactions can be classified into homogeneous, 

heterogeneous as well as enzymatic reactions depending on the physical state 

of the catalyst. As we entered the 21st century, the three principal fields of 

catalysis science, enzymatic, heterogeneous and homogeneous are in a stage of 

vigorous development, with the understanding of structure-functioIr 

mechanism reaching unprecedented heights in each field There are clear cut 

correlations between homogeneous, heterogeneous and enzymatic catalysis 

through the dynamic nature of structure for these processes. The flexibility of 

structure is necessary in an three cases for the catalytic cycle to operate 
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efficiently, and these dynarrric structural changes are complex and may occur 

either at the active sites or removed from the active site but influencing the 

bonding or lifetime of reaction intennediates nevertheless. In heterogeneous 

catalysis, the aim is to maximize the catalytic activity and reaction rate for 

reactions, which occur at known active sites on the solid surface. 

Heterogeneous catalysis is important for its technologicaJ applications. 

Whilst there is much excellent and potentially valuable homogeneous catalytic 

chemistry in the academic literature, its application on the manufacturing scale 

is often restricted by economic, environmental, regulatory and safety 

considerations. Heterogeneous systems, on the other hand have the attractions 

like easier catalyst recovery, higher product selectivity, costless disposal of the 

used catalyst, design of continuous flow reactors and generally, they are 

accepted in the much versatile chemistry they offer. It is related to such diverse 

branches of science including chemical kinetics, therrnodynarrrics, mass and 

heat transfer, solid state physics, surface physics and surface chemistry. 

Accordingly, understanding of the phenomenon requires the knowledge of 

these fields, and the methodology of experimental research is equally wide 

ranging. It is truly a multidisciplinruy subject. 

1.2 Solid Acid Catalysts 

Solid acid catalysts have served as important functional materials for 

the petroleum refinery industry, such as in the cracking processes, and for the 

production of chemicals 7• At present about 180 industrial processes using solid 

acids are in operation, featuring acids such as zeolites, oxides, mixed oxides 

including heteropoly acids and phosphates. A rapidly growing area of 
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heterogeneous catalysis is for environmental pollution control. The efficient 

use of solid catalysts and reagents that stay in a phase separate from the 

organic compounds can go a long way to achieving these goals8
. Solid acid 

catalysts are generally categorized by their Bronsted and/or Lewis acidity, the 

strength and number of these sites, and the morphology of the support (e.g., 

surface area, pore size). High product selectivity can depend on the fine tuning 

of these properties. The synthesis of pure Bronsted and pure Lewis acid 

catalysts attracts a great degree of academic interest, although the latter is 

harder to achieve because Bronsted acidity often arises from Lewis acid ~ base 

complexation9
. 

Most of the solid acid catalysts used in various chemical 

transformations are based on inorganic oxides. In most cases, these oxides are 

to be modified chemically or physically so as to get the desired catalytic 

activity for a particular reaction. Oxides, because of their ability to take part in 

the exchange of electrons, protons or oxide ions are used as catalysts in both 

redox as well as acid base catalysis 1 o. In metal oxides, coordinative 

unsaturation is principally responsible for the ability towards adsorption and 

catalysis of various reactions. The exposed cations and anions of the metal 

oxide surfaces form acidic and basic sites as well as acid~base pairs. Besides 

this, the variable valency of the cation results in the ability of the oxides to 

undergo oxidation and reduction. 

In recent years much attention has been centered on the use of solid 

acids such as metal oxides, mixed metal oxides and supported metal oxides as 

they form a wide variety of catalysts in industrially useful reactions 11. It has 

been shown that the type of support material used is a critical factor in the 

Cochin University of Science and Technology 6 
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perfonnance of the resulting supported catalyst or reagent in an organic 

reaction system12
• The main factors that should be considered when employing 

a material as a support are 

C"'Il Thermal and chemical stability during the reaction process and for 

batch reactions during the separation stage. 

C"'Il Accessibility and good dispersion of the active sites. 

1.3 Titania 

Titanium is a chemical element in the periodic table that has the symbol 

Ti and atomic number 22. The element was given its name after the "Titans", 

the sons of the earth goddess in Greek mythology. It is a light, strong, lustrous, 
" 

corrosion resistant (including resistance to sea water and chlorine) transition 

metal with a white~silvery-metallic colour. Titanium is used in strong light

weight alloys (most notably with iron and aluminium) and its most common 

compound, titanium dioxide is used in white pigments. Substances containing 

titanium are called titaniferous. It ranks 9th in the order of abundance among 

the elements present in the earth's crust and 4th most abundant structural unit. 

Titanium was discovered by the reverence William Gregor in 1791, who was 

interested in minerals. He recognized the presence of a new element, now 

known as titanium, in menachanite, a mineral named after menaccan in 

Cornwall (England). Several years later, the element was rediscovered in the 

ore rutile by a German chemist, Klaproth. The pure elemental metal was not 

made until 1910 by Matthew A. Hunter, who heated TiC4 together with 

sodium in a steel bomb at 700-800°C. Titanium is known for its rare 

combination of properties such as 'lighter than iron', 'stronger than 
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aIwninium' and 'corrosion resistant as platinum' and bas been called the 

wonder metal. Even traces of nonmetal impurities affect its physical 

properties I 3,14. Titanium dioxide does not occur in nature, but is derived from 

ilmenite or leuxocene ores. It is also readily mined in one of the purest fonus, 

rutile beach sand. Since it falls group IV of the periodic table, it shows the 

characteristic valence of 4, but in addition to that di, tri and pentavalent 

valence states are reported in some compounds. 

There are two allotropic forms and five naturally occurring isotopes of 

this element; Ti-46 through Ti-50 with Ti-48 being the most abundart (73.8%). 

One of titanium's most notable characteristics is that it is as strong as steel but 

is only 6()01o its weight. Titanium's properties are chemically· and physically 

similar to zirronium. Titania is one of the top 20 inorganic chemicals of 

industrial importance. Although it IS used ill some non-pigmentuy 

applications, the chemical and industrial interest in the oxides of titanium 

solely derives from the importance of dioxides as a white pigment in paints. It 

is due to its high opacity, relative chemical inertness and from the comparative 

abundance of titanium ores. The industrial use of titania has increased many 

folds recently in the field of its expanded applications as photochromic and 

photovoltaic sensors 15. Titania acts as a photosensitiser for photovoltaic cells, 

and when used as an electrode coating in photoelectrolysis cells can enhance 

the efficiency of electrolytic splitting of water into hydrogen and oxygen. 

Because of its very high tensile strength (even at high temperatures), light 

weight, extraordinary corrosion resistance, and ability to withstand extreme 

temperatures, titanium alloys are principally used in aircraft, annour plating, 

naval ships, spacecraft and missiles. It is used in steel alloys to reduce grain 

Cochin University of Science and Technology 8 



Introduction and Literature survey 

size and as a deoxidiser but in stainless steel it is employed to reduce carbon 

content Titanium IS often alloyed with aluminium (to refine grain size), 

vanadiwn, copper (to harden), iron, manganese, molybdenum and with other 

metals.Welded Titanium pipe is used in the chemical industry for its corrosion 

resistance and is growing its use in petroleum drilling especially offshore for 

its strength, light weight and corrosion resistance. Use of titanium in consumer 

products such as golf clubs, bicycles, laboratory equipment, wedding bands, 

and laptop computers is becoming more common. 

Titanium dioxide is the most widely used white pigment (titanium 

white or pigment white 6) because of its brightness and very high refractive 

index, in which it is surpassed only by diamond. When deposited as a thin 

fih1\ its refractive index and colour make it an excellent refractive optical 

coating for dielectric mirrors. The refractive index determines the opacity that 

the material confers to the matrix in which the pigment is housed. Hence, with 

its high refractive index, relatively low levels of titania pigment is required to 

achieve a white opaque coating. Ti02 is also an effective opacifier16 in powder 

form, where it is employed as a pigment to provide whiteness and opacity to 

products such as paints, coatings, plastics, papers, inks, foods and most 

toothpastes. In cosmetic and skin care products, titanium dioxide is used both 

as a pigment and a thickner, and in almost every sunblock with a physical 

blocker, titanium dioxide is found both because of its refractive index and its 

resistance to discoloration under ultraviolet light. This advantage enhances its 

stability and ability to protect the skin from ultraviolet light. Titanium is used 

as a white food dye and as a tattoo pigment. Paints made with titanium dioxide 

are excellent reflectors of infrared radiation and are therefore used extensively 
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by astronomers and in exterior paints. It is also used in cement, in gemstones, 

and as a strengthening finer in paper. Ti02 powder is chemically inert, resists 

13ding in sunlight, and is very opaque: this allows it to impart a pure and 

brilliant white colour to the brown or gray chemicals that form the majority of 

household plastics. Paint made with titanium dioxide does well in severe 

temperatures, is somewhat self-cleaning, and stands up to marine 

environments. Star sapphires and rubies get their asterism from the titanium 

dioxide present in them. Titanium dioxide is also used extensively in the 

handmade soap crafts as a colorant/pigment. Titanates are compounds made 

with titanium dioxide I 7 
• Barium titanate has piezoelectric properties, thus 

making it possible to use it as a transducer in the interconversion of sound and 

electricity. 

Titanium dioxide is also used in resistance type lambda probes (a type 

of oxygen sensor). Even in mildly reducing atmospheres titania tends to lose 

oxygen and become sub stoichiometric. In this form the material becomes a 

semiconductor and the electrical resistivity of the material can be correlated to 

the oxygen content of the atmosprere to which it is exposed. Hence titania can 

be used to sense the amount of oxygen (or reducing species) present in an 

atmosphere 18. The photocatalytic activity of titania results in thin coatings of 

the material exhibiting self cleaning and disinfecting properties under exposure 

to DV radiation. These properties make the material a candidate for 

applications such as medical devices, food preparation surfaces, arr 

conditioning filters, and sanitaryware surfaces. Sol-gel produced titania gels 

induce the formation of apatite and the coatings have the ability to bond with 

bone i.e., titania gel coated implants are bioactive I9,2o. 
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1.4 Crystalline Modifications of titania 

Titania can exist in the crystalline as well as amorphous forms. The 

amorphous fonn of titania is photocatalytically inactive21
• There are three 

crystalline forms of Ti02; anatase, rutile and brookite. Anatase and rutile have 

been extensively studied for photocatalytic applications with the fonner found 

to be the most suitable for photocatalytic applications22
•
23

• Brookite is not 

commonly available and has not been tested for photocatalysis. Rutile derives 

its name from the Latin ruli/us, red, in reference to the deep red color observed 

in some specimens when viewed by transmitted light. Small rutile needles 

present in gems are responsible for "star" sapphires, "star" rubies and other 

"star" gems, an optical phenomenon known as asterism. It was on account of 

the 'steeper pyramid of anatase that the mineral was named, by RJ Haiiy in 

1801, from the Greek anatasis, "extension," the vertical axis of the crystals 

being longer than in rutile. Another name commonly in use for this mineral is 

octahedrite, a name which, indeed, is earlier than anatase, and given because of 

the common (acute) octahedral habit of the crystals. Brookite was named for 

Henry James Brooke, English mineralogist. 

Anatase and rutile are both tetragonal In structure while the brookite 

structure is orthorhombic. Anatase is obtained In processes under kinetic 

control whereas processes involving Ostwald ripening lead to the equilibrim 

phase; ie, rutiIe. In case of all the crystalline forms, each of Tt+ ions are 

surrounded by an irregular octahedron of oxide ions, but the number of edges 

shared by the octahedral increases from two in rutile to three in brookite and to 

four in anatase. Both in rutiIe and anatase the six oxide ions surrounding the 

Tt+ ions can be grouped into two. The two oxygen atoms are farthest from Ti'+ 
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and the other four oxide ions are relatively closer to Tt+. In rutile these 

distances are 2.01Ao and l.92Ao respectively and in the anatase they are 

1.95Ao and 1.91Ao. In case of brookite the farthest oxide ions are only ones, 

which are equidistant from Tt+ ions. 

All the three forms consist of Ti06
2

- octahedral and the manner by 

which these octahedral bond to each other are different for anatase, rutile and 

brookite. In rutile, two (out of twelve) edges are shared fonning a linear chain. 

If each titanium octahedral was represented by a building blocIC4
, then the 

basic structural unit of rutile can be represented as in figure 1.1. For rutile, the 

linear chains are then joined to each other by the sharing o( corner oxygen 

atoms, producing the overall rutile structure. Any spatial effect beneficial to 

the edge sharing polycondensation between Ti062
• octahedra results in the 

rutile phase fonnation. 

Figure 1.1 The fundamental structural unit of rutile 

Anatase has four edges shared per octahedron and no corner oxygen 

sharing. The basic growth units possible for anatase are shown in figure 1.225
• 

This figure shows (a) two edges are shared per octahedron fonning a right 

angled configuration and (b) the third and fourth edges are shared into and out 

of adjacent layers. Effectively the arrangement of these octahedra gives the 

overall structure of anatase. The complete structure of both anatase and rutile 

has been thus described26
• 
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OR 

" ) ,b) 

Figure 1.2 The fundamental structural units of anatase 

The octahedral linkage in brookitc is such that three edges are shared 

per octahedron27
• 'The basic unit structw"e of brookite formed by Ti0 6

2
-

octahedra is shown in figure 1.3. 

Figure 1.3 The fimdamental structwal units ofbrookite 

Table 1.1 
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A comparative study of physical characteristics of different crystalline 

modifications ofTitania 

Physical Anatase Rutile Brookite 

Characteristics 

Colour Brown to black Black or reddish Dark brown to 

Also yellow and brown greenish 

blue in large thick 

crystals 

Luster Adamantine to Adamantine to Adamantine to 

submetallic Submetallic Submetallic 

Transparency Opaque crystals Transparent in Opaque crystals 

thin crystals 

Crystal System Tetragonal Tetragonal; Orthorhombic 

4/m2lm2lm 4/m2lm2/m 2/m2lm2lm 

Fracture Subconchoidal Conchoidal to Subconchoidal and 

uneven uneven 

Hardness 5-6 6 - 6.5 5.5 - 6 

Specific 3.8-4.1 4.2 + (slightly 3.9-4.1 

gravity heavy) 

Streak White Brown Light brown to white 

1.5 Anatase to Rutile transformation 

Usually, amorphous titania crystallizes into anatase below 400°C, 

which is further converted to rutile from 600°C to llOO°C28
• The anatase to 

rutile transfonnation is a metastable to stable transfonnation and therefore 
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there is no unique phase transformation temperature as in the case of 

equilibrium reversible transformation29 • The rates of transformation largely 

depend on the particle size or the size of impurities30 . The temperature for the 

transition can vary from 400 to 1100°C depending on the type and amount of 

additives, powder preparation method, reaction atmosphere, oxygen to metal 

coordination, particle size, morphology, degree of agglomeration and so on. At 

atmospheric pressure, the transformation is time and temperature dependent 

and is also a fimction of impurity concentratioJ 1-39. 

The complexity of the transition IS typically attributed to the 

reconstructing nature. The transition is a nucleation growth process and 

follows the first order rate law with an activation energy of -90KcaVmoL The 

mechanism by which the additives either inhibit or promote the anatase to 

rutile phase transformation has been related to the defect structure of titania, 

i.e, the concentration of oxygen vacancies or Ti interstitials. It was suggested 

that the additives, which increases the concentration of oxygen vacancIes 

would also tend to promote the transformation, while some additives would 

retard the transformation by increasing the lattice defect concentration of Ti 

interstitials in titania 40. 

The mechanism for the formation of anatase and rutile usmg so~gel 

route has been well described in the literature41 , 42. In solution, wo octahedra 

undergo condensation to form a new bond. (Figure lAa) The placement of the 

third octahedron determines the formation of either rutile (Figure lAb) or 

anataseJbrookite (Figure l.4c,d). The fIrst option (Figure lAb) OCCUI'S when the 

titania octahedra forms a bond such that a linear arrangement results_ The 

linear arrangement is the most stable structure since the electrostatic repulsive 
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energy is minimized, thus thermodynamically; the basic structure of rutile is 

favored. The second option (Figure lAc) occurs when the octahedrons bond 

together at right angles to give the basic unit structure for anatase. The third 

option is possible when the octahedron edges share a bond as shown in Figure 

l.4d. This option is the basic growth unit for both anatase and brookite . 

• a) 

$~ 
j,;~-.. ~ 

(b) 

~ """'*'--.. IXlXlXl 
en. ........... 

(e) 

~ c~:;.. ~ ~ .... .t .-
jd) 

~- ~ 
ill 

~"."'-I ............. 

Figure lA (a) Condensation of two octahedra, (b) growth unit ofrutile, 

(c) growth unit ofanatase and (d) growth unit ofanatase and brookite 

As the brookite and anatase octahedra bonds involve edge sharing, the 

chances of interaction to fonn these two configurations (Figure 1.4c,d) are 

increased as the reaction temperature increases. The higher energy upon 

collision at 90°C enables the third octahedron to overcome the electrostatic 

repulsion and fonn either anatase or brookite. Anatase is more likely to occur 

than brookite since it can be fonned by either of the two pathways. 
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1.6 Methods of Preparation 

The development and preparation of heterogeneous catalysts were 

considered more as alchemy, than science, with the predominance of trial and 

error experiments43
-
45

• However this approach is time consuming, expensive, 

does not offer on the assurances of the fmal results and discourages osmosis 

between catalysis and other related sciences, such as analytical or solid state 

chemistry, spectroscopy etc. The preparation methods of catalysts have been 

reported to directly affect the activity of the mixed oxide systems46
-
48

. Thus it 

is not smprising that catalysis follow a solitaIy route up until the 1970's, when 

the, idea of scientific bases for the preparation of catalysts began to develop. A 

brief outline of some of the commonly adopted preparation routes are 

discussed herewith. 

a) Precipitation or coprecipitation - It is one of the most widely employed 

preparation methods and may be used to prepare either single 

component catalysts and supports or mixed catalysts. In this method, 

one or more soluble salts, which contain the metal of interest, are 

neutralized through the addition of a base to fonn a precipitate or 

coprecipitate of the corresponding metal oxides49
-
5o

• 

b) Impregnation - In this method, a certain volume of solution containing 

the precursor of the active phase is contacted with the solid support, 

which, in a subsequent step, is dried to remove the imbibed solvent. 

The maximum loading is limited by the solubility of the precursor in 

the solution. The operating variable is the temperature, which 
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influences both the precursor solubility, solution viscosity and as a 

consequence the wetting time51
-
52 

. 

c) Ion Exchange - This method consists of replacing an ion in an 

electrostatic interaction with the surface of a support by another ion 

species. Catalyst systems, which need a charge compensating ions, are 

ideal materials for ion exchange. It is important to adjust the pH in 

order to maximize electronic interaction between the support and the 

metal precurso~3. 

d) Depositio~Precipitation- The two processes involved in this method 

are precipitation from bulk solutions or from pore fluids and interaction 

with the support surface. This method allows the preparation of catalyst 

with smaller particle sizes in better di~ion with large surface area 

and allows incorporation of higher loading of the active components54
. 

e) Adsorption - This method allows the controlled anchorage of a 

precursor in an aqueous solution on the support. The tenn adsorption is 

used to describe all processes where ionic species are attracted 

electrostatically by charged sites on a solid surface. 

f) Chemical vapour deposition - In chemical vapour deposition (CVD), 

deposition is taking place by adsorption or reaction from the gas 

phase55
-
57

• It is a very versatile process for the production of catalytic 

materials and is possible to deposit target species on the materials with 

almost any shape and size and it is also possible to produce almost any 

metal and nonmetallic material as well as compounds such as oxides, 

carbides, nitrides, intennetallics and many others. 
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g) Sol-gel process - It is a homogeneous process, which results in a 

continuous transformation of a solution into a hydrated solid precursor 

(hydrogel). The nanoscale chemistry involved in sol-gel methods is a 

more direct way to prepare highly divided materials. These particles 

continue to increase in size until a metal oxide gel is [onned58
-
64

. 

1.7 The beginning of sol-gel science 

Sol-gel processing methods were first used historically for decorative and 

consbuctional materials. Many of the earlier technologies became lost in the 

Dark ages after the decline of the Roman Empire, and probably the next 

significant development was the discovery of "water glass" by Von HeImont. 

He dissolved silicate materials in alkali and found that on acidificaton a 

precipitate of silica equal in weight to the original silicate materials was 

obtained. In 1779 Bergman reported that if the correct amount of dilute acid 

was used the mixture gelled on acidification. This preparation of a silica gel 

led to a series of applications remarkably similar to those of today's s sol-gel 

chemistry. In the 19th century, many oxide materials like zirconia, copper 

zirconate, uranium oxide, and zirconopyrophyllate were prepared from 

hydroxide gels. Today sol-gel methods are reaching their full potential, 

enabling the preparation of new generations of advanced materials not easily 

accessible by other methods yet using, mild, low energy conditions65 • 

1.8 Sol-gel Processing 

A colloid is a suspension in which the dispersed phase is so small (~1-

l000nm) that gravitational forces are negligible and interactions are dominated 
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by short range forces such as van der waal's attractions and swface charges. 

The inertia of dispersed phase is so small that it exhibits Brownian movement, 

a random walk driven by momentum imparted by collisions with molecules of 

the suspending medium. A sol is a colloidal suspension of solid particles in 

liquid66
. 

Sol-gel process can be classified based on the starting materials. The 

commonly used routes are the colloidal so~gel and polymeric so~gel 

depending on whether the precursor is a metal organic compound or an 

aqueous solution of an inorganic salt67
• In both cases, the chemistry is 

dominated by the high electropositive character of metal _atoms. Another 

important factor is the greater ability to vary their coordination number and 

geometIy depending on the size and charge of the ion, the number of d

electrons, the crystal field stabilization energy and the nature of the 

surrounding electrons65
• Most of the synthetic schemes reported are based on 

the use of alkoxide precursors. Alkoxides of many individual metals are 

available commercially and can be manipulated easily to control the chemistry 

of the process68
-
69

• The chemical basis for the so~gel route is similar to the 

well known polymerization process. 

Colloidal sol-gel route involves a precipitation-peptisation process70
. 

Addition of water precipitates the corresponding hydroxides, which is washed 

and subsequently peptized by adding electrolytes such as HCVHN03 to obtain 

the respective sol. Further processes for obtaining titania xerogels include sol

gel conversion, drying of the corresponding gel. Thus obtained porous xeroge1 

is calcined to get the catalyst powder. The particle size of the sol can be 

affected by the type and amount of acid employed as a peptizing agent and also 
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by the time in the hydrolysis process7
!. One firndamental difference between 

the colloidal and the polymeric gel is that in colloidal gel, the so1-gel transition 

being caused by physicochemical effect without the creation of a new chemical 

bonding in contrast to a chemical reaction, a polymerization or a 

polycondensation reaction as in the case of a polymeric gel. 

If a monomer can make more than two bonds, then there is no limit on 

the size of the molecule that can form. If one molecule can reach its 

macroscopic dimensions so that it extends throughout the solution, the 

substance is said to be a gel. The gel point is the time (or degree of the 

reaction) at which the last bond is formed that completes this giant molecule. 

Thus, a gel is a substance that contains a continuous solid skeleton enclosing a 

continuous liquid phase. The continuity of the solid structure gives the 

elasticity to the gel. Gels can also be formed from particulate sols, when 

attractive dispersion forces cause them to stick together in such a way as to 

form a netwolK. The characteristic feature of the gel is obviously not the type 

of bonding; polymeric gels are covalently linked, particulate gels are 

established by van der Waals forces. The bonds may be reversible as in the 

particulate systems or permanent as in polymeric gels. The particulate systems 

inchIde some of the most successful commercial applications of so1-gel 

technology, such as nuclear fuel pellets and Ludox colloidal silica66
• In some 

cases, inorganic polymers are combined with colloidal particles to great 

advantage. Key parameters which are in principle controllable via so1-gel 

processing of the catalyst materials are as follows65
. 

« High specific surface area. 

« Controlled pore size distribution. 
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« Stable pore structure Wlder preparation and reaction conditions. 

« Active material distributed on pore surfaces, not in the bulk. 

« Active material homogeneously and effectively distributed over 

surface. 

« High purity of active material. 

« Easy control of composition for multi component catalytic species. 

« Effective control of crystalline or amorphous structure as desired. 

« Mechanical properties adapted to desired operating environment. 

« Catalyst resistant to chemical or physical blocking of active sites. 

1.9 Stability of Sols 

The stability and coagulation of sols is the most intensively studied 

aspects of colloidal chemistry. Sols can be stabilized either electrostaically or 

sterically. In steric stabilization, coagulation is prevented by use of thick 

adsorbed layer of organic molecules, which constitute a steric barrier. Thus it 

discourages the close approach of the particles entropically as well as 

enthalpicaIly. 

Usually aqueous systems are stabilized by electrostatic double layer. 

Since the electrons surrounding a nucleus do not constitute a spatially and 

temporally unifonn screen, every atom is a fluctuating dipole. This effect 

creates an attraction between atoms, known as van der Waal's or dispersion 

energy, which is proportional to the polarizabiIities of atoms and inversely 

proportional to the sixth power of their separation. The van der Waal's forces 

result from three types of interactions; pennanent dipole - permanent dipole 

(keesom forces), permanent dipole- induced dipole (Debye forces), and 
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transitory dipole -transitory dipole (London forces). When atoms are far apart, 

the movement of their electrons is uncorrelated, but upon closer approach the 

electrons will distribute so as to minimize the energy of the system. The 

transitory dipoles formed in this way produce net attraction, although the net 

permanent dipole moment is zero. These dipoles fluctuate with a period of -

10.16 s; thus if the atoms are separated by a distance greater than - 3Onm, by the 

time the electromagnetic wave travels from one atom to the another, the 

electron distribution of the first atom has changed. This is called the retardation 

of the dispersion forces, and results in reduced attraction; only the wrretarded 

forces are of importance in colloids. 

The attractive dispersion forces is approximately additive, so that it 

becomes important for particles of colloidal dimension, and represents the 

attractive forces tending to cause flocculation of colloids. The stabilization of 

colloids by electrostatic repulsion is successfully described by the DL VO 

theory (named after its principal creators, Detjaguin, Landau, Verwey and 

Overbeek). The net forces between the particles in suspension is assumed to be 

the sum of the attractive van der WaaI's forces and the electrostatic repulsion 

created by the charges adsorbed on the particles. The repulsive barrier depends 

on the two types of ions that make up the double layer, charge determining 

ions that control the charge of ion on the surface of the particle and counter 

ions that are in solution in the vicinity of the particle and act to screen the 

charges of the potential determining ions66
• 

For hydrous oxides, the charge determining IOns are the It and Off 

ions, which establish charge on the particles by protonating or deprotonating 

the MOH bonds on the smface of the particles. 

Cochin University o/Science and Technology 23 



Chapter 1 

M-OH + It" M-OH2 + 

M-OH + Off M-O- + H20 

The ease with which protons are added or removed from the oxide 

depends on the nature of the metal atom. The pH at which the particle is 

neutrally charged is called the point of zero charge. At pH>PZC, the particle is 

negatively charged, whereas at pH<PZC, the particle becomes positively 

charged. The point of zero charge for titania is 6 while that of silica is 2.5. 

1.10 Advantages of sol-gel process 

~ The temperature required for all stages apart from' densification are 

low, frequently close to room temperature. Thus thennal degradation of 

both the material itself and any entrapped species is minimized, and 

high purity and stoichiometry can be achieved. 

~ Precursors such as metal alkoxides and mixed alkyl! alkoxides are 

frequently volatile and easily purified to very high levels (e.g., by 

distillation or sublimation) using techniques developed for the 

microelectronics industry. This fiuther contributes to high purity 

products. 

~ Since organometallic precursors involving different rretals are 

frequently miscible, homogeneous controlled doping is easy to achieve. 

~ The chemical conditions are mild. Hydrolysis and condensation are 

catalyzed by acids and bases, but extreme pH conditions may easily be 

avoided, especially by the use of "two step" methods in which acid 

catalyzed hydrolysis is followed by rapid neutralization or buffering. In 

this way pH sensitive organic species (e.g. dyes) and even biological 
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species including enzymes and whole cells may be entrapped and still 

retain their functions. 

~ Highly porous materials and nanocrystalline materials may be prepared 

in this way. 

~ By appropriate chemical modification of the precursors, control may be 

achieved over the rates of hydrolysis and condensation, and over 

colloid particle size and the pore size, porosity and pore wall chemistry 

of the final material. 

~ Using functionalised precursors, covalent attachment of organic and 

biological species to porous silicate glass structures is possible. 

~ By controlling the ageing and drying conditions, further pore sIZe and 

mechanical strength control may be achieved. 

~ By using organometallic precursors containing polymerisable orgaruc 

ligands, materials may be produced which contain both inorganic and 

organic polymer networks. 

~ Entrapped organic species may serve as templates for creation of pores 

with controlled size and shape. Subsequent removal of these species 

(for example by heat or strong acid treatment) leaves "molecular 

footprints" with potential as catalytic sites. 

~ Since liquid precursors are used f is possible to cast ceramic materials 

in a range of complex shapes and to produce thin films or fibres as well 

as monoliths without the need for machining or melting. 

~ The optical quality of the materials is often good, leading to 

applications for optical components. 
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~ The low temperature of sol-gel process is generally below the 

crystallization temperature for oxide materials, and this allows the 

production of unusual amorphous matetials6s
-
66

• 

1.11 Limitations Of Sol-Gel Process 

Despite all these advantages, sol-gel materials are not without 

limitations. The precursors are often expensive and sensitive to moisture, 

limiting large scale production plants to specialized applications such as 

optical coatings. The process is also time conswning particularly where careful 

ageing and <hying are required. Although this need not be a limiting factor 

where long continuous production runs are envisaged, it does mean that the 

total volume of material in the processing line is inevitably significantly higher 

than in faster processes. Finally the problem of dimensional change on 

densification, and of shrinkage and stress cracking on <hying, although not 

insuperable, do require careful attention. These significant limitations 

emphasize the need to optimize the sol-gel materials to exploit their advantages 

to the maximum in applications where they can provide properties not 

attainable by other methods65
-
66

. 

1.12 Tungsten, Molybdenum and Chromium based catalysts 

The interactions between metal oxides and the oxide supports have 

attracted much attention because of the wide application of the supported metal 

oxide systems. It is well known that the supported oxides of transition metals 

are widely used as catalysts for various reactions. The industrial importance of 

supported chromium oxide catalysts has motivated a large number of studies 
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relating to its specific surface properties and catalytic behaviour. Oxide--oxide 

interactions are considered as a separate group of phenomena occurring at the 

catalyst surface during the stages of both preparation and use73
. With the 

advancements of the physico chemical techniques in the recent years a detailed 

characterizations of these systems are being carried out to understand the true 

picture of the chemical and molecular states of chromia stabilized over various 

supports and results are well documented in the literature 74.81. Although these 

systems are extensively studied, there are stiB some points of disagreements 

about the surface structures of chromium oxide species stabilized on various 

supports and about the true nature of these species in various catalytic 

processes82
. These systems find their applications in polymerization reactions, 

and many catalyzed reactions such as dehydrogenation of alkanes, 

dehydrocyclisation, catalytic refonning, hydrodesulphurisation and partial 

oxidation of hydrocarbons. 

Molybdenum supported catalysts constitutes the most important 

catalysts for petroleum hydrotreating. These catalysts are used mainly to 

saturate unsaturated hydrocarbons to remove sulphur, nitrogen, oxygen and 

other metals from different petroleum streams82
-
86

. In many reactions catalyzed 

by molybdenum oxide, the active component is often employed on supported 

oxide, viz, alumina, titania and silica or mixed with oxides such as vanadium. 

It is well established that the efficiency of the supported molybdenum oxide 

catalysts mainly depend on the dispersion of active phase which in turn can be 

greatly influenced by the nature of the supported oxide and the method of the 

preparation of the catalysts87
• Titania supported molybdenum represents the 

basic form of catalysts in many hydrotreating reactions. Presently partial 
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oxidation of methane, vapour phase ammoxidation of toluene, water gas shift 

reaction and photocatalytic degradation of organic compounds in aqueous 

systems are also highly performed on the MofTiOz catalysts88
-
9l . Supported 

tungsten oxides catalyzing different reactions such as W03/Alz03 for propene 

metathesis, W03/SiOz for olefm disproportionation and W03IFe203 for the 

reduction of NOx in combustion flue gases. Titania supported tungsten oxide 

catalysts are very efficient for various heterogeneous reactions such as alkene 

isomerisation and disproportionation. Acid properties of tungsten-based 

catalysts have also been employed to improve alkane isomerisation, a very 

important step in the synthesis of high octane rating phenof2-95
. The properties 

of bulk tungsten oxides were studied in hexane reformini6
-
97 and heptane 

hydrocracking98. It has been reported that platimun containing WOxffiOz 

catalyze the conversion ofn-butane and ofn-pentane99. 

1.13 Rare Earth metals based catalysts 

Rare earths or rare earth related compounds have a significant role to 

play in materials science and technology due to their splendid and exotic 

propertieslOO-104. During the last few years, much endeavour has been 

undertaken in order to understand the phenomenon that underlies the catalytic 

behaviour of multicomponent and multiphase oxide-based heterogeneous 

catalysts. Most have been especially interested in the systems containing 

lanthanide oxides, such as LaZ03, Pr60ll, CeOz, 1b407, Nd203 and Sll1203, 

because pertinent information on the real role played by these in partial as well 

as total oxidation is still rather scarcel 05-11!. Rare earth oxides can be classified 
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as solid base catalysts on the basis of 180 binding energy studies. They exhibit 

activity as oxidation catalysts and have Iow work functions. 

1.14 Titania as a catalyst and catalyst support 

Titania presents increasing interest as a catalyst or support. However its 

low surface area is an important disadvantage for catalytic applications 112-114. 

This has been partially overcome by the application of new synthesis 

procedures in order to obtain titania with a high specific surface area 115-117. 

Nevertheless for many applications, supported oxides are more efficient and 

therefore titania supported catalysts are also interesting as a catalyst as well as 

a support. It is well known that the synthesis conditions determine to a great 

extent morphological characteristics such as homogeneity, size and distribution 

of pores l18.Similarly the dispersion, the oxidation state and the structural 

features of the supported species may strongly depend on the support. 

Each application that is based on titania requires a specific crystal 

structure and specific size. Thus it is important to develop synthetic methods in 

which the size and structure of the nanocrystals can be controlled. Anatase 

titania has been prepared by various methods such as sol-gel, hydrothennal, 

combustion synthesis, vapor hydrolysis and inert gas condensation. Anatase 

titania powders can also be prepared from fluorine complexed titanium (IV) 

aqueous solution using microwave irradiationl19
. But the obtained materials do 

not show photocatalytic activity, probably due to a considerable fluoride 

content that is in the range of 2-5%. Ti02 nanotubes and nanorods were 

synthesized by the sol-gel template method. Titania sol with narrow particle 

size distribution was synthesized using TiC~ as the starting materiall20
. 
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Nanocrystalline anatase powders with particle sizes from 8 to 38nm have been 

synthesized by hydrothennal treatment of aqueous TiOS04 solutions and 

TiCh-nH20 amorphous gell2I
. Anatase nanocrystallites of about 7nm in 

diameter can be prepared from titanyl sulphate in alcohol-water solutions 

below lOO°C 122. It has been reported that nanosize rutile titania particle can be 

synthesized via a hydrothennal method without mineralizersl23
. Cheng Wang 

et al synthesized a mixture of nanoctystalline amtase and rutile in mixed 

organic media with the variation of alcohols in the media under mild 

conditions 124. 

The porous anatase fonn, as compared to the rutile phase, is of greater 
.' 

importance and interest due to its better catalytic properties. Therefore, a key 

goal is to prepare anatase nanoparticles, with high surface area, uniform 

particle size and pore structure, and a high anatase-rutile transformation 

temperature I 25. Phonthammachi et al reported the synthesis of mesoporous 

titania by sol-gel route using titanium glycolate as precursor I 26. 

Nanocrystalline powders of anatase and rutile type of titania with different 

morphology and particle size 13-50 run were prepared by a hydrothermal 

treatment of complex titanyl oxalate acid H2TiO (C204) 2 (0.28 and 0.07 M) 

aqueous solutions I27. Under the conditions of high temperature hydrolysis of 

0.28 M & TiO (C204) 2 aqueous solution, the formation of mesoporous anatase 

particles (60-100 nm, TEM) containing non-intersecting (7-27 nm, TEM) 

pores with encapsulated solution was observed while hydrothermal treatment 

of 0.07 M aqueous solutions did not lead to the formation of mesoporous Ti02. 

The formation mechanism of mesoporous anatase particles was suggested 

considering the process as recrystallization of primary grains aggregates. 
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Titania particles were prepared by water in oil emulsion system, where 

titanium tetraisopropoxide was dropped into the microemulsion solution and 

the titania particles were formed by the hydrolysis reaction in the core of the 

microemulsion128 . In yet another method, titania sols, gels and nanopowders 

have been produced by the controlled hydrolysis of tetraisopropyl titanate in 

sodium bis (2-ethylhexyl) sulfosuccinate reverse micelles129
• Ku Yuan Chen et 

al synthesized titania by the thermal hydrolysis of titanium tetrachloride in a 

mixed solvent (acetone!water)13o. Titanium dioxide nanoparticles were 

prepared via a photoassisted sol-gel method in which ultraviolet light radiation 

was used in the preparation process of TiO 2 colloid 131. A simple and efficient 

methodology has been established for the selective synthesis of anatase and 

rutile as well as their mixtures with various precursors using ultrasound 

irradiation132 
. Titania gel and films were prepared from Ti-EDT A complex 

solutions as new ceramic precursors 133. Similarly, porous titania coatings were 

prepared by spin coating anhydrous titanium ethoxide - ethanol solutions in a 

controlled humidity atmosphere 1 
34 • 

Yinghong et al synthesized a thermally stable mesoporous titania with 

a crystalline frame work and ordered large pores using a block copolymer as a 

structure directing agent, followed by a hydrothermal process \35 • The 

crystalline frame work, high specific surface area, large pore size and high 

thermal stability of these new materials are expected to afford better activity 

towards photocatalytic reactions, in particular those concerned with bulky 

molecules and high space velocity. Kartini et al reported a new route to the 

synthesis of mesoporous titania with full anatase crystalline dOlmins using a 

block copolymer surfactanl l36
. Mesoporous titania with regulated pore size as 
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well as high specific surface area was prepared from titanimn aIkoxide and 

various carboxylic acids with different alkyl chain lengths137. 

Ti02 materials are having complex shapes such as hollow fibres, wools, 

textiles and nanotubes. This technique has great potential for a wide variety of 

applications such as catalysts, photocatalysts and filters, because tailored 

hierarchical architectures of titania with macroscopic morphologies and 

microscopic pore structures are successfully produced. Monodisperse hollow 

nanocylinders consisting of crystalline titania particles have been directly 

prepared in a porous alumina membrane by a deposition technique using an 

aqueous solution system of titanium tetraflouride138. The morphology 

transcription of various templates using a direct growth technjque in aqueous 

solutions provided crystalline titania. Titania hollow fibers with porous walls 

were prepared by a chemical solution deposition techniques using TiF 4 aqueous 

soiution139.140. Bimodal mesoporous titania powders with high photocatalytic 

activity were prepared by hydrolysis of titanium tetraisopropoxide in the 

presence of HClIHN03 or N140H under ultrasonic irradiationl4
! . 

1.15 Modified titania systems 

The most widely used industrial catalysts consist of metal oxide 

particles. Titania is well known for its catalytic applications. Over decades, 

many studies have been carried out in order to modifY the structural as well as 

textural properties of titania. The properties of titania can be modified by 

doping with various metal oxides. Modification of the single oxides with 

different anions like POl-, WO/-, P-, S042- etcI42-148. have been found to 

enhance the acidity and certain physico chemical properties of the catalyst like 
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thermal stability, mesoporosity etc. However the textural properties of these 

anion modified metal oxides are very poor. The ageing time and temperature 

can be used as new parameters to modify the textural properties of titania 

aerogels 149. 

It has been reported that silica addition has a significant influence on 

the surface properties of titania 150-15 6. There is an enrichment in the reactivity 

with respect to Bronsted acid in the titania-silica mixed oxide system. The 

addition of silica increases the specific surface area of titania and also 

increases the anatase-rutile transformation, and was fotmd to increase with the 

increase in silica. Silica addition to titania results in high temperature pore 

stabilityl57. High surface area Ti02 -M03 were found to have higher surface 

area, greater porosity and enhanced specific surface aciditY 5 8-161. Copper 

loaded titania systems are prepared and their structural characterization suggest 

negligible interaction of copper cluster with the titania support 1 62. Nano a
Fe203 in a titania matrix was prepared by the sol-gel route and the 

crystallographic data shows the presence of anatase and rutileI63-166. The 

structural modification of titania using lanthana and yttria is also repoertd 167-

169. Neodymium doped titania nanostructured thin films help promoting the 

electron trapping, thereby increasing the lifetime of holes, which are 

responsible for the photocatalytic oxidationI70-173 • The properties of titania can 

also be modified by doping with oxides like V205174, Sn02175, Mg0176, 

ZI02177-178, Pt02179-180, W03181, Cr203182-183 etc. long Ho Lee et al prepared 

Zno-Ti02. CdS-Ti02, ZnS-Ti02, and Ag- Ti02 by ultrasonic spray pyrolysis of 

metal salt aqueous solution in which Ti02 particles were suspendedl84. The 

effect of metal cations like Li,Rb185 , Ca Sr Ba 186 MO l87 ptl88 Ta l89 Inl90 " , , , , , 
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Ag191
, Co 192 etc. on the crystalline phase stability of titania has also been 

successfully carried out. Recently much attention is paid to the applications of 

nitrogen doped titania 193.195. 

1.16 Surface Acidity Measurements 

The acid-base properties of metal oxide catalysts can significantly 

affect the final selectivity of heterogeneous catalysts I 96 • The swface acidity of 

the catalysts is closely related to the activity, selectivity and stability of solid 

acids. The acidity required for transformation of reactants into valuable 

products or byproducts can be quite different 197. Solid acid catalysts are 

appealing since the nature of surface acid sites are known and their chemical 

behaviour in acid catalyzed reactions can be rationalized by means of existing 

theories and models. The dependence of catalytic properties on the acid 

properties of solid catalysts demand accurate methods for surface acidity 

measurementsl98
• 

Various methods have been used to detennine the nature, strength and 

the concentration of acid centers on the surface. The indicator method is used 

as a method for the determination of acid sites, but it suffers from the 

disadvantage that both Bronsted and Lewis acidity are measured without any 

distinctionI99-200. Though this method is successful in the case of homogeneous 

aqueous solutions of acids, it fails in the case of heterogeneous solids. 

Temperature programmed desorption of base molecules is based on 

desorbing volatile amines such as ammonia, pyridine, n-butyl amine or 

quinoline that has been allowed to absorb on a solid, by heating it at a 

programmed rate. This simple and inexpensive method is normally used to 
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measure the number and strength of acid sites on solid catalystSlO 1-202. An 

excess of the base is adsorbed, and what is considered to be physically 

adsorbed is then removed by prolonged evacuation. Whatever left on the 

surface, after this is a measure of total acid sites. The TPD of ammonia is used 

frequently as a probe molecule because of its small molecular size, stability 

and strong basic strength. The method is thus used to characterize the acid site 

distribution and further to obtain the quantitative amounts of acid sites in the 

specified temperature range203 . Since ammonia and pyridine can adsorb both 

on Bronsted and Lewis acid sites, the selective determination of acid sites is 

impossible in this technique. However 2,6-dimethyl pyridine (2,6-DMP) can 

be preferentially adsorbed on the Bronsted acid sites204-206. So, to estimate the 

Bronsted acidity, DMPY is used as the adsorbent molecule. 

1.17 Test Reactions for Acidity 

The acidity of a catalyst can also be determined by using appropriate 

test reactions. The most widely used examples include decomposition of 

alcohols207-208, cracking of aromatic hydrocarbons209 and isomerisation of 

alkenes21 o. Curnene is a conventional model compound for catalytic studies 

because it undergoes different types of reactions over different types of active 

sites. Over Bronsted acid sites, however cumene is cracked to benzene (plus 

propene) via a carbon cation mechanisrtrll. Over dehydrogenation sites, 

however cumene is converted to a-methyl styrene. The production of other 

products like ethyl benzene and toluene is minimal. Selectivity in the alcohol 

decomposition reaction is regarded as a typical test reaction for investigating 

the acid base properties of the catalytic sites on the metal oxides212-213. 
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Although the mechanism of gas phase alcoml dehydration/dehydrogenation 

remains poorly known and controversiaf 14-216, it is generally accepted that the 

highest activities in the dehydration to cyclohexene are related to acid sites, 

while dehydrogenation to cyclohexanone is generally associated to basic/redox 

sites214-222. 

Boonnan et al studied the sUIface acidity of fluoride, cobalt and 

molybdemnn modified a-alumina systems by infrared spectroscopy of 

adsorbed pyridine and correlated with the reactivity for cwnene conversiorr23. 

The acidic and catalytic properties of alwnina as well as fluoride and sodiwn 

modified alumina were also characterized by FTIR spectroscopy of adsorbed 

pyridine and t-butyl cyanide, and by cwnene and thiophene -decompositioif24. 

Redox and catalytic behaviour of chromium oxide supported on zirconia is 

investigated in detail through the reaction of cumene using a pulse 

technique225 . It has been known that cracking of cumene takes place at medium 

acid sites of the catalyst while the active site for the dehydrogenation of 

cumene is C~+. 

The sUIface acid strength of sulphate doped titania-silica mixed oxide is 

detennined by the Hammett indicator methods. A good correlation is found 

between the cumene cracking and the acidity of the catalysts226. The 

correlation between the acidic properties of nickel supported on titania-zirconia 

and catalytic activity for acid catalysis is also studie<f27. Rana et al carried out 

the cumene cracking reaction on pure support as well as sulfided Mo, CoMo 

and NiMo catalysts in a plug flow rnicroreactor at 400°C and atmospheric 

pressure and arrived at the conclusion that the cumene cracking activity over 

supported catalysts is attributed to the Bronsted sites like sulfhydryl groUpS228. 
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Liu et af studied the acidity for catalytic cumene cracking reaction in 

the assembly of wormhole aluminosilicate mesostructures from zeolite 

seeds229
• The stUface acidity diagnosis and catalytic activity of AlSBA 

materials is done by TPD of ammonia and in the cumene cracking reactiorr3o
. 

The role of various additives and their impregnation sequence in flourided N~ 

Mol Ah03 catalysts in cumene cracking and hydrocracking and in thiophene 

HDS reaction has been investigated23
!. Fleisch et af studied the hydrothermal 

dealumination of Faujasite and the influence of dealumination in the cumene 

cracking reaction232
. The realumination efficiency of dealuminated HZSM-5 

zeolites was studied, evaluating the change in the cracking activity of 

cumene233 . Landau et af synthesized the alumina catalytic material prepared by 

grnfling wide pore MCM-41 with an alumina multilayer and characterized its 

stUface acidity in cumene cracking and isopropanol dehydratiorr34
• 

A comparative study of physical, acidic and catalytic properties of 

piUared clays, transition metal pillared clays and pillared acid activated clays 

are carried out. The obtained improvement in acidity is mainly of the Bronsted 

type, which is very clear from both cyclohexanol decomposition and cumene 

cracking reactiod35-236. Bautista et af studied the influence of acid base 

properties of amorphous AlP04 and several inorganic solids in the gas phase 

dehydration and dehydrogenation of cydohexanor37
• The cydohexanol 

decomposition reaction is also carried out effectively over copper contamrng 

spine! catalysts238 and alumina supported Pt-Co bimetallic catalysts239. Anita 

Rachel et af evaluated the acid base properties of CuO/Zr02 catalysts in the 

dehydrogenation of cyclohexanor4o• The effect of copper loading on zirconia 

ill the dehydrogenation activity is illustrated The dehydration of cyclohexanol 
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over zeolites, silicaaluminophosphates and chromite catalysts is earned out and 

observed the presence of acidic and basic centers of probably different 

strengths241 . 

1.18 Reactions selected for the present study 

Among various catalysts in use, acid catalysts account for a majority of 

applications both in tenns of volume and economy. The catalytic role of solid 

acids is very clear from all the investigated reactions. Since the incoijX)ration 

of transition metal and rare earth metal in the crystalline fuunework of titania 

improves its structural as well as textural characteristics, the prepared systems 

can be used as a versatile catalyst for organic transformations." Titania, being a 

catalyst as well as a photocatalyst our study is focusing the reactions in both 

categories. The catalytic reactions like epoxidation of cyclohexene, 

hydroxylation of phenol, tert-butylation of phenol, methylation of aniline as 

well as anisole, dehydrogenation of cyclohexane and cyclohexene were carried 

out. The photocatalytic degradation of methyl orange as well as photooxidation 

of benzhydrol is successfully earned out over the prepared systems. 

1.19 Objectives of the present work 

GIl To prepare titania, transition metal as well as rare earth metal 

incoIporated titania catalysts through particulate so~ gel route. 

GIl To investigate the surface properties of the prepared systems by 

techniques such as XRD, TGIDTG, FTIR., SEM, UV-Vis DRS and 

BET surface area-pore volume measurements. 
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01 To explore the surface acidic properties of the prepared catalysts using 

various independent techniques such as TPD of ammonia, TG analysis 

of adsorbed 2,6-DMP and test reactions like cumene cracking and 

cyc1ohexanol decomposition. 

01 To study the catalytic activity of the systems towards liquid phase 

epoxidation of cyclohexene as well as hydroxylation of phenol. 

01 To study the catalytic activity of the prepared systems ID the 

industrially important alkylation reactions such as tert-butylation of 

phenoL methylation of aniline and anisole. 

01 To evaluate the catalytic activity of the prepared systems towards the 

dehydrogenation of cyclohexane and cyc1ohexene. 

01 To explore the photocatalytic activity of the prepared systems towards 

the photooxidation ofbenzhydrol and methyl orange degradation. 
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Materials and Methods 

Abstract 

The development and preparation of heterogeneous catalysts were 

considered more as alchemy than science with the predominance of trial and 

error experiments. In the production of catalysts, even a minute change in the 

conditions of preparation can change the quality of the catalyst. Hence they 

must be thoroughly characterized before use. In the present chapter the 

experimental procedures used for catalyst preparation, the characterization 

techniques and catalytic activity rreasurements are described in detail. The 

physico chemical characterization of the prepared systems are done using 

techniques such as XRD, EDX, SEM, BET surface area-pore volume 

measurements, TGIDTG, FTIR, and Diffuse Reflectance UV-vis spectroscopy. 

The surface acidity measurements were done using ammonia TPD, 2,6 

dimethyl pyridine adsorption studies and test reactions such as cumene 

cracking and cyclohexanol decomposition. Reactions of industrial importance 

such as epoxidation of cyclohexene, hydroxylation of phenol, lert-buty/alion of 

phenol, methylation of aniline and anisole, dehydrogenation of cyclohexane 

and cyclohexene are chosen for the catalytic activity measurements. 

Photocatalytic oxidation of benzhydrol as well as photodegradation of methyl 

orange is carried out over the prepared systems. 
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2.1 Introduction 

The preparation of heterogeneous catalysis has by now lost all 

empirical aspects l
. A good catalyst besides having high catalytic activity and 

selectivity for the desired reaction should have large specific surface area, 

stability and mechanical strength. These factors should be kept in mind while 

preparing a catalyst. The design of a catalyst covers all aspects from choice of 

the active phases to the method of fonning particle;. The catalyst surface is 

very complex and heterogeneous with a broad classification of structurally and 

chemically different sites. The nature of the active sites is the most important 

factor in heterogeneous catalysis. A complete knowledge on the exact location, 
~ 

structure and electronic ground state of the active site in the catalyst is essential 

to establish a basic understanding about the structure activity correlations and 

to improve the efficiency of the catalyst for high stability and selectivity. 

2.2 Catalyst preparation 

Sol-gel method is used for the preparation of the catalysts. The method 

IS a homogeneous process, which results in a continuous transfonnation of a 

solution into a hydrated solid precursor. The sol-gel syntheses have been 

recognized for their versatility, which allows better control of the texture, 

composition, homogeneity and structural properties of the final solids. The 

nanoscale chemistry involved in the sol-gel methods is a more direct way to 

prepare highly divided materials. Particulate sol-gel route is used for the 

preparation of titania systems using metatitanic acid as precursor. The 

transition metals like molybdenum, chromium and tungsten is incorporated to 

titania from their soluble salts. Similarly the modification of titania is done 
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using rare earth metals like lanthanwn, praseodymhun and samarium from 

their nitrate salt solution. For a comparative evaluation of the properties, pure 

titania is also prepared. 

Materials 

The materials used for the preparation of catalysts are given below. 

Materials 

Metatitanie Acid 

Ammonium tungstate 

Ammonium molybdate 

Chromium Nitrate 

Praseodymium Nitrate 

Lanthanum Nitrate 

Samarium Nitrate 

Cone. Nitric Acid 

Conc. Sulphuric acid 

Conc. Ammonia 

Methods 

Suppliers 

Travancore Titanium Products Limited 

Merck 

Merck 

Merck 

Indian Rare Earth Ltd 

Indian Rare Earth Ltd 

Indian Rare Earth Ltd 

Merck 

Merck 

Merck 

A detailed experimental procedure for the preparation of the catalysts is 

given in the flow chart in figure 2.1. The estimation of the sol is done 

gravimetrically before the addition of the corresponding metal solution. 
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f Metatitanic acid. 1 
Digested with 

Sulphuric Acid 
r 

[ Titanyl sulphate I 
~ 

Cone. NH3. .... pH-lO-ll 
r 

TitanilIDl Hydroxide 

... Hot water with i 0% .... HN03 , pH -1.5 Ir 

[ Titania sol 1 
.... Metal Solution I .... 

~r 

Metal incoIpOrated 
titania sol 

Overnight drying 
... at 110°C 

.. 
Metal incorporated 

titania gel 

I ... Calcination at r 500°C for 5h 
Catalyst powder 

Figure 2.1 Preparation process of metal incorporated titania 
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2.2.1 Preparation of titania 

Metatitanic acid is digested with concentrated sulphuric acid above 

lOOoe and the resultant solution is filtered to get titanyl sulphate. Titanium 

hydroxide is precipitated by adding concentrated anunoma dropwise to this 

titanyl sulphate solution until the pH rises above 10. Then the precipitate is 

washed several times with hot water to remove sulphate ions totally. This 

titanium hydroxide is suspended in hot water at 700 e and added 10% HN03 

with continuous stirring. A clear transparent sol is obtained at a pH of ~ 1.5 

which is stable for months. The sol is kept for ageing for 1 day and then 

chemical gelation is done by slightly perturbing the pH of the stable sol with 

the addition of ammonia. The gel is kept in contact with the mother liquor for 1 

day and then decanted off. The filtered precipitate is washed with distilled 

water, dried overnight at 1 looe in an air oven and powdered below 100 i 

mesh size. The xerogel thus obtained was calcined at 5000 e for 5h in a muffie 

furnace. 

2.2.2 Preparation of metal incorporated titania 

Titania sol is prepared as above and the incorporation of the metal is 

done in the sol phase. Transition metals like molybdenUlIl, tungsten and 

chromium are incorporated from their respective aqueous salt solution such as 

ammonium molybdate, ammonium tungstate and chromium nitrate. Similarly 

rare earth metals like lanthanum, samarium and praseodymium is incorporated 

from their respective nitrate salt solution. 20ml of the sol is taken and 

estimated quantitatively. 2,6 and 10 wt % of the metal is incorporated to titania 

by taking corresponding amounts of the salt solution. The mixed sol is stirred 
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again for 3h and then gelation is done by adding ammonia drop wise. Then 

aging of the gel is done for a day. The gel is dried overnight and calcined at 

500°C for 5h. 

2.3 Catalyst notations 

The catalyst systems developed for the present investigation and its 

designation are given below. 

Notation Systems 

Ti Pure titania 

TiXy Ti containing metals (X) such as Cr, Mo, W, La, Pr and Srn having 

weight % (y) of2, 6 and 10. 

2.4 Characterization techniques 

In heterogeneous catalysis, the reaction occurs at the surface of the 

catalyst. Catalysis and catalytic surfaces hence need to be characterized by 

reference to their physical properties and by their actual performance as a 

catalyst. The most important physical properties are those relating to the 

surface because catalyst performance is determined by surface parameters. 

Any characterization of a catalyst must start with knowledge of the chemical 

composition of the same. It is important to know the presence and the quantity 

of trace elements, additives, poisons etc., in a catalyst. The amount of the 

sample required for any characterization is relatively small and in many cases 

the method is non-destructive. 
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The prepared catalyst systems were characterized by adopting a variety 

of physico-chemical properties which include BET surface area and pore 

vollUue measurements, X-Ray diffraction, Energy Dispersive X-Ray analysis, 

Scanning electron microscopy, Fourier Transfonn Infrared Microscopy, UV

Vis Diflbse Reflectance Spectroscopy and TG-DTG analysis. Before each 

characterization except for thermogravimetric analysis, the samples were 

activated at 500°C for 2h. 

Materials 

The materials used for catalyst characterization are 

Methods 

Materials 

Liquid Nitrogen 

Potassium Bromide 

Magnesium Oxide 

Suppliers 

Sterling gases Pvt. Ltd. 

Merck 

Merck 

A brief discussion of each method of characterization technique 

adopted along with its experimental aspects is presented in the following 

sections. 

2.4.1 X-Ray Diffraction Analysis 

X-Ray diffraction has remained the mainstay of structure determination 

of crystalline solids and the recent developments in technology and computing 

have paved the way for unequivocal determination of even macromolecular 
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stmctl.lres with remarkable accuracy. It contains a wealth of useful information 

provided one can exploit and extract the same, with patience in synthesizing 

good materials and a healthy scientific aptitude to apply modem computational 

facilities3
. 

Powder X-Ray diffraction is a long-range order technique sensitive to 

the basic periodic structure of a solid sample4
.
5

• The basic principle lll1derlying 

the analysis is that the scattered waves from the atoms interfere constructively, 

if they are in phase (coherent), and diffracted beams are formed in specific 

directions. These directions are governed by the wavelength of the incident 

radiation and the nature of the crystalline samples. Braggs law formulated by 

W.L. Bragg in 1913, relates the wavelength of the X-Rays to the spacing of 

atomic planes by the equation6
, 

nl =2dsin9 

where n is the order of reflection, A, the wavelength of ~ Rays, a, Bragg angle 

and cl, the interplanar spacing. 

The three main types of information in a diffraction pattern include the 

position, the intensity and the shape of diffraction peaks. The positions of the 

diffraction peaks are determined by the geometry of the crystal lattice i.e., the 

size and shape of the unit ceU. The intensities of the peaks in a profile are 

related to the specific atoms in a crystal and their arrangement in the unit cell 

of the crystal7• The diffraction profile is related to the size and perfection of the 

crystallites and various instrumental parameters. Most of the analytical 

methods used for diffraction profile studies, emphasize the position variables 

(d spacing) as they can be accurately determined and the other two parameters 
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are considered when quantitative analysis! stl1.lcture refinemnt and crystallite 

. . d8 Size are reqUIre . 

CrystaJlite size (L) can be detennined from the corrected line 

broadening (3) in the sample using SchelTer equation. 

L=KA I P cosa 

Where L, A. and e have their usual meanings, L is the mean dimension of the 

crystallites composing the powder sample or the thickness of the crystal in a 

direction perpendicular to the diffiacting planes, K is a constant approximately 

equal to 0.9-1.0 and related both to the crystallite shape and to the way in 

which a and L are related. 

XRD patterns were recorded in a Rigaku D-max C X-Ray 

difJractometer using Ni filtered CuKa radiation (A.= 1.5406A 0). The crystallite 

phases were identified by comparison with the standard JCPDS data file 9
. 

2.4.2 Diffuse Reflectance UV-Vis Spectroscopy 

The diffuse reflectance UV-Vis spectroscopy is known to be a very 

sensitive probe for the identification and characterization of metal ion 

coordination. It is a notrinvasive technique that uses the interaction of light, 

absorption and scattering, to produce a characteristic reflectance spectrum, 

providing infonnation about the stmcture and composition of the mediwn. It 

gives information regarding electronic transition between orbitals or bands in 

the case of atoms, ions and molecules in gaseous, liquid or solid state. 

Electronic transition of transition elements are of two types, namely, metal 

centered transitions [d-d or (0-1) d-ns} and charge transfer (CT) transitions. d-d 

transitions gives information about the oxidation state and the coordination 
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environment of transition metal Ion. (n-l) d-ns transitions are often too high in 

energy to be observed in the spectrum. The CT transitions are intense since 

they are Laporte allowed and are sensitive to the nature of donor and acceptor 

atoms 1 0-11. Diffuse reflectance UV -Vis spectra of the samples were recorded at 

room temperature between 200 and 800nm using magnesium oxide as standard 

in Ocean optics AD 2000 instIllment with a CCD detector. 

2.4.3 Thermogravimetric Analysis 

Thermal analysis is a widely used analytical technique for material 

researchl2
. Thermogravirnetry or thermogravimetric analysis (TGA) provides a 

quantitative measurement of any weight changes associa~ with thermally 

induced transitions. The rates of these thermally induced processes are often a 

function of the molecular structure. TGA provides information on the thermal 

stability of the material. Thermal stability of a compound depends on the 

constituent elements present and on the type of linkages between the different 

elements3
. Changes in weight result from physical and chemical bonds fonning 

and breaking at elevated temperatures. These processes may evolve volatile 

products or form reaction products that result in a change of weight of the 

samples. 

Thermal analysis techniques have great potential in the development of 

catalysts especially for the control and generation of active systems. They can 

also be successfully employed for determining the surface properties of the 

catalysts under favorable conditions. The application of thermal analysis 

methods for catalyst development is reaching a mature status and can be 
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expected to be exploited by many others for even studying the surface 

transformations that take place on catalyst surface. 

In therrno gravimetric analysis, the loss of weight of a sample is being 

continuously recorded over a period of time under controlled heating rate. The 

first derivative of the thennogram (DTG) gives a better understanding of the 

weight loss and can also be used to detennine the thennal stability of the 

samples. TGAQ V2.34 thermal analyzer was used for carrying out 

thennogravimetric sttrlies. About 20mg of the samples was used at a heating 

rate of 20°C/min from 20 to 700°C in N2 atmosphere. The TO data were 

computer processed to get thermograms. Any decomposition of the sample is 

indicated by a dip in the curve. These dips correspond to the weight loss due to 

decomposition and hence provide an idea about the species lost during the 

heating step. This method cannot distinguish the actual nature of the material 

evolved in the course of the process and is also handicapped in resolving 

overlapped thermal analysis. So it is seldom able to describe the process under 

study completely. 

2.4.4 Surface Area and Pore Volume Measurements 

The surface area calculated from the use of BET equation is perhaps 

the most popular and widely used in the literature, ever since Brunauer, 

Emmett and Teller (BET) derived the equation for physical adsorption of gases 

on solid surfaces that lead to multilayer adsorption! 3 
. The phenomenon of 

higher concentration of any molecular species at the surface than in the bulk of 

the solid or liquid is known as adsorption. The assumptions are that the surface 

is energetically uniform, that the condensation of layers of gas can proceed to 
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multilayers and that the adsorbed molecules do not interact laterally. The 

simple fonn of this equation that forms the basis of the BET method for the 

detennination of surface area of solids can be written as; 

P IIV (Po - P)] = I1 Vm C + P (C-I) I Vm Po C 

where V is the volume of gas adsorbed at equilibrium pressure, P and Po is the 

saturated vapour pressure of the adsorbate at liquid nitrogen temperature and C 

is the isothermal constant. By plotting P I [V (Po - P)] vs P I Po and 

detennining V m from the slope and the resultant straight line in the partial 

pressure range of 0.05 to 0.35, the surface area can be calculated. The specific 

surface area can be found out using the relation, 

A =Vm No Am IW X 22414 

Where ~ is the Avogadro number, An the molecular cross sectional area of the 

adsorbate and W the weight of the sample (g). 

The method is based on the phenomenon of adsorption. Nitrogen is 

commonly used as the adsorbate at liquid nitrogen temperature. Here we 

determine the volume of nitrogen gas adsorbed by a known weight of the 

sample at liquid nitrogen temperature. Since the area occupied by single 

adsorbed molecular nitrogen can be estimated, the total surface area can be 

calculated by multiplying the area of one molecule by the number of molecules 

required fonning the monolayer. Adsorption varies directly with pressure and 

inversely with temperature. Here the temperature is held constant and the 

amount of nitrogen adsorbed at liquid nitrogen is measured at different relative 

pressures. Po will depend on the temperature and hence the purity of liquid 

nitrogen. 
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Simultaneous detennination of surface area and total pore volume of 

the samples were achieved in a Micromeritics Gemini - 2360 surface area 

analyzer by the low temperature nitrogen adsorption method Previously 

activated samples at 500°C were degassed at 400°C under nitrogen atmosphere 

for 4h prior to each measurement. The pore volume is measured by the uptake 

of nitrogen at a relative pressure of 0.9. 

2.4.5 Fourier Transform Infrared (FfIR) Spectroscopy 

Infrared spectroscopy has been extensively used for identifying the 

various functional groups on the catalyst itself, as well as for identifying the 

adsorbed species and reaction intennediates on the catalyst surface14
-

15
. It is 

one of the few techniques capable of exploring a catalyst, both in its bulk and 

its surface, and under the actual reaction conditions. Infrared spectnnn 

originates from the transitions between discrete vibrational and rotational 

energy levels of the molecules. The IR spectnun of the compound is the 

characteristic of that compound and may be used for identification just like 

melting point, boiling point optical rotation etc. The analysis of the spectnun 

was done by comparing with the reported values. The most commonly used 

region for this purpose is the fmger print region (4000 - 600cm,I). 

Infrared spectroscopy has been widely used for characterizing the acid 

sites of the catalyst, which are responsible for their catalytic properties. The 

measurement of the intensity of IR bands due to adsorbed pyridine at a 

particular temperature enables one to calculate the concentration of the 

individual Bronsted and Lewis acid sites in a catalyst sample. It also fmds 
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applications to identifY the intermediate species ID heterogeneous catalytic 

reactions. 

The FfIR spectrum of the sample was recorded on a Nicolet Impact 

4000 spectrometer using the KBr pellet method. The measured quantity of the 

sample was mixed with spectroscopic grade KBr and ground well. The mixture 

was compacted to a disc by pressing. The percentage transmittance is plotted 

against the wave number. 

2.4.6 Energy Dispersive X-Ray (EDX) fluorescence Analysis 

Energy dispersive X-Ray fluorescence analysis is one of the successful 

analytical methods for the qualitative and quantitative analysis of the solid 

samples. It allows non destructive elemental analysis of the sample 16. The 

principle of EDX is based on the strong interaction of electrons with matter. 

When electrons of appropriate energy impinge on a sample, they cause 

emission of X-Rays whose energies and relative abundance depend on the 

composition of the sample. 

The electron beam from a scanning electron micrograph used in this 

technique can eject an electron from the inner shell of the sample atom. The 

resulting inner shell electron vacancy is filled by another electron from a high 

energy shell in the atom While moving from a high energy state to a lower 

one, this vacancy filling electrons give up some of its energy (equal to the 

difference in the energy between the two electronic energy levels involved) in 

the form of electromagnetic radiation. Since this electronic energy is fairly 

larger for inner shells, the radiation appears as X-rays. As all elements have a 

unique configuration of electronic energy levels, the X-ray pattern spectrum 
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will be tmique for a particular element. Furthennore, tmder the given analysis 

conditions, the number of X-rays emitted by each element will be directly 

proportional to the concentration of that element in the sample I 7 • 

The X-ray peak position along with the energy scale identity the 

element present in the sample, while the integrated peak areas after application 

of appropriate correction factors, can give us percentage composition of each 

of the elements8. Powdered sample is put on a double-sided carbon tape on a 

metal strip before analysis. EDX spectra of the samples were recorded in an 

EDX-JEM-3S instrument (JEOL Co. link system AN-lOOO-Si-Li detector). 

2.4.7 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is a well-established technique in the 

realm of materials science for the determination of structure. It allows the 

imaging of the topography of a solid surface by using back scattered or 

secondary electrons with good resolution of about Snm. In this technique, a 

fine probe of electrons is scanned over the sample surface using deflection 

coils. The interaction between the primary beam and the specimen produces 

various signals, which are detected, amplified and displayed on a cathode ray 

tube screened synchronously with the beam. They can also be conveniently 

deflected and focused by electronic or magnetic field so that magnified real 

space images can be formed. The SEM has a large depth of field, which allows 

a large amotmt of the sample to be in focus at one time. The SEM also 

produces images of high resolution, which means that closely spaced features 

can be examined at a high magnification. Preparation of the samples is 

relatively easy since most SEMs only require the sample to be conductive. The 
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combination of higher magnification, larger depth of focus, greater resolution, 

and ease of sample observation makes the SEM one of the most heavily used 

instruments in research areas today. This make the technique suitable for 

producing very impressive, in focus images from a highly irregular structure 

typical of catalyst specimens. This technique is of great interest in catalysis 

because of its high resolution18
• The scanning electron microscope can be used 

to measure not only the composition profile of a surface, but also the geometric 

profile of its magnetic structure. 

Scanning electron micrographs of the samples were taken using 

Cambridge Oxford 7060 scanning electron microscope with a resolution of 

l.38eV. The powdered sample is put on a double sided carbon tape on a metal 

strip. It is further sputter coated with gold to minimize the charging effect and 

to protect the material from thermal damage by the electron beam. A film of 

unifonn thickness, about O.lmm, was maintained for all the samples. A serious 

draw back of the analysis is the charging of the particles and also the result 

need not be the representative of the whole sample. 

2.5 Surface acidity measurements 

Solid acid catalysts in many commercial processes have proved to be 

more economical and often produce better quality products. Being stronger 

acids, they have a significantly higher catalytic activity compared to 

conventional acid catalysts2o
• Detennining the quantity and strength of the acid 

sites is crucial to understanding and predicting the perfonnance of a catalyst. 

Therefore the main task of catalyst technologists lies in the surface acidity 

measurements. Quantitative analysis of model surfaces using temperature 
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programmed desotption technique was developed in the early 1960s. The 

problem of finding the most relevant method for acidity measurement is an 

evolutionary process. Various methods have been used to fmd out the nature, 

strength and concentration of acid centers on the surface. Some techniques can 

distinguish between the Lewis acidity and Bronsted acidity. A large variety of 

probe molecules have been utilized to ascertain the surface aciditil. Similarly 

model reactions such as cumene cracking and cycIohexanol reaction are 

carried out to evaluate surface acidity. 

Materials 

The materials used for the acidity determination of the prepared 

catalysts are given below. 

Materials Suppliers 

Sulphuric Acid Merck 

2 Sodium Hydroxide Merck 

3 Cumene Aldrich 

4 Cyclohexanol CDH 

5 2,6 dimethyl pyridine Merck 

6 Anunonia Merck 

7 Phenolphthalein Merck 

Methods 

2.5.1 Temperature Programmed desorption of ammonia 

The temperature programmed desotption technique is one of the most 

widely used and flexible techniques for characterizing the acid sites on oxide 
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SUIface. The method is based on desorbing ammonia adsorbed on the solids by 

heating it at a programmed rate. Ammonia is an excellent probe molecule for 

the measurement of acid property by TPD, because it can be stabilized on acid 

sites. Its small molecular size allows ammonia to penetrate into all pores of the 

solid where larger molecules commonly found in cracking and hydrocrncking 

reactions only have access to large micro pores and mesopores. Also, ammonia 

is a very basic molecule, which is capable of titrating weak acid sites, which 

may not contribute to the activity of the catalyst. The strongly polar adsorbed 

ammonia is also capable of adsorbing additional ammonia from the gas phase. 

TPD experiment describes not only the mllnber and strength of chemisorption 

sites, but it may also describe the surface heterogeneity of the SUIface sites. In 

principle, any chemical interaction between the adsorbate and adsorbent can be 

studied by the TPD technique. 

The assumption in TPD is that the desorption energy is primarily the 

deprotonation energy of the solid acid3
. Thus, a stronger acid requires a higher 

energy to deprotonate, but this direct relationship may be modified by the type 

of acid sites. This technique then could provide a relative amount of weak, 

medium and strong acidity in a solid, depending upon the temperature in which 

the desorption of an adsorbed base takes place. It may be noted that the 

temperature range associated with weak, medium or strong acid sites is rather 

arbitrary. Still the information and classification of the acid sites is useful. It 

has also been the practice to collect the desorbing base in a medium and then 

titrate against a standard acid to quantify the desorbed base, according to the 

temperature range in which it desorbs. 
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Ammonia TPD measurements were carried out in the range lOO-600°C 

in a conventional flow type apparatus using a stainless steel reactor of 30 cm 

length and lcm diameter kept in a cylindrical furnace. The catalyst is pelletized 

and put in the reactor under nitrogen flow at 300°C. After cooling to room 

temperature, ammonia was injected in the absence of carrier gas flow and 

allowed to attain equilibrium. The excess and physisorbed ammonia was 

flushed out using a current of nitrogen for half an hour. Under a controlled 

temperature programme, the amount of chemisorbed ammonia leached out for 

each 100°C was absorbed in a known volume of dilute sulphuric acid. The 

desorbed ammonia is estimated volumetrically by titrating with sodium 

hydroxide solution. The amount of ammonia desorbed in the temperature 

ranges 100-200, 200-400 and 400-600°C was assigned as measures of weak, 

medium and strong acid sites respectively. 

2.5.2 Thermodesorption Studies of 2,6- dimethyl pyridine 

2,6-dimethyl pyridine is a useful probe molecule for the selective 

detennination of the Bronsted acid sites22
• Due to steric hindrance of the 

methyl groups, 2,6- DN1P gets selectively adsorbed at the Bronsted acid sites 

and thus the percentage weight loss during thermal treatment will correspond 

to the Bronsted acidity of the sample. Previously activated catalysts were kept 

in a desiccator saturated with vapours of 2,6-DN1P for 48h for the effective and 

uniform adsorption. After this, the weight loss of the adsorbed samples was 

measured by thermogravirnetric analysis in nitrogen atmosphere at a heating 

rate of 20°C/minute. The fraction of weight loss in the range of 300-600°C was 

found out and taken as a measure of the Bronsted acidity of the sample 23 • 
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2.5.3 Cumene cracking reaction 

Cumene cracking reaction is generally used as the probe reaction to 

characterize the acid properties of the solid acid catalyst. Cumene cracking 

mainly depenls on Bronsted acid sites whereas dehydrogenation occurs on 

Lewis acid sites24
• The major reactions taking place during the cracking of 

cumene are dealkylation to give benzene and propene and dehydrogenation to 

give a.methyl styrene. Thus it is possible b compare both Lewis and Bronsted 

acid sites in a catalyst through cumene conversion reaction. The vapour phase 

curnene cracking reaction is carried out in a fixed bed down flow vertical glass 

reactor. The reaction conditions are optimized and the product distnbution of 

all the prepared systems is compared under the optimized conditions. The 

product analysis was achieved by using a gas chromatograph, comparing with 

authentic samples. 

2.5.6 Cyclohexanol decomposition reaction 

Cyclohexanol decomposition reaction may be used to characterize the 

acidity of solid acid catalyst. The amphoteric nature of cyclohexanol permits 

their intemction with acidic and basic sites resulting in dehydmtion and 

dehydrogenation. The reaction usually gives two types of products; 

cycIohexene and cyclohexanone. The selectivity to a particular product is 

detennined by the acid base properties of the cataIysf5. The reaction was 

carried out in a fixed bed down flow glass reactor and the reaction conditions 

are optimized. The catalyst samples are compared under the optimized reaction 

conditions and the liquid products were analyzed by using a gas 

chromatograph. 
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2.6 Catalytic activity measurements 

The role of a catalyst in bringing about a chemical reaction is a 

stimulating one. In order to test the catalytic activity of the prepared systems, 

reactions are carried out both in liquid as well as vapour phase. In the present 

case, epoxidation of cyclohexene and hydroxylation of phenol is carried out in 

the liquid phase. Alkylation of aromatics to give various industrially important 

products can be successfully carried out in vapour phase over the prepared 

catalytic systems. All the systems are effective in dehydrogenating 

cyclohexane and cyclohexene. Titania, being a well known photocatalyst, the 

influence of modified metals on its photocatalytic activity is studied in detail. 

Photocatalytic oxidation of benzhydrol and photodegradation of methyl orange 

were done over the prepared catalysts. 

Materials 

The materials used for the catalytic activity measurement is as follows. 

Materials Suppliers 

1 Cyclohexene Merck 

2 Cyclohexane Merck 

3 TBHP in water Aldrich 

4 Phenol Merck 

5 Hydrogen peroxide SD Fine-Chem Ltd 

6 Tert-hutanol Qualigens 

7 Aniline Merck 

8 Methanol SO Fine-Chem Ltd 
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9 Anisole Merck 

10 Benzhydrol SD Fine-Chem Ltd 

11 Methyl orange Merck 

12 Acetonitrile Merck 

Methods 

A brief description of the experimental procedure for the different types 

of reactions studied is given below. The catalytic activity was expressed as the 

percentage conversion and the selectivity for a product is expressed as the 

amooot of the particular product divided by the total amount of products 

mUltiplied by 100. 

2.6.1 Liquid Phase Reactions 

Epoxidation of cyclohexene and hydroxylation of phenol was carried 

out in liquid phase. The reactants in the required molar ratio and a deflnite 

amooot of the catalyst were taken in a 50ml lOood bottom flask fitted with a 

water condenser. The whole set up is placed in an oil bath put on the top of a 

magnetic stirrer. The temperature of the oil bath can be adjusted according to 

the requirement for a particular reaction and kept constant with the help of a 

dimmerstat. The product analysis was done using gas chromatograph 

(Chemitoj equipped with Flame ionization detector and a capillary column. 

2.6.2 Gas Phase Reactions 

Applicability of the liquid phase reaction is often limited by Iow 

temperature requirement below the boiling point of the least boiling 
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component of the reaction mixture. Reactions can be done at much higher 

temperatures in the vapour phase set up where the reactants will be in the gas 

phase, which tmdergo reaction over the catalyst surface. Tert-butylation of 

phenol, methylation of aniline and anisole, dehydrogenation of cydohexane 

and cycIohexene were done in vapour phase. These reactions were conducted 

at atmospheric pressure in the presence of N 2 in a fIXed bed, vertical, down 

flow reactor inserted into a double zone furnace. A temperature controller was 

used to maintain the temperature of the reaction. The reactant was fed into the 

reactor with the help of a syringe pump at a controlled flow rate. The 

condensed reaction mixture was collected downstream from the reactor in a 

receiver connected through a cold water circulating condenser. The products 

were collected at regular intervals and analyzed gas chromatographically. 

2.6.3 Photochemical reactions 

The photocatalytic cativity of the prepared systems towards the 

oxidation of benzhydrol as well as the degradation of methyl orange is 

intensively studied. The reactios were carried out in a Heber photoreactor 

(multilamp type, model HML-MP88) containing concentrically arranged eight 

numbers of 8W mercury lamps of 365nm wavelength. In the methyl orange 

degradation, the extent of degradation was detennined by using a Shimadzu 

UV-Vis spectrophotometer (UV-160A) at Amax of 66Onm. The product analysis 

of the photooxidation ofbenzhydrol was done gas chromatographically. 
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Physico Chemical Characterization 

Abstract 

The physico chemical characterization of both transition metal and 

rare earth metal incorporated titania systems were done in the present 

chapter. A detailed investigation was performed by different techniques such 

as X-Ray diffraction analysis, Energy dispersive X-Ray analysis, Surface area 

and pore volume measurements, TG-DTG analysis, FTIR spectroscopy, 

Scanning electron microscopy and UV- Vis diffuse reflectance spectroscopy. 

The evaluations of acid sites were done by two independent techniques such as 

TPD of ammonia and TGA of adsorbed 2, 6-dimethyl pyridine. Test reactions 

such as Cumene cracking reaction and Cyclohexanol decomposition reaction 

were also carried out over the prepared systems to get an insight to the nature 

of surface acid site distribution. 
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3.1 Introduction 

Catalysis plays a prominent role in our society. The catalyst 

characterization is a lively and highly relevant discipline in catalysis. It deals 

with the material science of the catalysts on a more or less mesoscopic scale, 

whereas the ultimate goal of fundamental catalytic research is to characterize 

the surface of a catalyst at the microscopic scalel
-
2

• In heterogeneous catalysis, 

the reaction occurs at the surface. Catalysis and catalytic surfaces need to be 

characterized with reference to their physical properties and by their actual 

perfonnance as a catalyse. The most important properties are those relating to 

the surface because catalyst performance is detennined by surface parameters. 

The catalytic properties of a surface are detennined by its composition and 

structure. The surface acidity also plays a crucial role in detennining the 

catalytic efficiency. Nanosize titania is attractive for many applications 

because of its large effective surface area which enhances the surface 

reactions. 

3.2 Physical Characterization 

Several approaches can be adopted to investigate fundamental relations 

between the state of a catalyst and its catalytic properties. Physical methods 

like X-Ray diffraction analysis (XRD), Energy dispersive X-Ray analysis 

(EDX), Surface area and pore volume measurements, TG-DTG analysis, 

Fourier ransfonn Infrared (FTIR) spectroscopy, Scanning electron microscopy 

(SEM) and UV-Vis diffuse reflectance spectroscopy were employed to 

characterize the prepared catalysts. The results are discussed in the following 

sections. 
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3.2.1 X-Ray diffraction analysis (XRD) 

Powder X-Ray diffraction (XRD) was used for crystal phase 

identification, estimation of the anatase to rutile ratio and of the crystallite size 

of each phase present. Figures 3.1 to 3.3 illustrate the X-Ray diffraction 

patterns of the pure as well as modified titania systems calcined at 500°C. The 

XRD data of the prepared systems agree well with the standard values given in 

the JCPDS data cards, thus confirming the crystalline phases of titania. The 

diffraction lines for anatase are observed at 2e values 25.5, 37.4, 48 and 53° 

while that ofrutile type appear at 27,36,41 and 54°. 

The selection of calcination temperature is of critical importance in 

catalysis. In the case of mixed metal oxides, substantially elevated temperature 

may be required to cause mixing by diffusion of individual species to form a 

desired compound or crystal phase. The crystalline phase formation also 

depends on the calcination temperature. It has been reported that the transition 

of amorphous titania to crystalline titania takes place at 350°C for pure titania. 

An earlier study on the kinetics of the anatase to rutile transformation has 

shown that the transformation involves an overall contraction or shrinking of 

the oxygen structure and a co-operative movement of ions. The transformation 

needs to overcome both the strain energy for the oxygen ions to reach their 

new configuration and the energy necessary to break the Ti-O bonds as the 

titanium ions redistribute. A high activation energy is required for this purpose 

(over 420 KJ/mol) and so the phase transition takes place only at a high 

temperature4
• Also the phase transformation is generally accompanied with the 

crystal growth. In the present case, the titania samples calcined at 500°C 

contain only the characteristic peaks of anatase5
• 
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Figure 3.1 

XRD profiles of (a) Pure Ti, (b) TiCr2, (c) TiM02, (d) TiW2, (e) TiLa2, 

(f) TiPr2 and (g) TiSm2 

The low peak intensity in the metal incorporated titania samples reveal 

the lowering of crystallinity after incorporation of the corresponding metal. 

Anatase is the predominant phase in all transition metal incorporated systems. 

But the rare earth metals like praseodymium is capable of enhancing the 

anatase to rutile phase transformation whereas samarium and lanthanam 

incorporated systems stabilises the anatase phase considerably. Prevention of 

agglomeration through metal incorporation accounts for the stabilisation of the 

anatase phase. The characteristic peak of the incorporated metal oxide was not 

evidenced even at the 10 wt. % metal loading. This might indicate either the 

dispersity of the incorporated metal oxide species or the small crystallinity of 

these species particle diameter i.e., particle size below the detection limit of 
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XRD.Another possibility is that the added metal species are present in the fonn 

of solid solution. The bulk structure remains virtually unchanged by the 

incorporation of the metals. 
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Figure 3.2 

XRD profiles of (a) Pure Ti, (h) TiCr6, (i) TiMo6, U) TiW6, (k) TiLa6, 

(1) TiPr6 and (m) TiSm6. 

The average crystallite size is calculated using Scherrer equation6-7 

from the 101 reflection ofanatase is given in tables 3.1 and 3.2. The crystallite 

size decreases with the increase in the percentage of the metal incorporated. 

This may be due to the interaction of the incorporated metal with the titania 

network, and thus hinder the growth of the particles_ Praseodymia incorporated 

systems show a more or less different behavior. Among those systems, the 

highest crystal lite size is shown by 10% praseodymium incorporated ones_ 
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These systems are found to be less crystalline and the powder XRD patterns 

clearly indicate the rutile phase present. 
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Figure 3.3 

XRD profiles of (a) Pure Ti, (n) TiCrlO, (0) TiMolO, (P) TiWO, (q) TiLalO, 

(r) TiPrlO and (s) TiSmlO. 

3.2.2 Surface Area and Pore Volume Measurements 

The variation in surface area, pore volume and crystallite size with 

transition metals as well as rare earth metals loading is presented in tables 3.1 

and 3.2. The surface area of titania is increased considerably in the presence of 

small amounts of other transition metals as well as rare earth metals. Further, 

there is a remarkable improvement in the high temperature stability of pores 

upon metal incorporation. This is in agreement with the observation reported 
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by Kumar8 et al and Gopalan and Lin9
• The improvement in the textural 

characteristics can be attributed to the better intaraction between titania and the 

incorporated metals. Upon calcinations, the oxides of the incorporated metals 

are distributed uniformly in the titania gel matrix. 

Table 3.1 

Surface area, Pore volume and CrystaIlite size of the prepared systems 

Catalyst Surface area Pore volume Crystallite Pore 

(m2/g) (X 1O-6m3/g-l) Size Diameter 

BET Langmuir (X 1O-9m) (X 10-9m) 

Ti 79.3 192.2 0.1 8.6 5.6 

TiM02 104.0 214.2 0.1 9.0 5.0 

TiM06 117.0 220.7 0.2 7.7 5.5 

TiMo10 117.0 306.7 0.1 6.7 4.8 

TiCr2 90.5 192.1 0.1 8.6 5.8 

TiCr6 101.7 267.4 0.2 7.4 9.4 

TiCrlO 112.0 290.8 0.2 6.0 8.2 

TiW2 111.0 303.3 0.2 9.5 5.8 

TiW6 112.0 290.1 0.2 8.5 5.4 

TiWlO 119.6 304.0 0.2 6.2 5.4 

Among different metal incorporated systems, there was no significant 

variation in the surface area values. Addition of transition metal species causes 

a further setback to the crystallization and sintering process, which is evident 

from the higher surface area of the samples in comparison with pure titania. 
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The metal oxide species along with incorporated ones prevent the 

agglomeration of titania particles resulting in a higher surface area. 

Table 3.2 

Surface area, Pore volume and Crystallite size of the prepared systems 

Catalyst Surface area Pore volume Crystallite Pore 

(m2jg) (X 1O·6m3jg-l) Size Diameter 

BET Langmuir 

TiLa2 110.7 

TiLa6 111.2 

TiLalO lO6.0 

TiPr2 il2.0 

TiPr6 116.7 

TiPrlO 129.8 

TiSm2 lO5.2 

TiSm6 107.0 

TiSmlO 116.5 

308.2 

289.0 

276.3 

292.5 

295.5 

336.1 

276.6 

285.6 

113.4 

0.2 

0.3 

0.2 

0.2 

0.1 

0.2 

0.3 

0.3 

0.3 

8.9 

8.5 

7.1 

7.1' 

9.0 

10.8 

7.4 

4.6 

4.4 

6.2 

9.4 

7.6 

5.4 

4.8 

4.6 

lO.3 

11.6 

11.00 

Assuming the pores are cylindrical, the average pore diameter is 

calculated using the fonnulae, d = 4Vp/Sp, where d is the average pore 

diameter, Vp is the pore volume and Sp is the surface area lO
• From the results, 

a gradual increase in the pore diameter is seen with the percentage of metal 

incorporation upto 6 wt% metal loading and thereafter the average pore 

diameter decreases when 10 wt% of the metal is incorporated. There is a 

reduction in crystallite size of the systems as the percentage of the metal 

incorporated increases. According to Ding and Liu, the decrease in grain size 

increases the rate of grain growth process. The reduction in crystal lite size is 
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proposed to be due to segregation of the incorporated metal cations at the grain 

boundary, which inhibits the grain growth by restricting the direct contact of 

grains. 

3.2.3 Energy Dispersive X-Ray Fluorescence Analysis (EDX) 

The elemental compositions of the prepared catalytic systems 

detennined by EDX analysis is presented in table 3.3. The percentage of the 

metal retained in the systems upon calcinations at 500°C is also given. The 

results clearly indicate that the expected catalyst profile can be successfully 

achieved by the present preparation method since the amount of the metal 

incorporated is close to the expected value except in the case of molybdenum 

and tungsten incorporated systems. This can be due to the loss of tungstate and 

molybdate ions as soluble ammonium tungstate during the gelation process. 

Table 3.3 

EDX data for titania as well as their modified analogues 

Catalyst TiOz Metal Catalyst Ti02 Metal 

Ti 100 TiLa2 97.0 3.0 

TiM02 99.0 1.0 TiLa6 90.4 9.6 

TiM06 96.1 3.9 TiLal0 86.0 14.0 

TiMoI0 94.1 5.9 TiPr2 96.3 3.7 

TiCr2 97.0 3.0 TiPr6 89.9 10.1 

TiCr6 90.9 9.1 TiPrl0 86.0 14.0 

TiCrlO 86.6 13.5 TiSm2 96.4 3.6 

TiW2 99.0 1.0 TiSm6 90.5 9.5 

TiW6 97.1 2.9 TiSml0 85.4 14.6 
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3.2.4 Scanning Electron Microscopy (SEM) 

The scanning electron micrograms of representative samples are given 

in Fig. 3.4 and 3.5. The particles tend to agglomerate upon the incorporation of 

transition metals as well as rare earth m~taJs. As a consequence, the particle 

size also increases. The results obtained from XRD can be well correlated with 

the SEM results. 

Figure 3.4 

Scanning Electron Micrographs of (a)Ti (b)TiMo6, (c) TiCr6, (d) TiW6 
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Figure 3.5 

Scanning Electron Micrographs of Rare Earth Metal modified titania systems 

The scaruung electron micrographs of the representative samples 

calcined at 700°C are presented in figure 3.6. With the increase in calcination 

temperature, the particles grow bigger in size due to sintering effect of the 

grains. The presence of other metal cations retards the grain growth of titania 

particles. The distribution of the oxides of the incorporated metals may be 

more or less in the intergranular region and decrease the diffusion barrier at the 

anatase - anatase grain contact. 
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Figure 3.6 

Scanning Electron Micrographs of (a) Ti, (b) TiCrIO. 

(c) TiSmIO and (d) TiPrIO calcined at 700°C. 

3.2.5 Thermogravimetric Analysis 

The thennal stability of the samples was examined by TG-DTG 

analysis. Thennogravimetric curve for representative systems are presented in 

figures 3.7 and 3.8. The mathematically obtained differential curve is also 

plotted in order to clarify the weight loss processes. The high thennal stability 

of metal incorporated titania systems is clear from TGIDTG curve. 
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Figure 3.7 

TGIDTGof(a) PureTi (b)TiM06 (c)TiCr6 (d)TiW6 

TGIDTG pattern of all the systems show a continuous dehydration over 

the entire temperature range studied. The first step below 110°C is due to the 

removal of adsorbed waterll . Another small dip in the region of 250 to 300°C 

may be due to the removal of structural water present in the sample. The 

removal of structural hydroxyls will increase the number of bridging oxygens 

and hence the monolithic nature of the gel 12 • There is a possibility for the 

additional weight loss in metal incorporated titania systems in the range 320 to 

350°C due to the decomposition of nitrates that become incorporated in the gel 

matrix. In all these thermograms, no apparent weight loss is observed upto 

600°C after transformation of metal salts to corresponding metal oxides. 

Cochin University of Science and Technology 94 



Physico-Chemical Characterization 

~ (g) 

~ ';f? 

(t) 
~ 

';f? .~ 

~ 

~ 
~ Cl) 

.~ .~ 

(e) '5 
Cl 

~ (a) 

0 200 400 600 800 

Tern peratureOC 

Figure 3.8 

TG/DTG of (a) Pure Ti (e) TiSm6 (t) TiLa6 (g) TiPr6 

3.2.6 UV-Vis Diffuse Reflectance Spectroscopy 

UV-Vis diffuse reflectance spectral analysis of titania as well as their 

modified analogues is carried out. The wavelength is shifted to lower 

wavelength region upon metal incorporation. As from the relationship of the 

absorption edge A.g and the band gap energy Eg, Ag = 1240lEg (e V), the band gap 

energy of all the prepared systems are calculated and it is given in table 3.4. It 

has been reported for pure anatase, the significant increase in the absorption at 

wavelengths shorter than 380 nm can be assigned due to the intrinsic band gap 

absorption of anatase13
• The band gap energy estimated for pure anatase is 

3.53eV in the present case. This value is slightly higher than the reported value 

for anatase (3.2-3.3eV)14. The band gap energy observed for TiOl Degussa P25 
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and Hombikat DV-WO reported in the literature is about 3.5ev
IS

• The band 

gap is a strong function of titania particle size for diameters less than 10nm 

because of the well known quantum size effect I 6. The interface interaction 

(matrix support effect) and changes in the coordination and ligand environment 

and the interatomic distances of titania microdomains also results in the 

changes in the band gap absorption edge I 7-24. Modification with other metal 

ions has a significant impact on the electronic properties of titania. But a direct 

relationship with the percentage of metal incorporation and the band gap 

energy of titania couldn't be obtained in the present study. 

Table 3.4 

Amax and band gap energy obtained from UV -Vis DRS analysis 

Catalyst Amax(nm) Band gap Catalyst Amax (nm) Band gap 

Energy(eV) Energy(eV) 

Ti 350.7 3.5 

TiMo2 299.3 4.1 TiLa2 299.1 4.1 

TiMo6 341.5 3.6 TiLa6 250.0 5.0 

TiMolO 332.7 3.7 TiLalO 254.3 4.9 

TiCr2 322.5 3.9 TiPr2 287.7 4.3 

TiCr6 295.1 4.2 TiPr6 264.6 4.7 

TiCrlO 523.6 2.4 TiPrlO 268.9 4.6 

TiW2 290.6 4.3 TiSm2 270.3 4.6 

TiW6 321.0 3.9 TiSm6 309.6 4.0 

TiWlO 277.7 4.5 TiSmlO 277.7 4.5 
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DV -Vis DRS is used to probe the band structure or molecular energy 

levels in materials since the DV light excitation creates the photogenerated 

electrons and holes. Thus infOlmation about the properties of metal oxides can 

be obtained from diffuse reflectance UV -Vis spectroscopy. This finds 

applications in the field of photocatalysis. 

200 300 400 500 

wavelength(nm) 

Figure 3.9 

600 700 800 

DV-Vis Diffuse Reflectance Spectra of (a) Ti (b) TiM06 (c) TiCr6 (d) TiW6 

Titania is a well known semiconductor oxide with a measured band gap 

energy. Characteristic absorption band for tetrahedraUy coordinated titanium 

appear at about 300-400 nm. The absorption is associated to the 0 2
• - Ti4

+ 

charge transfer corresponding to the electronic excitation from the valence 

band to the conduction band. In the presence of higher amounts of chromium, 

the spectrum shows a different behaviour. The peak is observed at a 

wavelength of 523.58nm and the charge transfer transition for tetrahedraIly 

coordinated titanium gets overlapped with this broad peak. The additional band 
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near 600 run is attributed to the 4A2g -+ 4T1g transitions for Cr(III) ions in an 

octahedral environment25 . However Cr(lII) -+ Ti(lV) charge transfer 

transitions which may be alternatively described as excitation of an electron of 

Cr(lII) to the conduction band of Ti02 cannot be ruled out26• 

200 300 400 500 600 

wavelength(nm) 

Figure 3.10 

700 

(g) 
(a 

600 

UV-Vis Diffuse Reflectance Spectra of (a) Ti (e) TiLa6 (f) TiPr6 

and (g) TiSm6 

3.2.7 Fourier Transform Infrared (FTIR) Spectroscopy 

Figures 3.11 to 3.14 present the FfIR spectra of the representative 

systems calcined at 500°C. The spectra for pure titania shows a characteristic 

absorption bands at 1613 cm-1 corresponding to the bending vibrations of 

adsorbed molecular water. A small peak at 3430 cm-1 corresponds to the 

stretching vibrations of OH groups. It has been reported that the oxide supports 
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generally tenninate with surface OH groups, which are quite polar and give 

strong IR bands27 in the 3000-4000 cm-1 and 1600-1700 cm-I. 

c 

b 

a 

4000 3500 3000 2500 2000 1500 1000 500 o 

wavenum bers (cm -I) 

Figure 3.11 
FTIR spectra of (a) Ti (b) TiCr6 (c) TiM06 and (d) TiW6 

Additional band around 480 cm-I are also observed which is the 

characteristic peak of titania. The vibration modes of anatase skeletal 0-Ti-O 

bonds in the range of 400-90Ocm-1with a maximum at around 474 cm-I is also 

reported in literature28
-
3o

• The peaks present in the tungsten modified titania 

systems at 650-950 cm-1 points to the presence of some tungsten oxides fonned 

in between the crystal lattices of titania during calcination. In molybdena 

incorporated systems, another small peak having a lower intensity is observed 

in the region 1050-900°C which is attributed to the tenninal Mo==O vibrations. 

Some sort of Ti-O-M bonding in rare earth modified titania systems is also 

evident from their respective FTIR spectrum. 
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Figure 3.12 

FTIR Spectra of (a)Ti, (e) TiLa6, (f)TiPr6 and (g) TiSm6 
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Figure 3.13 

FfIR Spectra of (h) TiCrlO, (i) TiMolO, G) TiWI0 
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(m) 

4000 3500 3000 2500 2000 1500 1000 500 o 

Figure 3.14 

FTIR Spectraof(k) TiLalO, (1) TiPrlO and (m) TiSmlO. 

3.3 Surface Acidity Measurements 

Solid acid catalysts are the backbone of major processes of refining and 

of petrochemistry. In reactions occurring by acid catalysis, the activity, 

selectivity and stability of the solid acids are obviously determined to a large 

extent by their surface acidity (i.e., the number, nature, strength and density of 

their acid sites)31. The acidity of solids often plays a significant role when they 

are used as supports of catalytic species. Interaction of the support with the 

active components (support effect) can influence their catalytic properties. 

Moreover, for certain reactions, new paths involving the joint participation of 

the acid sites and other types of sites can occur. The rate and selectivity of 

reactions that do not occur by acid catalysis can also be affected by acidity. 
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This has been shown in the case of oxidation of hydrocarbons on transition 

metal oxides. 

The amount of acid or acidity, as a function of the acid strength, is an 

interesting feature of solid catalysts. The surface properties of anatase titania 

strongly depends on the presence of impurities. Tanabe et at proposed a 

hypothesis, which explains well the mechanism of formation of acid sites in 

binary oxides and predicts whether the acid sites will be of the Bronsted or 

Lewis type. The hypothesis applies to a case where small amount of the metal 

oxide (guest) is introduced into a matrix metal oxide (host). The portion of a 

guest is considered to be 1-10 atom. According to the hypothesis, the acid site 

is formed by an excess of negative or positive charge in a model structure of 

the binary oxide32
-
33

• 

3.3.1 Temparature Programmed Desorption (TPD) of Ammonia 

Given the great use and versatility of solid acids, it is very important to 

derive accurate methods for characterizing their acidity and predicting their 

value as catalysts. The methods most frequently based on the chemisorption of 

basic compounds. Basic molecules such as ammonia34
-
36

, pyridine37 and n

butyl amine are the generally used probe molecules. Among these molecules, 

ammonia is most widely used; being a small molecule, it has greater 

accessibility to almost all acidic sites including the weak ones38
• The acid site 

distribution pattern can be classified into weak (desorption at lOO-200°C), 

medium (200-400°C) and strong (400-600°C) acid sites. Total acidity is also 

shown as the sum of amount of ammonia desorbed from the entire temperature 

region. The amount of ammonia desorbed at 100°C may contain some amount 
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ofphysisorbed ammonia too. Tables 3.5 and 3.6 give the strength of acid sites 

oftitania and modified titania systems detennined by ammonia TPD method. 

Table. 3.5 

Influence of transition metal on the acid site distribution of titania 

Catalyst Amount of Ammonia desorbed (mmoIlg) 

Weak Medium Strong Total 

(lOO-200°C) (200-400°C) ( 400-600°C) (lOO-600°C) 

Ti 0.20 0.12 0.03 0.27 

TiM02 0.19 0.23 0.08 0.42 

TiM06 0.60 0.33 0.13 0.89 

TiMo10 0.57 0.52 0.20 1.13 

TiCr2 0.26 0.18 0.14 0.48 

TiCr6 0.33 0.20 0.31 0.69 

TiCrlO 0.43 0.05 0.27 0.73 

TiW2 0.19 0.09 0.12 0.39 

TiW6 0.17 0.23 0.20 0.45 

TiWlO 0.45 0.13 0.12 0.64 

From the table, it is revealed that pure titania possesses comparatively 

lower amount of acid sites. Considerable enhancement in the surface acidity 

was observed upon metal modification. The TPD data of metal modified 

systems show a gradual increase in the acidity with the increase of the 

percentage of the metal incorporated. The combination of titania with both 

transition metals and rare earth metals probably generates stronger acid sites 

and more acidity as compared with the separate components. The nature of 
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acid sites is greatly altered by the nature of the ions incorporated into the 

lattice. The change in the distribution may be a coupled effect of the crystalline 

as well as structural changes. The change in the acid strength distribution for 

the different systems may be related to the interaction of the added metal 

cations with titania. 

Table 3.6 

Influence of rare earth metal on the acid site distribution of titania 

Catalyst Amount of Ammonia desorbed (mmoVg) 

Weak Medium Strong Total 

(lOO-200°C) (200-400°C) ( 400-600°C) (lOO-600°C) 

Ti 0.20 0.12 0.03 0.26 

TiLa2 0.10 0.01 0.19 0.29 

TiLa6 0.13 0.05 0.17 0.33 

TiLalO 0.12 0.11 0.15 0.35 

TiPr2 0.11 0.13 0.13 0.36 

TiPr6 0.25 0.16 0.20 0.58 

TiPrlO 0.37 0.30 0.27 0.72 

TiSm2 0.01 0.05 0.15 0.21 

TiSm6 0.08 0.05 0.10 0.24 

TiSmlO 0.10 0.07 0.09 0.24 

3.3.2 Thermodesorption Studies of 2,6-Dimethyl Pyridine 

The thennodesorption study of 2,6-dimethylpyridine was carried out 

with an intention of obtaining a comparative evaluation of the Bronsted acidity 

in the samples. Upon thennal treatment, 2,6-DMP gets desorbed at different 
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temperature ranges depending on the strength of the acidic sites on which they 

are adsorbed. Lahosse et al found that using 2,6-DMP, which is s a stronger 

base than pyridine, they were able to detect by IR, Bronsted acidity at the 

surface of titania-alumina mixed oxides, but only Lewis acidity when using 

pyridine39-4o. 2,6-dimethyl pyridine cannot coordinate to Lewis acid sites 

because of steric hindrance. The acid site distribution obtained from desorption 

of2,6-DMP can be tabulated as in table 3.7 and 3.8. 

Table 3.7 

Influence of transition metals loaded on Bronsted acid site distribution of 

titania from 2,6-DMP desorption studies 

Relative weight (%) loss of2,6-DMP·desorption 

Catalyst Weak Medium Strong Total 

(300-400°C) (400-500°C) ( 500-600°C) (300-600°C) 

Ti 0.56 0.38 0.09 1.03 

TiM02 3.50 3.62 0.41 7.53 

TiM06 0.74 3.43 3.93 8.10 

TiMolO 3.54 3.64 0.95 8.13 

TiCr2 2.71 2.77 0.50 5.98 

TiCr6 3.57 3.57 0.42 7.56 

TiCrlO 3.72 2.83 0.49 7.04 

TiW2 2.53 1.37 0.52 4.78 

TiW6 3.16 2.73 0.19 6.08 

TiWlO 2.78 1.92 1.28 5.98 

Cochin University of Science and Technology 105 



Chapter 3 

Satsuma et af reported that the coordinatively adsorbed 2,6-dimethyl 

pyridine on Lewis acid sites could be eliminated by employing a purging 

temperature above 300°C41
• Thus it can be concluded that the amount of 2,6-

DMP adsorbed at temperatures above 300°C originates exclusively from 

Bronsted acid sites. It has also been reported that the IR bands corresponding 

to dimethyl pyridine associated with Lewis acid sites disappeared with an 

increase in the desorption temperature42
• Those molecules adsorbed at strong 

acid sites desorb only at high temperatures while those adsorbing on weak and 

medium acidic sites desorb at relatively low temperatures. Desorption below 

300°C was omitted in the calculation since it contains contribution from the 

Br6nsted as well as weak Lewis acid sites. So for a crude approximation, it 

may be assumed that the desorption in the range 300 to 400°C arises from the 

weak sites and those in the range 400 to 500°C corresponds to medium acid 

strength while the strong acid sites give desorption above 500°C. 

From the tables, it can be concluded that the relative amounts of 

Bronsted acid sites increases by the incorporation of transition metals as well 

as rare earth metals into the crystal lattice of titania. Thus a clear relationship 

was found between the metal content and the acid strength as well as density; 

both increased with the increase of metal content. Comparatively higher 

amounts of Bronsted acid sites are present in the transition metal modified 

titania systems than that of rare earth modified ones. The highest Bronsted 

acidity is shown for molybdena incorporated titania systems. A Bronsted acid 

site also requires a hydroxyl group, and it is postulated that the number of sites 

was limited by the availability of hydroxyl species. 
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Table 3.8 

Influence of rare earth metals loaded on Bronsted acid site distribution of 

titania from 2,6-DMP desorption studies 

Relative weight (%)loss of2,6-DMP desorption 

Catalyst Weak Medium Strong Total 

(300-400°C) (400-S00°C) (500-600°C) (300-600°C) 

Ti 0.56 0.38 0.09 1.03 

TiLa2 LOS 1.99 0.13 3.17 

TiLa6 0.98 1.56 1.41 3.95 

TiLa10 l.01 2.56 0.51 4.08 

TiPr2 I.S2 1.73 0.53 3.78 

TiPr6 2.1S 1.38 0.50 4.03 

TiPrlO 2.73 1.08 0.57 4.38 

TiSm2 0.57 0.99 0.57 2.13 

TiSm6 1.38 0.73 0.47 2.S8 

TiSm10 1.31 1.05 0.87 3.23 

3.3.3 Gas Phase Cumene Cracking Reactions 

Model reactions constitute an efficient means for measuring the surface 

acidity of the solids especially in tenns of the nature, strength and density of 

the acid sites. Cumene cracking reaction is a test reaction for the simultaneous 

determination of Bronsted as well as Lewis acidity. The major reactions 

occurring during cumene conversion may be grouped into dealkylation 

(cracking) and dehydrogenation. Dealkylation of cumene yields benzene and 

propene whereas dehydrogenation gives a-methyl styrene,B. Another 
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possibility is the cracking of the alkyl chain to gIve ethylbenzene. 

Ethylbenzene on dehydrogenation give styrene. The cumene conversion 

reaction can be schematically represented as shown in Fig. 3. 15. The reaction 

conditions are optimised in terms of flow rate and reaction temperature. The 

cumene conversion and relative product selectivity could be correlated with the 

surface acidic properties as established by the following sections. All the 

reactions were performed over O.5g TiLa6 catalyst. 

a-methylstyrene 

o 
Cumene Benzene 

Ethyl Benzene Toluene Styrene 

Figure 3.15 

General Scheme for Cumene Cracking Reaction 

Cochin University of Science and Technology 108 



Physico-Chemical Characterization 

A. Effect of temperature 

Figure 3.16 shows the influence of reaction temperature on cumene 

conversion and product selectivity. The reactions were carried in a temperature 

range from 300 to 450°C at a flow rate of 4mVh. The enhancement in catalytic 

activity with temperature is very clear from the figure. The selectivity to a

methyl styrene increases with temperature upto 400°C and ther~e1 decreases 

when the temperature reaches 450°C, with a simultaneous increase in the 

selectivity of the dealkylated products. At higher temperatures, there is a 

possibility for some of the Bronsted acid sites to get converted to Lewis acid 

sites. Hence dehydrogenation is favoured at higher temperatures. Considering 

the cumene conversion and percentage a-methyl styrene selectivity, the 

optimum temperature chosen was 400°C. 

80 

60 

40t===~~~--~~----~ 

20 

ob=~==~~==~====~ 
300 350 400 450 

-+-- o/oeonversion ----- a-methyl styrene-<>- benzene 

Figure 3.l6 

Influence of Reaction Temperature on cumene conversion and product 

selectivity 
Amount of the catalyst-O.5g TiLa6, Flow rate-4ml/h, Duration-2h 
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B. Effect of flow rate 

Figure 3.17 demonstrates the effect of flow rate on cumene cracking 

reaction. The flow rate depends on the residing time of the reactants on the , 
p. C'"f{.J .. ,n,t o..g...e. (01\ ,v (n \ C-"Y) 

catalyst surface. Increase in flow rate increases the flow late and then 

decreases beyond an optimum value. An optimum flow rate of 4mllh was 

chosen for all the reactions considering the cumene conversion as well as 

product selectivity. 

120 

80 

40 

o~====~======~====~ 
2 3 4 5 

-+- %comers ion .............. a-methyl styrene ~ benzene 

Figure 3.17 

Influence of Flow Rate on cumene conversion and product selectivity 
Amount of the catalyst-O .. 5g TiLa6, Ternperature-400°C, Duraton-2h 

c. Effect of time on stream 

The reaction was carried out for a continuous 7h run over the prepared 

catalysts and the product analysis was done at a regular time intervals of lh. 

The results obtained are presented in figure 3.18. The catalytic activity was 

found to decline gradually with reaction time. The decrease in overall 

conversion is associated with a rapid decrease in the amount of benzene 
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produced and must result from poisoning of active acidic sites on the surface 

by polymerization of the propene produced by the cumene dealkylation44
• The 

decrease of catalytic activity may also be due to the coke formation during the 

reaction 45. 

,-.. 

~ 60 l lir-lir A- • 

. ~~~~ 
60-~ o 
Q 1234567 

Time(h) 

~Ti -O-TiCr6 -6-TiW6 

I 234 5 6 7 

~ TiM06 -0- TiLa6 

-6-TiSm6 

Figure 3.18 

Influence of time on stream over the prepared catalysts 

D. Comparison of different systems 

The cumene conversion reactions were carried out for different 

catalytic systems under the optimized reaction temperatures. The optimized 

reaction conditions include a reaction temperature of 400°C and a flow rate of 

4ml1h. The catalytic activity along with the selectivity to different products for 

both transition metals and rare earth metals incorporated titania systems are 

given in tables 3.9 and 3. 10. The trend in the product selectivity is obviously 

different for transition metal as well as rare earth metal modified systems. The 

incorporation of transition metals into titania results in the formation of 

benzene as the major product whereas the rare earth metal modification 

enhances the selective formation of a-methyl styrene. 
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Table 3.9 

Influence of Transition Metals in the cumene conversion 

Catalyst Conversion of Selectivity (%) 

Cumene (wt%) a-methyl styrene Benzene 

Ti 6.6 35.4 8.0 

TiMo2 15.6 17.5 77.8 

TiMo6 31.0 12.1 84.6 

TiMolO 43.6 7.5 86.4 

TiCr2 16.0 47.0 52.0 

TiCr6 29.0 41.6 55.4 

TiCrlO 38.7 41.1 59.4 

TiW2 14.5 48.2 50.8 

TiW6 17.2 38.2 61.7 

TiWlO 23.6 36.8 62.1 
Amount of the catatyst-O.5g, '( emperature-4006 C, Duraton-lh 

Flow rate-4mllh 

From 2,6-dimethyl pyridine desorption studies, it is seen that 

molybdena incorporated systems are having comparatively high abundance of 

Bronsted acid sites and samaria incorporated ones having least number of 

Bronsted acid sites. The results support the benzene selectivity obtained from 

cumene cracking reaction_ There is a direct relationship between the 

percentages of metal incorporated as well as the percentage cumene 

conversion. As the percentage of the metal loaded increases, a regular increase 

in the percentage benzene selectivity with a concomitant decrease in the a

methyl styrene selectivity is observed. 
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Table 3. 10 

Influence of Rare Earth Metals in the cumene conversion 

Catalyst Conversion of Selectivity (%) 

Cumene (wt%) a-methyl styrene Benzene 

Ti 6.6 35.4 8.0 

TiLa2 8.4 75.3 24.1 

TiLa6 9.2 62.5 37.1 

TiLalO 11.6 57.1 4l.1 

TiPr2 11.8 52.7 47.3 

TiPr6 25.3 42.1 47.5 

TiPrlO 30.3 35.6 63.7 

TiSm2 6.9 85.6 14.1 

TiSm6 8.7 85.4 14.6 

TiSmlO 9.5 84.3 16.6 

Amount of the catalyst-O.5g, 'I emperatur~400°C, Duraton-2h 

Flow rate-4mllh 

The cumene conversion over the metal oxide catalysts depends on the 

surface acidity. A good correlation is obtained between the percentage cumene 

conversion as well as the total acidity obtained from NH3 TPD. Another one to 

one correlation is obtained between the percentage benzene selectivity as well 

as the Bronsted acidity obtained from 2,6-DMP thermodesorption. The results 

are presented in figures 3.19 to 3.22. 
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Correlation between cumene conversion and total acidity 
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Correlation of benzene selectivity with Bronsted acicity 
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Correlation of benzene selectivity with Bronsted acicity 

E Mechanism of the reaction 

Cumene conversion reaction was canied out over different types of solid 

acid catalysts and in all the cases the involvement of Bronsted as well as Lewis 

acid sites is quite evident. Zenon Sarbak et al anived at the conclusion that the 

high selectivity of alumina and their surface modified ones in cumene 

dealkylation can be related both to the presence of Bronsted acid sites and 

strong Lewis centers46
, Corma et al reported that the dealkylation of cumene 

requires the presence of a small number of Bronsted acid sites, which are 

capable of formation of a cr-complex with the ipso form of the cumene 

molecule47
, Bautista et al have proposed a different mechanism48

,49. These 

authors assume that the Bronsted acid sites take part in the protonation of the 

cumene molecule, which yields a 1t-complex of the aromatic ring and 

subsequently this complex is transfonned to a cr-complex. In view of these 

results, a high activity in dealkylation is due to the presence of Bronsted acid 

sites. The redox and catalytic behaviors of chromium oxide supported on 

zirconia has been studied, It was found that Cr6
+ species existing on the surface 

of the catalyst were responsible for the fonnation of strong acid sites and the 

catalytic activity for cracking of cumene50
, 

A Friedel Crafts mechanism, involving initial protonation of aromatic ring 

followed by the cleavage of the ring side chain bond, is generally accepted for 

the cumene dealkylation over acidic catalysts51
, This mechanism provides a 

route to the poisoning of the catalyst through coke fonnation, since the cracked 

side chain may polymerize on the acidic surface, Cracking of cumene to 

benzene is generally attributed to the action of Bronsted sites by a carbonium 
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ion mechanism while dehydrogenation of cumene yields a-methylstyrene as 

the major product, the formation of which has been ascribed to the Lewis acid 

sites. A plausible mechanism of cumene conversion reaction is represented in 

figure 3.23. 

1. Cracking 

+ 

o~ .. --
2. Dehydrogenation 

CH CH) 
) 

"" / CH 
+ 

+ L • + LH 

J 

+ ~ + L 

Figure 3.23 Mechanism ofCumene Conversion Reaction 
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3.3.4 Cyclohexanol Decomposition Reaction 

The decomposition of cyclohexanol is used as a probe reaction to 

characterize the acid-base properties of the catalysts52
• The dehydrogenation 

reaction usually competes with the dehydration of the starting compound to an 

olefin, which is produced in a variable proportion depending on the particular 

catalyst and the reaction conditions. The amphoteric nature of the alcohol 

peITIlits its interaction of both acidic and basic centers53
-
54

• The 

dehydrogenation and dehydration resulting m the fOITIlation of 

cyclohexanone55 and cyclohexene is shown in figure 3.24. Other possible 

products in this reaction include methyl cyclopentene, cyclohexane, phenol and 

benzene. The optimum reaction conditions for cyclohexanol decomposition 

were deteITIlined by carrying out the reaction at various reaction temperature 

and flow rate. 

I'---.- /O_H__ D 
~- ~C:::::J~!£:::::J 

Cyclahexanol Cyclohexanone Cyclohexen 

Figure 3.24 

Scheme of Cyclohexanol decomposition Reactions 

A. Effect of temperature 

The effect of reaction temperature on the decomposition of 

cyclohexanol is studied over the temperature range from 250 to 400°C. The 

conversion and selectivity to different products is given in figure 3.25. The 

percentage cyclohexanol decomposition increases with the increase in reaction 
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temperature from 250 to 350°C and thereafter no appreciable change in the 

percentage conversion is observed. The percentage selectivity remains more or 

less the same with the increase in the reaction temperature upto 350°C. But at 

higher temperatures, there is a reduction in the cyc10hexene selectivity. There 

is a chance for the decomposition of surface hydroxyl ions leading to the 

formation of stronger Lewis acid centers, which can fonn other products like 

methyl cyc1opentanes. The optimum reaction temperature chosen in the present 

study is 350°C. 

60 

20 

o +---------;---------;---------~ 
250 300 350 400 

-0- %conversion -0- cyclohexene 

-+- cyclohexanone 

Figure 3.25 

Influence of Reaction temperature on the decomposition of cyclohexanol 
Flow rate-4rnVh, Duration-2h, 0.5 g TiLa6 catalyst 

B. Effect of flow rate 

The effect of flow rate on the decomposition of cyclohexanol is 

investigated in detail and the results are presented in figure 3.26. The reaction 

is carried out at a temperature of 350°C over TiLa6 catalyst. The percentage 
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conversion increases initially upto 5mllh and thereafter it decreases. When the 

flow rate is high, there is a drastic reduction in the percentage cyclohexanol 

conversion due to the decrease in contact time between the catalyst and the 

reactant. Maximum conversion as well as selectivity is obtained when the flow 

rate is Smllh. 

60 

40 

20 

o +---------+---------~------_4--------_4 
2 3 4 5 

.....e-- o/oeonversion -0- cyclohexene 

-+- cyclohexanone 

Figure 3.26 

6 

Effect of flow rate on the decomposition of cyclohexanol 
Ternperature-350°C, time-2h, O.5g TiLa6 

c. Effect of time on stream 

Figure 3.27 illustrates the time on stream stability of the prepared 

catalysts at a reaction temperature of 350°C and a flow rate of 4mllh. Good 

catalytic activity is shown by all the systems. The deactivation of titania occur 

immediately after 2h but in modified systems, the deactivation start only after 
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4h. The deactivation of the catalyst is due to the thermal decomposition of 

cyclohexanol and cyclohexanone to carbonaceous compounds or due to the 

presence of surface oligomers resulting from poly condensation of 

cyclohexanone56
• The cyclohexene produced in this reaction also ascribed to 

have a high capacity for deactivating the catalysts on account of the ease with 

which they can give rise to surface carbonaceous compounds. 
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Figure 3.27 

Influence of time on stream over the prepared catalysts 

D. Catalyst comparison 

The catalytic performance of the prepared systems was compared under 

the optimized reaction conditions and the results are presented in tables 3.11 

and 3.12. The improvement in catalytic activity of pure titania upon 

modification with transition metals and rare earth metals is clearly understood 

from the results. All the systems are found to be highly selective to 

cyclohexene formation. Reports suggest that weak and medium acid centers on 

the surface of the catalyst are responsible for the formation of cyc1ohexene. 

Cochin University of Science and Technology 121 



Chapter 3 

The present work also agrees with the above conclusion. A very good 

correlation is obtained between the weak and medium acidity obtained from 

ammonia TPD and the percentage cyclohexanol decomposition. The results are 

presented in figures 3.28 and 3.29. 

Table 3. 11 

Influence of Transition Metals in the decomposition of cyclohexanol 

Catalyst Conversion of Selectivity (%) 

Cyclohexanol (wt%) Cyclohexene Cyclohexanone 

Ti 20.7 85.4 13.2 

TiM02 35.8 89.3 10.3 

TiMo6 81.1 83.1 13.5 

TiMolO 98.9 80.3 19.0 

TiCr2 52.6 78.9 21.3 

TiCr6 55.1 81.6 18.3 

TiCr10 58.5 80.2 19.2 

TiW2 25.7 83.7 16.1 

TiW6 58.6 80.2 18.7 

TiWlO 60.0 82.3 15.7 
ReactIon I empernture-350°C, Catalyst weIght-O.5g, Flow rate-4mllh, DuratJon-2h 

The nature and amount of the metals incorporated also have a crucial 

role in determining the catalytic activity of the prepared systems. With the 

increase in the amount of the incorporated metal, there is an improvement in 

the catalytic activity of the prepared systems towards the decomposition of 

cyclohexanol. The transition metal incorporated systems are having higher 

selectivity to cyclohexene compared to rare earth metal incorporated systems. 
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The rare earth metals are capable of increasing the number of basic sites over 

titania support which is reflected from their higher cyc1ohexanone selectivity. 

:B0 
..... ~ 1.2 ,-------------, 120 
~ r-' ro 1 100 

fiH E 
t S Q2 ~ 
. ~ ~ 0 +--+-t-t-+--+--t-+--+--+-I---+ 0 

-<.' o~ rD- ,,'> _\~ 
-<.~ ~~ -<.~' ~~~ 

-----&- Weak+medium acidity from TPD of ammonia 

-<>- decomposition of cyclohexanol 

Figure 3.28, Correlation between percentage cyc1ohexanol decomposition and 

weak+medium acidity from ammonia TPD 

-----&- Weak+mediwn acidity from TPD Of Arnrnnia 

-<>- %Decornposition of cyclohexanol 

Figure 3.28, Correlation between percentage cyclohexanol 

decomposition and weak + medium acidity from ammonia TPD 
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Table 3. 12 

Influence of Rare Earth Metals in the decomposition of cyclohexanol 

Catalyst Conversion of Selectivity (%) 

Cyclohexanol (wt%) Cyc10hexene Cyclohexanone 

Ti 20.7 85.4 13.2 

TiLa2 32.3 63.2 36.6 

TiLa6 44.1 49.0 49.3 

TiLalO 48.4 47.2 52.2 

TiPr2 32.8 53.9 44.0 

TiPr6 47.7 54.2 46.0 

TiPrlO 51.1 48.8 50.3 

TiSm2 30.0 58.6 41.3 

TiSm6 39.2 52.1 47.4 

TiSmlO 44.5 53.3 42.6 
ReactIon I emperaturc-350°C, Catalyst wCIght-O.5g, Flow rate-4mllli, DuratlOn-2h 

E. Mechanism of the Reaction 

Although the mechanism of gas phase alcohol dehydrogenation and 

dehydration remains poorly known and controversial, it is generally accepted 

that the highest activities in the dehydration to cyclohexene are related to acid 

sites, while dehydrogenation to cyc1ohexanone is generally associated to basic! 

redox sites57
-
61

• Bronsted acid sites are directly involved in the alcohol 

dehydration mechanism. It is similar to the E-l elimination in which the 

reaction proceeds through initial formation of carbocation. The elimination 

reaction on the basic site is carried out after the adsorption of cyclohexanol 
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through the hydrogen atom in the a-carbon, which develops a carbenium 

character to some degree. The strongest basic sites could be able to carry out 

the adsorption of the hydrogen atom of the hydroxyl group, generating an 

oxygen anion, thus promoting the dehydrogenation reaction62-63 • The general 

mechanism of cyclohexanol decomposition over metal oxides is given in figure 

3.28. 
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Dehydrogenation 
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Figure 3.28 
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Mechanism of dehydrogenation and dehydration of cyclohexanol on oxide 

surface 

3.4 Conclusions 
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Sol-gel method is highly effective for the preparation of nanosize 

titania having larger surface area. The elemental composition obtained from 

EDX analysis adds to the effectiveness of this method. Modification with 

transition metals and rare earth metals enhances the structural as well as 

textural characteristics of titania. Another important consequence is the special 

stabilization of the anatase phase which is the catalytically and 

photocatalytic ally stable phase of titania. The modified cations are shifting the 

anatase to rutile phase transformation to higher temperatures. The XRD results 

reveals that the incorporated metal ions are highly dispersed on the surface of 

the catalyst. Surface area and pore volume of the modified systems are 

remarkably improved by metal incorporation. The surface morphologies of the 

prepared systems are clearly understood from the SEM pictures. The high 

thermal stability of the prepared systems can be understood from the TG-DTG 

curves. The characteristic peaks of pure titania is obtained from the FTIR 

analysis. UV -Vis DRS helped in the identification of tetrahedrally coordinated 

titanium ions and calculation of the band gap energy of the prepared systems. 

The surface acidity of the systems can be assessed by means of ammonia TPD 

and thermodesorption of 2,6-DMP. Model reactions like cyclohexanol 

decomposition as well as cumene cracking successfully give an idea about the 

surface acid-base characteristics ofthe prepared systems. 
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Chapter 4 

Epoxidation of Cyclohexene 

Abstract 

Titanium containing catalysts and their modification is of great 

importance in the liquid phase oxidations using heterogeneous catalysts. In the 

present chapter, the liquid phase epoxidation reaction of cyclohexene with tert

butyl hydro peroxide over the prepared titania as well as modified titania 

systems is analyzed in depth. The influence of various reaction parameters like 

reaction temperature. amount of the catalyst, nature and amount of the solvent 

as well as the oxidant is investigated thoroughly in various sections. The 

excellent activity and selectivity in the epoxidation of cyclohexene is due to 

highly dispersed Lewis acidic titanium sites. A plausible reaction pathway is 

also proposed. Here we show that cyclohexene epoxidation could be used as 

an important step of a greener synthesis of adipic acid. 
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4.1 Introduction 

Epoxidation reactions are indispensable for the chemical industry 

because of the ease, with which they can be used to convert olefins to 

oxygenated molecules, so-called epoxides, by oxygen transfer reaction. 

Epoxides are valuable and versatile commercial intennediates used as key raw 

materials for a wide variety of products owing to the numerous reactions they 

may undergo. They are widely used in organic synthesis of fine chemicals and 

phannaceuticals I
-
6

• These materials are largely used for the synthesis of several 

perfume materials, anthelmintic preparations, epoxy resins, plasticizers, drugs, 

sweeteners, etc. Products fonned in the epoxidation are of independent 

significance and/or are valuable chemicals for syntheses Qf biologically active 

substances7
• Therefore the synthesis of an epoxide by an easier method and a 

low cost route is of great interest to researchers working in this field. 

The direct epoxidation of alkenes has been the main process for 

preparing the epoxides. Epoxidation reactions of alkenes generally require the 

presence of a catalyst. However, several side reactions can take place, such as 

oxidation in the allylic positions, ring-opening of the epoxides by hydrolysis or 

solvolysis, epoxide rearrangement, or even total break down of the C=C 

double bonds. Industrial olefin epoxidation has been carried out in the presence 

of alkaline earth metal chlorides promoted by chlorine containing substances. 

This method has several disadvantages, one of which is the use of chlorine 

containing reagents. The epoxidation procedure using peracids is very costly 

and usually produces huge amounts of pollutants. It is highly desirable to 

replace the conventional process by an environmentally benign procedure. In 
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recent years, several heterogeneous and homogeneous catalysts have been 

shown to be effective in the selective oxidation of 0Iefinss-l2. 

There are a variety of experimental systems capable of carrying out an 

oxygen transfer to an alkene double bond to produce an epoxide. In a number 

of them the oxygen added to the olefin comes from a peroxo group, either in 

the form of an organic peroxide or coordinated to a transition metal. The use 

of cleaner oxidants than usual hazardous and costly organic peroxides for 

epoxidation allows the development of greener reaction. Hydrogen peroxide 

(H202) and tert-butyl hydroperoxide (TB HP) are more suitable from 

environmental point of view of green chemistry because their reduction 

products, water or alcohol can be easily recycledl3
• The profitability of 

epoxidation with hydroperoxides depends on the possible utilization of co

products, namely tert-butyl alcohol in the case ofTBHPI4. 

Cyclohexene epoxidation to yield cyclohexene oxide is one of the most 

difficult cases, in which the first two problems, namely allylic oxidation and 

epoxide ring opening, occur considerably. As cyclohexene oxide is an 

important organic intermediate consumed III the production of 

pharmaceuticals, plant-protection agents, pesticides, and stabilizers for 

chlorinated hydrocarbons much effort has been dedicated to the development 

of new active and selective cyclohexene epoxidation catalysts that circumvent 

the side reactions and the subsequent formation of large amounts of by

products. Cyclohexene epoxide is of great technical importance as it is applied 

in the modification of epoxy resin properties and the synthesis of new 

polymers, copolymers and solvents. Another very interesting application is the 

preparation of cyclohexanol and pyrocatechinsl5
• Special attention was paid to 
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cyclohexene because cyclohexene epoxide could replace cyclohexanone as an 

intermediate in the synthesis of adipic acid, the precursor for Nylon 6_6 16
• The 

current production of adipic acid amounts to 2 million tones/year worldwide. It 

involves cyclohexanone oxidation by nitric acid and those reduction products 

include N20. Nitrous oxide is a strong green house gas, 200 times more potent 

than C02, and is partly involved in ozone layer damage. 

Titania-silica mixed oxides are active and selective epoxidation 

catalystsI7
-
28, offering an efficient alternative to conventional titania on silica 

and titanium substituted zeolites. The unmodified as well as the methyl- and 

phenyl- groups modified titania-silica aerogels were active and selective in the 

epoxidation of cyclohexene with tert- butyl hydroperoxide29, Novel 

mesoporous TS-I catalyst is shown to be active in epoxidation of oct-l-ene 

and significantly more active in epoxidation of cyclohexene than conventional 

TS_1 3o
• The epoxidation of alkenes using titanium silicate (TS-I) as a solid 

catalyst and aqueous hydrogen peroxide as oxidant has been studied 

extensively. Interaction of titanosilicates (TS-I, TiMCM-41 and Pd (n)-TS-l) 

with H202, urea- H202, and (H2 + O2) generates reactive Ti(IV)-superoxo and 

hydroperoxo/peroxo species31
• The selectivity for epoxidation over these 

catalysts can be enhanced by controlling the type of Ti-oxo species. The 

organic modification of titania - silica catalysts by mono and bidendate 

functional groups enhanced the rate of epoxidation of cyclohexene 

remarkably32. Titanium containing carbon-silica composite catalysts showed 

an increased activity and epoxide selectivity3, This may be attributed to the 

hydrophobic nature of the carbon surface and the local environment of active 

titanium centers on the silica support. Peng Wu et al studied the liquid phase 
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alkene epoxidation activity over a novel titanosilicate with the MWW 

topology4. 

Chiker et at synthesized new mesoporous catalysts by grafting titanium 

on mesoporous silica SBA15 by means of titanium tetrachloride in gas phase 

and tested for green epoxidation of cyclohexenel6
• The selectivity in this case 

is 100% and epoxide yields can reach almost 100% in the case of organic 

hydroperoxides without any leaching of titanium species. Framework Ti

substituted and Ti- grafted MCM-41 mesoporous materials have been tested as 

catalysts for cyclohexene oxidation35
• The mesoporous structure of the catalyst 

plays an important role in the oxidation of cyclohexene, especially when bulky 

TBHP was used. An increasing attention is being given recently to phase 

transfer oxidation catalysts in the presence of tungsten and molybdenwn 

compounds36
, which are efficient catalysts for oxidation with hydrogen 

peroxide solutions of various organic substrates, viz., olefins, alcohols and 

aromatic hydrocarbons. 

Heterogenization of alkene epoxidation catalysts was done recently to 

produce an appropriate material, which would allow the obtention of epoxides 

with high selectivity under industrial conditions37
• Dendrimer templated 

mesoporous oxidation catalysts can easily be produced to have similar physical 

and chemical properties to MCM-41 materials and their epoxidation activity is 

also comparable38
• MCM-41 supported ruthenium porphyrin ring systems are 

also effective in the epoxidation of cyclohexene using 2,6 dichloropyridine N· 

oxide as the oxidanf9. An electron deficient iron porphyrin complex catalyzes 

the epoxidation of olefins by tert-butyl hydroperoxides via radical free 

oxidation reactions in aprotic solvent; the epoxidation reactions were markedly 
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influenced by reaction temperature and high yields of epoxide products were 

obtained with retention of stereospecificity at low temperatures40
• Clay 

supported manganese (salen) complexes also catalyses the epoxidation of 

cyc10hexene efficiently using phenyl iodate as the oxidant41 . Marcelo Alves 

Moreira et al in his work optimized the chemo-enzymatic epoxidation of 

cyclohexene mediated by lipases42. The systems studied here involve a 

biocatalytic perhydrolysis followed by a peroxyacid epoxidation. 

Sreethawong et al studied the combined effect of mesoporosity as well 

as metal oxide additives on the epoxidaion of cyclohexene in t-butanol-H20 2 

system43
• The reaction pathways, which could suitably explain the catalytic 

activity for the cyclohexene epoxidation, were also proposed. Since Ti02 has 

been extensively used in multiple applications in the field of catalysis, 

especially, photocatalysis and its surface contains a number of OH groups 

behaving as the sites for the formation of peroxotitanium complexes, it has 

been believed to be one of the active catalysts for the considered epoxidation 

reaction44
-45. Richard L. Brutchey prepared a new dimeric complex 

[(BuOhTi{Il-02Si[OSi(OtBu)3h}h via silanolysis of Ti(OtBu)4 with 

(HOhSi[OSi(OtBuhh- The resulting materials were found to be active and 

highly selective in the epoxidation of cyclohexene, yielding up to 71 % of 

cyclohexene oxide based on oxidant (cumene hydroperoxide) after 2 h at 65°C 

in toluene46
• New dioxomolybdenum(VI) complexes oftetradentate Schiff base 

is prepared and its catalytic activity towards the epoxidation of cyclohexene 

and l-octene with tert-butyl hydroperoxide (TB HP) as oxidant have been 

studied47
• 
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The chapter presents an exhaustive investigation on the liquid phase 

epoxidation of cyclohexene over the prepared catalytic systems. The general 

scheme of the reaction is represented in figure 4.1. The nature of the products 

demonstrates that cyc10hexene can suffer either epoxidation yielding epoxy 

cyclohexane (cyclohexene epoxide) and glycol (cyclohexane diol) or an allylic 

attack fonning cyclohex-2-ene-l-ol (cyc1ohexenol) and cyclohex-2-ene-I-one 

(cyclohexenone). All the catalytic systems show considerable activity towards 

the reaction with high selectivity towards cyclohexene epoxide. 

Figure 4.1 

General Scheme of cyclohexene epoxidation reaction 
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4.2 Process optimization 

The epoxidation of cyc10hexene with tert-butyl hydroperoxide was 

carried out in a 100ml round bottom flask equipped with a reflux condenser 

and a thermometer. The reactor and oil bath were continuously stirred to 

ensure that the system was well mixed and isothermal. In a standard procedure 

0.1 g of the catalyst and 20mmol of cyclohexene were put into 25ml 

acetonitrile. The mixture was heated to 343K under stirring.lOmmol TB HP 

(70% in water) was introduced in one lot. All the reagents used were used as 

such without further purification. The samples were withdrawn at different 

reaction times and the products were separated by filtration. The reaction 

mixture was analyzed with the help of a gas chromatograph using BP-I 

capillary column (12m X 0.32mm). Products were confirmed by comparison 

with authentic samples. The reaction is conducted under various conditions and 

compared the activity of different systems under optimized reaction conditions. 

4.2.1. Influence Of the Catalyst 

Cyclohexene epoxidation reaction is conducted in acetonitrile using 

TBHP as the oxidant at 343K in the absence of a catalyst (blank run) and in the 

presence of the catalyst (O.lg TiCr6). In a blank run, even after 5h, the 

percentage conversion is only 1.6 and the number of detectable side products 

remained small at this Iow conversion. Under the same reaction conditions, the 

yield is 55.2 when conducted in presence ofO.lg of TiCr6 catalyst. From this it 

can be concluded that in presence of the catalyst, the reaction proceeded 

through a different path with lower activation energy. Hence the percentage 

conversion is higher in the cataIyzed reaction. 
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4.2.2. Influence of Catalyst weight 

In heterogeneous catalysis, the amount of the catalyst plays an 

important role in detennining the rate of the reaction. To study this, the catalyst 

weight is varied by taking different amounts of TiCr6 catalyst under otherwise 

identical reaction conditions. Table 4.1 shows the influence of amount of 

catalyst weight on the catalytic activity and selectivity. 

Table 4.1 

Influence of amount of the catalyst in the epoxidation of cyclohexene 

Catalyst Conversion Selectivity (%) 

Weight (g) (%) Epoxide Diol l-ene + 1-01 

O.OS 21.9 65.1 27.0 7.9 

0.1 S5.2 86.6 6.6 6.7 

O.lS 51.9 77.2 19.2 3.6 

0.20 27.7 64.1 31.2 4.7 
Catalyst chosen- t lCI'6, duratlOn-5h, temperature-343K, 

20ml acetonitrile, IOmmol TBHP. 

In the absence of a catalyst, the conversion is negligible. Addition of 

0.05g catalyst changes the percentage conversion from 1.6 to 21.9 in the 

epoxidation of cyclohexene. An initial sharp rise in the percentage conversion 

is observed when the catalyst amount is increased to O.lg. After that the 

percentage conversion remains almost the same eventhough the catalyst 

amount is changed to O.lSg. But the percentage conversion decreases with 

further increase in catalyst weight. The effect of catalyst weight is more 

substantial when considering the epoxidation activity, but no clear correlation 

of catalyst weight with the percentage conversion can be established. A 
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gradual change in the epoxide selectivity is also noticed with the change in 

catalyst weight. An optimum catalyst weight of O.lg is chosen for the present 

reaction, considering the percentage conversion as well as epoxide selectivity. 

4.2.3. Influence of Temperature 

The epoxidation of cyclohexene depended greatly on the reaction 

temperature. The catalytic epoxidation of cyclohexene by TBHP was carried 

out at various reaction temperatures from 333 to 363K and the results are given 

in table 4.2. 

Table 4.2 

Influence of temperature in the epoxidation of cyclohexene 

Temperature Conversion Selectivity (%) 

(K) (%) Epoxide Diol l-ene + 1-01 

333 43.5 80.3 9.0 9.7 

343 55.2 86.6 6.6 6.7 

353 31.9 87.2 9.2 3.6 

363 24.9 54.2 16.2 26.7 

Catalyst chosen-U. I g T.ci6, duratlOn-3h, 

20rnl acetonitrile, I Ornmol TBHP 

Interstingly, the product distribution varied depending on reaction 

temperature. The cyclohexene conversion reached about 55.2% when the 

temperature reaches 343K with a cyclohexene selectivity of 86.6%. The 

percentage conversion was 43.5 when conducted the reaction at a temperature 

of 333K. But as the temperature is increased, the amount of allylic oxidation 

products increases leading to a lower selectivity of epoxide. The percentage 
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cyclohexene conversion decreases with temperature beyond 343K. From the 

results it can be concluded that the epoxidation of cyclohexene proceeds with 

high activity and selectivity under gentle reaction temperature. The high 

conversion is not accompanied by the highest selectivity of transformation to 

epoxide with regard to TBHP consumed. This is due to the decomposition of 

TBHP to alcohol and oxygen at higher temperature. 

4.2.4 Influence of Oxidant 

The epoxidation reaction was carried out using oxidants like hydrogen 

peroxide and tert-butyl hydroperoxide. A blank run was made by conducting 

the reaction without the addition of an oxidant and that yields negligible 

conversion with a poorer selectivity of cyclohexene epoxide. The results are 

presented in table 4.3. 

Table 4.3 

Influence of oxidant in the epoxidation of cyclohexene 

Conversion Selectivity (%) 

(%) Epoxide Diol I-ene + 1-01 

No oxidant 1.2 12.4 46.3 51.1 

TBHP 55.2 86.6 6.6 6.7 

H20 2 17.4 93.3 2.4 4.3 
Catalyst chosen- 0.1 gm nCr6, duratlOn-5h, 

Temperature.343K, 25ml acetonitrile 
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At 343K,the corresponding epoxides are obtained with 93.3% 

selectivity though the percentage cyclohexene conversion is only 17.4%. Here 

the colour of the catalyst changed to brown. This can be due to the possible 

fonnation of hydroperoxy complexes with titanium. When the epoxidation is 

carried out with TBHP as oxidant, the conversion is very much higher with a 

percentage epoxide selectivity of 86.6%. Despite its outstanding interest in 

green chemistry, hydrogen peroxide gives poorer results and so TBHP is 

preferred in the epoxidation of cyclohexene. 

4.2.5. Influence of concentration of oxidant 

To investigate the effect of concentration of TBHP on the rate of 

cyclohexene epoxidation, a series of reactions were perfonned with varying 

concentration ofTBHP from 5mmol to 20mmol. 

Table 4.4 

Influence of concentration of oxidant in the epoxidation of cyclohexene 

Concentration Conversion Selectivity (%) 

ofTBHP (%) Epoxide Diol l-ene + 1-01 

(mmol) 

5 21.9 67.2 29.2 3.6 

10 55.2 86.6 6.6 6.7 

15 43.4 66.0 19.1 15.0 

20 36.2 61.0 24.9 14.2 
Catalyst cbosen- 0.1 g IICr6, duratlon-5h, 

Temperature-343K, 25ml acetonitrile, Oxidant-TBHP 
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From the results given in table 4.4, it is evident that an optimum 

concentration of TBHP is needed for maximum activity as well as selectivity 

of the oxidant. As the concentration of TBHP increases, the rate of epoxidation 

of cyclohexene increases with a good selectivity of cyclohexene epoxide. The 

rate reaches a maximum value when lOmmol TBHP is used as an oxidant and 

thereafter goes on decreasing. Whatever be the concentration of TBHP, the 

fonnation of cyc10hexene epoxide occurs selectively over TiCr6 catalyst. 

4.2.6. Influence Of Solvent 

Catalytic activity depends largely on the nature of solvent used. So it is 

necessary to find out an ideal solvent for the epoxidation of cyclohexene using 

TBHP as the oxidant. Ingold48 et al reported in his work that the solvent 

suitable for olefin epoxidation is one, which is not a hydrogen bond donor 

(HBD) and is also only a relatively poor hydrogen bond acceptor (HBA). If the 

solvent is a strong HBA, it would be expected to deactivate the catalyst (via 

any surface hydroxyl groups) and also deactivate the hydroperoxide (via 

ROOH .... HBA hydrogen bonding). 

When water is used as a solvent for epoxidation, the catalyst systems 

showed the least activity as well as selectivity of the epoxide. The fonnation of 

another product other than the epoxide, cyclohexane diol, cyclohexenol and 

cyc1ohexenone is noticed in appreciable amounts. It has been reported38 that 

when water was added to the reaction mixture, they did produce significant 

amounts of cyclohexene-3- (t-butyl) peroxide. A nice balance between these 

various solvent requirements is achieved for TiCr6 catalyst by using 
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acetonitrile, which may well be the optimum solvent for these epoxidation 

reactions. 

Table 4.5 

Influence of solvent in the epoxidation of cyclohexene 

Solvent Conversion Selectivity (%) 

(%) Epoxide Diol l-ene + 1-01 

Water 1.0 5 19.1 13.9 

Acetonitrile 55.2 86.6 6.6 6.7 

Methanol 2.1 36.3 25.9 36.2 

Isopropanol 2.3 47.0 23.2 12.3 

Catalyst chosen- 0.1 g TICi6, duratIon-5h, 

Temperature-343K, 25ml solvent, Oxidant- \0 mmol TBHP 

4.2.7. Effect of Amount of Solvent 

The epoxidation of cyclohexene is carried out using different amounts 

of acetonitrile under otherwise similar reaction conditions. As the volume of 

acetonitrile increases there is an increase in percentage conversion as well as 

epoxide selectivity. When using 25ml acetonitrile TiCr6 gives a cyclohexene 

conversion of 55.2 with an epoxide selectivity of 86.6%. After that there is not 

much reduction in percentage conversion when 30ml of acetonitrile is used as 

the solvent. But the selectivity decreases drastically. This effect is attributed 

mainly but not exclusively to the side reactions presented in the scheme above. 

Thus the optimum volume of acetonitrile used in the present study is 25ml. 
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Table 4.6 

Influence of amount of solvent in the epoxidation of cyclohexene 

Volume of Conversion Selectivity (%) 

Acetonitrile (ml) (%) Epoxide Diol I-ene + 1-01 

15 26.0 65.3 19.2 12.4 

20 31.9 77.2 12.1 8.6 

25 55.2 86.6 6.6 6.7 

30 53.9 47.2 29.2 23.6 
Catalyst chosen- O. I g IICr6, duratJon-5h 

Temperature-343K, soivent- acetonitrile, Oxidant-IO mmol TBHP 

4.2.8. Influence of reaction time 

To show the influence of reaction time upon the epoxidation of 

cyclohexene, the reaction was carried out continuously for 8h at 343K using 

TBHP as the oxidant in presence of acetonitrile as solvent over the prepared 

catalyst systems. Figures 4.2,4.3 and 4.4 show the time courses for the 

epoxidation of cyclohexene over TiCr6, Ti and TiLa6 respectively. All the 

systems show a common trend in the activity as well as epoxide selectivity. 

During the initial stages of the reaction the percentage conversion increases 

and approaches an almost steady value within 5h. But the selectivity towards 

the corresponding epoxide is high upto 5h of the reaction, thereafter it drops 

suddenly. This may be due to the possible side reactions. These reactions 

afford mostly allylic oxidation products and oligomers, and thus limit the 

epoxidation selectivity. 
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Effect of reaction time on the epoxidation of cyclohexene over TiLa6 

4.3 Catalytic activity of different catalyst systems 

A comparative account of the catalytic activity of various metal 

modified titania systems in the epoxidation of cyclohexene is given in this 

section. All the prepared systems were tested for activity over a reaction time 

of 5h under the optimized reaction conditions. (Reaction temperature of 343K 

using 25ml acetonitrile as solvent and lOmmol TBHP as the oxidant and 0.1 g 

catalyst). Pure titania exhibited poor activity towards the epoxidation of 

cyclohexene. The interesting point to be noted is that in spite of its poor 

activity, pure titania shows a very good selectivity towards cyclohexene 

epoxide. The results of epoxidation of cyclohexene over transition metal and 

rare earth metal modified titania systems are presented in tables 4.7 and 4.8 

respectivel y. 
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Table 4.7 

Effect of transition metal on the epoxidation of cyclohexene 

Systems Conversion (%) Selectivity (%) 

Epoxide Diol I-ene + 1-01 

Ti 16.1 84.5 3.3 12.2 

TiM02 37.5 67.6 18.8 3.7 

TiM06 40.5 63.8 26.4 9.8 

TiMolO 38.8 70.4 19.5 10.2 

TiCr2 41.3 77.2 17.5 5.3 

TiCr6 55.2 86.6 6.6 '6.7 

TiCrlO 53.4 84.4 8.1 7.6 

TiW2 34.4 85.8 11.8 2.4 

TiW6 42.4 82.0 12.1 6.0 

TiWIO 41.1 77.4 13.3 8.3 

Catalyst .0.1 g, duratJon-Sh 

Temperature-343K. solvent· 25ml acetonitrile, Oxidant- JO mmol TBHP 

Whatever be the nature of the metal incorporated, all the catalytic 

systems give cyc10hexene epoxide as the major product. The selectivity to 

cyclohexene epoxide is higher in the case of chromium than other metals like 

molybdenum, tungsten, lanthanum, samarium and praseodymium modified 

titania systems. An attempt to investigate the influence of the metal loading on 

catalytic activity is quite reasonable. As expected, variation in metal loading 

had a significant impact on the catalytic activity. As the percentage of metal 
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loading increased from 2 to 6%, the conversion gradually increased, thereafter 

the conversion declined. 

Table 4.8 

Effect of rare earth metal on the epoxidation of cyc10hexene 

Systems Conversion (%) Selectivity (%) 

Epoxide Diol l-ene + 1-01 

Ti 16.1 74.5 13.3 12.2 

TiLa2 40.0 70.4 15.0 14.6 

TiLa6 37.3 65.0 24.3 12.2 

TiLalO 35.3 62.3 23.2 14.6 

TiPr2 39.5 63.8 26.4 9.8 

TiPr6 40.5 64.7 23.0 12.3 

TiPrlO 38.7 62.5 22.2 11.9 

TiSm2 37.0 74.7 13.1 11.8 

TiSm6 37.0 74.0 11.8 14.2 

TiSmlO 36.1 72.8 14.6 12.5 

Catalyst ::U. I g, duratIOn-5h 

Temperature-343K, solvent- 25ml acetonitrile, Oxidant-IO mmol TBHP 

Synthesis Via the solution sol-gel route provided access to highly 

dispersed Lewis acidic sites, which can effectively activate the alkyl 

hydroperoxide oxidantl8
, 49-52, The good epoxidation activity and selectivity of 

modified titania systems is attributed to the presence of isolated titanium sites. 

To achieve a good distribution of Ti in the modified titanium sites at the 
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atomic level, it is crucial to compensate the strikingly different sol-gel 

reactivities ofTi and modified metal precursor. 

4.4 Mechanism of the Reaction 

Based upon the experimental observations, the proposed pathway for 

cydohexene epoxidation at the catalyst surface is schematic ally shown in 

figure 4.5. In the epoxidation of cyclohexene, the oxidant (TBHP) interacts 

with titanium centers and transfers oxygen to cyc1ohexene. Upon the exposure 

of Ti02 surface with this tert-butyl hydroperoxide, tert-butyl peroxotitanium 

complex is formed. The peroxotitanium complex formed by the direct reaction 

between the prepared catalysts (containing Ti02) and TBHP should have been 

considered as another candidate for an active species. This suggested that the 

Ti-OO-t-Bu is a plausible active species. The cyclohexene epoxidation is then 

preceded by oxygen transfer from the tert-butyl peroxotitanium complex to the 

cyclohexene double bond. The consumed complex is finally regenerated by 

tert-butyl hydroperoxide. The enhanced cyclohexene conversion in the case of 

metal modified titania systems may be attributed to the assistance of the added 

metal oxide to fonn tert-butyl peroxotitanium complex. The additional 

possibility of the added metal to form the corresponding tetra butyl 

peroxocomplex due to the ability of the metal to form a variety of high valent 

oxocomplex cannot be ignored. 
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Proposed pathway for the epoxidation of cyclohexene at Ti02 surface 

4.5 Conclusions 

Transition metal as well as rare earth metal modified sol-gel titania 

catalyst systems afford high activity and selectivity in the liquid phase 

epoxidation of cyclohexene. Cyclohexene epoxide is obtained as the major 

product during the reaction with small amounts of allylic substitution products. 

Cochin University o/Science and Technology 151 



Chapter 4 

The catalytic behaviour is strongly influenced by the reaction temperature, 

catalyst concentration, nature and amount of solvent as well as oxidant. The 

excellent activity and selectivity in the epoxidation of cyclohexene is due to 

highly dispersed Lewis acidic titanium sites. The reaction pathways, which 

could suitably explain the catalytic activity for the cyclohexene epoxidation, 

were also proposed. The activity of the prepared catalysts and their stability 

with time in the epoxidation of cyclohexene by tert-butyl hydroperoxide hints 

that it might be possible to create cleaner nylon chemistry. 
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Chapter 5 

Hydroxylation of Phenol 

Abstract 

The organic ejJluents containing phenolic compounds from 

pharmaceutical, fine chemical and petrochemical industries, on account of 

their poor biodegradability, form a major threat to the ecological balance. 

With growing ecological concern, chemical producers have been subjected to 

increasing pressure to minimise the dispersion of waste chemicals. 

Hydroxylation of phenol is an industrially important reaction as the products, 

namely catechol and hydroquinone finds diverse applications. The catalytic 

efficiency of the prepared titania systems in the hydroxylation of phenol was 

carried out in liquid phase. The effects of various factors that influence this 

catalytic reaction such as the solvent, reaction temperature, reaction time, 

catalyst amount and molar ratio of phenol to H20 2 were investigated 

intensively. The performance of the catalytic systems points to its potential in 

the degradation of phenolic wastes. 
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5.1 Introduction 

The development of ecologically friendly technologies is currently one 

of the most important goals in industrial chemistry research. This is especially 

true in the field of oxidation of organic compounds, where there is an urgent 

need to replace highly effective but wasteful and toxic stoichiometric oxidants. 

A possible solution to this problem consists in using technology based on 

catalytic oxygen transfer from "clean" oxygen donors, such as hydrogen 

peroxide (H202). Organic compounds such as phenols and phenolic derivatives 

are amongst the most common chemicals found in regular commercial 

manufacturing processes. On account of their poor biodegradability, these 

compounds form a major threat to the ecological balance. The selective 

oxidation of phenol to industrially useful diphenols forms a convenient route to 

their efficient disposal. Catechol and hydroquinone are two of the many 

phenolic derivatives of high value. They are widely used as photography 

chemicals, antioxidants and polymerization inhibitors and are also used in 

pesticides, flavoring agents, and in medicine 1. Catechol was also used as an 

organic sensitizer in a photo electrochemical cell 2. 

Mineral acids 3.5, simple metal ions 6-7 and metal complexes 8 are the 

traditional catalysts for this reaction, but these homogeneous catalysts are 

difficult to be separated and recovered from the reaction mixture, which 

prevents their practical utilization in phenol hydroxylation. Therefore, 

heterogeneous catalysis over various metal oxides and complexes, such as 

metal oxides or supported ones 9-11, metal complex oxides 12.13, zeolite 

encapsulated metal complexesl4 and hydrotalcite like compounds 15·16 have 

been of great interest to many researchers for a long time. 
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Zhang et al. 17 investigated the catalytic perfonnance of naturally 

occurring ferritin for the selective hydroxylation of phenol with hydrogen 

peroxide. The removal of the interior iron containing nanoparticle from the 

ferritin molecule caused a substantial decrease in catalytic activity. A.Dubey et 

al. 18 carried out the hydroxylation of phenol over CuM(II)M(IIl) ternary 

hydrotalcites, where M(II) is Ni or Co and M(III) is AI,Cr,or Fe and they 

studied the influence of various reaction parameters on the percentage phenol 

conversion and the selectivity of catechol and hydroquinone fonned as the 

major products. Hydroxylation of phenol was carried out over a series of 

CoNiAl ternary hydrotalcites having a (Co+Ni)/AI atomic ratio close to 2.6 

and a Co:Ni atomic ratios ranging from 1:0 to 0: 1 using H20 2 as oxidant and 

water as solvent 19. Both end members of this series, namely CoAl-HT and 

NiAI-HT, showed negligible conversion of phenol while cooperative catalytic 

behaviour was noted when both the elements are present together. 

The catalytic activities towards phenol hydroxylation is carried out over 

intrazeolitic Fe3
+ prepared by chemical vapor deposition of [(CsHs)Fe(COh]2 

inside NaY and FSM-16 zeolites. The higher activity of the FeINaY sample 

was attributed to the high dispersity of Fe ions that are located in framework 

positions and to the high crystallinitYo. Wang et al 21 reported Cu2
+ exchanged 

zeolites as efficient catalysts for phenol hydroxylation with hydrogen peroxide. 

Both zeolite type and copper content in the zeolite catalyst were revealed to 

exert critical impact upon the catalytic activity in phenol hydroxylation 

reaction. Mayura et al 22suggested coordination polymers based on bridging 

methylene blue have potential catalytic activity for the liquid phase 

hydroxylation of phenol. 
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Iron containing pillared clays are found to be efficient catalysts for 

phenol hydroxylation reaction where the presence of redox centers in the layers 

or in the galleries of the materials, together with a Bronsted acid environment 

in the galleries of the pillared clays induces the hydroxylation of phenol 

reaching conversions close to 70% under microwave irradiation even at low 

reaction time 23. AlFe-pillared clays are quite efficient catalysts for phenol 

conversion in water solutions in rather mild conditions24. At higher phenol 

content, catalytic activity loss was noticed. 

An enhancement of p-selectivity has been achieved by carrying out the 

phenol hydroxylation reaction over TS-I1H202 system with the coexistence of 

benzene or cyclohexane25. The enhancement effect is. attributed to the 

coexistent bulky molecules imposing significant steric restriction on the 

transition state, which prefers to produce the products with relatively smaller 

molecular sizes. Feng-Shou Xiao et aP6-27 synthesized a novel catalyst of 

copper hydroxy phosphate (Cu2(OH)P04) that has neither microporous nor 

mesoporous pores and showed that they are particularly active for the wet 

oxidation of phenol, benzene and naphthol by hydrogen peroxide. 

Wei Zhao et aP8 reported the synthesis of highly ordered Fe-MCM-48 

by a mixed templation method. Its catalytic activity and selectivity was studied 

for phenol hydroxylation using hydrogen peroxide. The substituting element 

Fe 3+ is partially incorporated into the framework position forming a new type 

of active site, which raises the phenol conversion and the diphenol selectivity. 

The u-Fe203 I Si02 catalyst exhibited very good catalytic performance in 

phenol hydroxylation by H20 2 to dihydroxybenzene 29. Fe supported catalysts 

containing 10 wt% of iron as oxide, on titania and alumina have been prepared 
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and its catalytic activity was measured in a batch reactor using ozone as the 

oxidizing agent. The catalytic activity indicates that phenol is degraded with a 

low mineralisation to CO2 30. 

Santos et aPI-32 reported the aqueous phase oxidation of phenol using a 

series of commercial copper containing catalysts at elevated temperatures and 

oxygen pressures. Catalytic wet peroxide oxidation of phenol over unpromoted 

Mn02/Ce02 revealed that even after complete removal of organic carbon from 

the solution was achieved,an important fraction of the initial carbon was 

transformed into a polymeric material strongly adsorbed on the surface of the 

catalyse3
.
35

• This deposit was shown to be responsible for the catalyst 

deactivation via physical blockage of the active sites34
• The use of noble metal 

containing catalyst like platinum over alumina generates lesser build up. 

However, due to its weaker reactivity, longer reaction times and higher 

oxidation temperatures are required33
• Hamoudi et al also investigated the 

catalytic oxidation of phenol in aqueous solution in presence of Pt and Ag 

promoted Mn02/CeOl6
• Hocewar et aP7, investigating on the catalytic wet 

peroxide oxidation of copper containing catalysts observed that Cel-xCUx02-ii 

system was insoluble in hot acidic solutions. The same system when prepared 

in the form of highly dispersed copper oxide phases on Ce02 support by sol gel 

route was catalytically active under mild conditions. 

In the present study, the catalytic activity of pure titania, transition 

metal as well as rare earth metal modified titania systems towards phenol 

hydroxylation is carried out. Phenol Hydroxylation reaction seems to proceed 

along a complex pathway involving a series of consecutive reactions (Fig. 5.1) 
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~ ~ ____________ c_a_te_ch_o_l __ • 

Polymerisation Products 
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OH 0 

Q • Q 
OH 0 

Hydroquinone Quinone 

Figure.5.1 

General scheme of phenol hydroxylation 

5.2 Process optimization 

Catalytic experiments were carried out in a round bottom flask 

equipped with a reflux condenser, a magnetic stirrer and a temperature 

controllable oil bath. The catalyst to be studied was added to start the reaction. 

For a typical run, 0.1 gm of the catalyst, Immol phenol, S mmol hydrogen 

peroxide as oxidant and Sml water as solvent were stirred vigorously at 333K 

for 2h. The reaction mixture was then stirred at controlled temperature. The 

reaction products were analyzed at stipulated time using a gas chromatograph 

by taking small aliquot out. It is well known that the solvent, reaction 

temperature, reaction time, catalyst amount, molar ratio of phenol to hydrogen 
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peroxide are the main factors that influence the phenol hydroxylation and these 

factors are systematically investigated in the following sections. 

5.2.1. Influence of catalyst 

The reaction is done using phenol and hydrogen peroxide in water 

solvent in the absence of a catalyst (blank run) and in the presence of the 

catalyst (O.lgm TiCr6) at 333K. Catechol (o-diphenol), hydroquinone (p

diphenol) and benzoquinone were the major products of this reaction despite 

the different conditions and catalysts used. We observed a percentage 

conversion of 1.4 and 50.2 after 2hs in the absence and presence of catalyst 

respectively. Low yield for the reaction in uncatalyzed reaction is due to higher 

activation energy of the uncatalyzed reaction. Addition of the catalyst 

significantly reduced the activation energy and the reaction proceeded through 

a different mechanism, resulting in a higher percentage conversion. 

5.2.3 Influence of reaction temperature 

The activities and product selectivities in the temperature range of 323-

353K for phenol hydroxylation with H20 2 over TiCr6 catalyst are presented in 

table 5.1. Obviously phenol conversion increased when the reaction 

temperature increases from 323 to 333K and when the temperature was above 

333K, there is a remarkable reduction in phenol conversion. At 323K,phenol 

conversion was only 21. 1 % with a hydroquinone selectivity of 51.4%. When 

the temperature increased to 333K, phenol conversion increased to 50.2% with 

hydroquinone selectivity of 61.0%. Considering both conversion and 
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selectivity, the reaction temperature chosen for hydroxylation reaction was 

333K. 

Table 5.1 

Influence of reaction temperature on phenol hydroxylation 

Temperature Conversion (%) Selectivity (%) 

Catechol Hydroquinone Quinone 

323 21.1 24.8 51.4 31.8 

333 50.2 31.2 61.0 2.3 

343 31.6 30.5 54.9 10.3 

353 18.5 28.8 45.8 20.3 

Amount of catalyst -0. I g Iter6, water-Srnl, Phenol: H202-1: 5, DurlttIon-2h 

The decrease in phenol conversion with increase in reaction 

temperature is consistent with the exothermic nature of the reaction. The 

accelerated decomposition of H202 at elevated temperatures may also 

contribute to the drop off in the conversion. It has been reported that the 

activation energy for the decomposition of H20 2 is lower than that for the 

hydroxylation of phenol 12,38. Above 90°C, the amount of residual phenol in 

the reaction mixture was rather negligible. However, no peaks could be 

detected in the GC analysis corresponding to the products. This may be due to 

the overoxidation resulting in tarry products. 

5.2.3. Influence of H20 2 to phenol ratio 

Table 5.2 summarizes the influence of molar ratio of hydrogen 

peroxide to phenol in phenol hydroxylation over TiCr6 catalyst. A larger molar 
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ratio of hydrogen peroxide to phenol in the catalysis led to higher efficiency of 

utilization for H20 2. The phenol conversion first increases with the increase in 

the ratio to a certain extent and thereafter an increase in the H20 2 to phenol 

ratio causes a drastic reduction in the percentage conversion. The drastic 

reduction may be related to the overoxidation of phenol to tarry products at 

high peroxide concentration. The product selectivity is also influenced by the 

H202 to phenol molar ratio. At an optimum molar ratio o( 5:1, the percentage 

selectivity is highest with a good product distribution. 

Table 5.2 

Influence ofH20 2 to phenol molar ratio on phenol hydroxylation 

H202 to phenol Conversion (%) Selectivity (%) 

Ratio Catechol Hydroquinone Quinone 

3:1 17.5 12.6 41.8 33.3 

4:1 26.9 26.0 57.2 16.3 

5:1 50.2 31.2 6l.0 2.3 

6:1 21.2 11.9 41.1 25.0 

7:1 7.5 17.9 39.7 31.0 
Amount of catalyst -0.1 g !ICi6, water-5rnl, r emperature-333K, DuratJon-2h 

5.2.4. Influence of catalyst weight 

The activities in phenol hydroxylation over TiCr6 catalyst with 

different catalyst amount is presented in table 5.3. Hydroxylation occurs very 

slowly in the absence of a catalyst. Phenol conversion increased with a catalyst 

amount upto O.lg and then a further increase in catalyst amount decreases the 

phenol conversion. Addition of large amount of the catalyst to the reaction 
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mixture had a negative effect in the prepared systems. This is because a larger 

amount of the catalyst hastened the decomposition of hydrogen peroxide. 

Therefore a suitable amount of the catalyst in the catalysis was O.lg. 

Table 5.3 

Influence of catalyst weight on phenol hydroxylation 

Catalyst weight Conversion (%) Selectivity (%) 

(g) Catechol Hydroquinone Quinone 

0.05- 19.8 17.3 7.1 75.6 

0.10 50.2 31.2 61.0 2.3 

0.15 45.6 22.1 31.2 40.8 

1106 catalyst, 'fernperature-333K, water-5rnl, Phenol: H202-I: 5; DuratlOn-2h 

5.2.5. Influence of solvent 

It has been reported that the solvents in this reaction has a profound 

influence on the phenol conversion and the product selectivity. Table 5.4 

presents a summary of solvent influence in phenol hydroxylation over TiCr6 

catalyst. When acetone is used as a solvent, the hydroxylation occur at a slower 

rate even at temperatures upto 363K. Interestingly a change from organic 

solvents to water led to a significant increase in phenol conversion, indicating 

that water was the best solvent over the prepared systems. Water is safe, cheap 

and environmentally friendly solvent. However the amount of water strongly 

affected the phenol conversion and the product selectivity. At 333K., the 

catalytic activity was in the order water> methanol> acetonitrile> acetone. In 

the present study, water is used as a solvent. 
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Table 5.4 

Influence of solvent on phenol hydroxylation 

Solvent Conversion (%) Selectivity (%) 

Catechol Hydroquinone Quinone 

Acetone 1.2 42.4 45.8 12.1 

Water 50.2 31.2 61.0 2.3 

Methanol 38.3 7.9 39.7 41.0 

Acetonitrile 24.8 30.5 44.9 20.3 

0.1 g hei6 catalyst, I emperature.333K, Phenol: H202·1 : 5, DuratJOn·2h 

5.2.6 Influence of reaction time 

Figure 5.2 shows the time profiles of catalytic performances of pure 

titania, TiCr6 and TiLa6. 

100 

~' 80 
'a' 
.9 60 
~ 
~40 
§ 
u 20 

------fr -- --~ --6. 

30 60 90 120 150 180 210 

Time(min) 

I ~ Ti -D- TiCr6 --fr-- TiLa61 

Figure 5.2 

Influence oftime on stream in phenol hydroxylation 
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Notably a relatively short reaction time resulted in incomplete 

conversion of phenol as well as undesirable product selectivity and the 

conversion increased with reaction time. There was an induction period of 

about 90 minutes where the systems gave marginal phenol conversions. After 

90 minutes, a sharp rise was obselVed in the yield of diphenols. Suitably, a 

long reaction time was beneficial for the conversion of phenol, but its deep 

oxidation of hydroquinone into benzoquinone and of benzoquinone into tar 

could not be avoided after longer times. Therefore the reaction time of 120 

minutes was suitable for phenol hydroxylation over the prepared systems 

5.3. Catalytic activity of different catalyst systems 

After optimization studies, catalytic activity of all the prepared systems 

were evaluated. The following tables 5.5 and 5.6 present the results of phenol 

hydroxylation over transition metal and rare earth metal loaded titania systems 

respectively. It is believed that the proximity of the hydroxylating agent and of 

the substrate molecule on or near the active catalyst site is essential for driving 

the reaction. In water, both phenol and hydrogen peroxide dissolve 

simultaneously and approach the active center, thereby generating hydroxy 

radicals, proposed to be the active species involved in the hydroxylation 

reaction. Moreover such an electrophile is easier produced and stabilized in 

water than in organic solvents. Possibly, the lack ofhydroxylated nature for the 

other organic solvents may be responsible for the non-occurrence of this 

reaction. Furthennore when this reaction is carried out using different oxidants 

other than hydrogen peroxide, namely oxygen, air and tert-butyl 

hydroperoxide, none of them hydroxylated phenol to a significant extent under 
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similar reaction conditions, possibly due to the lack of generation of the active 

oxidant species and the solubility problems associated with the reactant and the 

oxidant. 

Table 5.5 

Influence of transition metal in the hydroxylation of phenol 

Systems Conversion (%) Selectivity (%) 

Catechol Hydroquinone Quinone 

Ti 5.4 26.6 42.4 31.1 

TiMo2 28.4 32.4 42.5 15.8 

TiMo6 29.3 20.7 55.2 17.5 

TiMoI0 36.2 20.4 42.3 27.2 

TiCr2 43.6 33.9 43.6 13.4 

TiCr6 50.2 31.3 61.0 12.3 

TiCrlO 50.5 21.4 56.9 16.4 

TiW2 29.8 28.7 63.2 8.7 

TiW6 35.3 13.8 50.8 28.4 

TiWlO 45.0 34.3 35.3 19.0 
0.1 g catalyst, [emperatufe-333K; water-5ml ,Phenol: H202-1: 5, Duratton-2h 

Pure titania gave very low conversion under the specified conditions and 

the metal loaded systems are highly effective in hydroxylating phenol. But no 

strict correlation is obtained between the catalytic activity and the catalyst 

properties. Among the systems incorporated with different transition metal and 

rare earth metals, the individual effects created by the addition of the 

respective species may be playing a dominating role in deciding the catalytic 
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activity. In all the systems, the percentage phenol conversion increases with the 

meta1loading. This supports the active involvement of the incorporated metal 

in the reaction. A combined influence of various factors like the surface area, 

crystallite size, redox properties and the electron accepting properties may be 

the driving force for the reaction. Chromia loaded titania systems showed 

higher phenol conversion and a good diphenol selectivity. 

Table 5.6 

Influence of rare earth metal in the hydroxylation of phenol 

Systems Conversion (%) Selectivity (%) 

Catechol Hydroquinone. Quinone 

Ti 5.4 26.6 42.4 31.1 

TiLa2 21.0 48.8 37.3 14.0 

TiLa6 22.5 39.5 38.0 22.5 

TiLalO 23.5 48.5 39.6 11.8 

TiPr2 20.9 78.5 19.6 2.2 

TiPr6 22.9 56.1 24.2 19.7 

TiPrlO 19.7 55.7 23.9 13.6 

TiSm2 22.7 78.9 18.3 2.8 

TiSm6 23.7 79.2 14.6 6.3 

TiSmlO 28.7 65.9 26.9 7.3 

0.1 g catalyst, Temperature-333K, water-5rn), Phenol: H202-\: 5, Duration-2h 
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5.4 Mechanism of phenol hydroxylation 

A heterogeneous-homogeneous reaction mechanism has been proposed 

for the liquid phase oxidation over solid catalysts 39-40. The appearance of an 

induction period and the exponential increase in the percentage conversion 

with time in the present study support the involvement of a free radical 

mechanism. An induction period was quite noticeable with all the systems, the 

time being dependent on the system chosen. This again suggests a free radical 

mechanism to be operating irrespective of the catalytic system selected. The 

high susceptibility of the aromatic ring of phenols towards oxidation can be 

attributed to the possible generation of the delocalised aryloxy radical via. the 

removal of a hydrogen atom. The generation of phenoxy radicals may occur on 

the catalyst surface. At the same instant, catalyst surface can also trigger the 

homolytic cleavage of the hydrogen peroxide. A general mechanism of the 

reaction is sketched in Fig. 5.3. The formation of catechol and hydroquinone is 

believed to occur via. the attack of OH· on the benzene ring. The formation of 

phenoxy radicals occurs at the catalyst surface after which the propagation of 

the reaction can occur either in the liquid phase or on the catalyst surface. A 

further investigation into the course of the reaction is essential for a clear-cut 

prediction of the actual mechanism. 

Another interesting observation was that transition metal loaded 

systems gave good selectivity to hydroquinone{ para product) whereas rare 

earth metal loaded systems gave high selectivity to catechol(ortho isomer).This 

may be a consequence of some sort of association between the phenoxy 

radicals and the catalyst surface. Another possibility is that the diffusion of the 

radicals from the catalyst surface may be a slow process when compared with 
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the attack of the hydroxy radicals. Thus, before the radical gets sufficient time 

to drift apart the attack by the OH· occurs preferentially at the ortho position in 

case of rare earth metal loaded systems. 
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Figure 5.3 A plausible mechanism for phenol hydroxylation reaction 
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5.5 Conclusions 

Both transition metal and rare earth metal modified titania systems are 

highly effective in the hydroxylation of phenol. Among various metals, 

chromia incorporated systems are showing highest activity as well as 

selectivity. Reaction variables such as temperature, catalyst concentration, 

nature of solvent and the molar ratio of phenol to hydrogen peroxide are 

indispensable factors influencing the catalytic activity of the systems. 

Selection of an optimum reaction time also demands prime importance in order 

to achieve maximum activity and selectivity of the products. In any case, metal 

modified titania systems seem to be a promising catalyst for the disposal of 

phenolic wastes. 
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Chapter 6 

Alkylation 0/ Aromatics 

Abstract 

Alkylation of aromatics is a particularly important area of industrial 

chemistry. In searching for more environmentally benign replacements for 

traditional hazardous acid catalysts, numerous solid acid catalysts have been 

suggested. The present chapter reveals the great versatility of titania and 

modified titania systems in the alkylation of aromatics. The chapter is divided 

into three sections. The first section deals with the tert-butylation of phenol. 

The second and third section depicts the methylation of aniline and anisole 

respectively. The products obtained find extensive use in industries related to 

pharmaceuticals, dyestuffs, agrochemicals, surfactants, polymers and 

antioxidants. The important variables affecting the activity and selectivity of 

the prepared catalytic systems, such as reaction temperature, flow rate and 

mole ratios of the alkylating agent to arene were studied. The effects of acidity 

on the alkylating activity of arene are also discussed. 
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6.1 Introduction 

Section A 

Tert-Butylation of Phenol 

The alkylation of phenol with tert-butyl alcohol is of industrial 

relevance and also of academic interest. Alkyl phenols are very valuable 

industrial chemicals; among which tert-butylated phenols find wide variety of 

applications. 2-tert-butyl phenol is an intennediate for pesticides, fragrances 

and other products whereas 4-tert-butyl phenol is used as a raw material for the 

production of a variety of resins, durable surface coatings, varnishes, wire 

enamels, printing inks and so forth l
-
2

• Other applications ~f 4-tert-butyl phenol 

include surface-active agents, rubber chemicals, antioxidants, fungicides and 

petroleum additives. 2,4-Di-tert-butyl phenol is an intermediate for 

antioxidants and 2,6-di-tert-butyl phenol is used as an antioxidant intermediate 

and in pharmaceuticals3
• 

In general, tertiary butylation of phenol was carried out in homogeneous 

medium using euphoric acid, flour euphoric acid, arene euphonic acid, 

phosphoric acid and aluminium chloride boric acid or boron triflouride etherate 

as catat ysts I. Although both homogeneous and heterogeneous catalysts are 

used in alkylation reaction systems, the trend is towards solid heterogeneous 

catalysts due to the inherent advantages of their high activity, better selectivity, 

ease of separation from reaction mixtures, chemical stability, reusability, 

environmental friendliness and absence of corrosion problems. 

Tert-butylated phenols are generally prepared by reacting phenol with pure 

isobutylene gas or C4 fraction of naphtha, by using a liquid acid catalyst, 
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giving wide product distribution. Both C- and O-alkylation are possible 

depending on reaction conditions such as temperature, source of isobutylene 

and type of catalyst. Besides due to the problems associated with 

unavailability, transportation and handling of isobutylene, particularly for 

usage in low tonnage fine and specialty chemical industry, it is advantageous 

to generate isobutylene in situ, amongst which cracking of methyl tert-butyl 

ether (MTBE) and dehydration of tert-butanol is attractive4
-
6

• MTBE is a good 

source for the in situ generation of pure isobutylene and the coproduct; 

methanol can be recovered and reused. On the contrary, the dehydration of 

tert-butanol in situ leads to water as a coproduct in the alkylation reaction and 

thus different yields of the calculated product are expected vis-a.-vis MTBE as 

an alkyl ting agene-8
• Other general processes for the production of alkyl 

phenols include the following routes. 

oq. Reduction of acyl phenols, which are obtained by Friedel Crafts 

acylation of phenols or by the Fries rearrangement of phenol esters. 

~ Alkali fusion of alkyl benzene sulphonates, which are obtained by 

sulphonation of alkyl benzenes. 

oq. Cleavage of bis (4-hydroxy phenol) alkanes either alkali catalyzed with 

H2 in presence of hydrogenating catalyst or with hydrogen donor such 

as cyclohexanol. 

~ Claisen rearrangement of allyl aryl ethers into allyl phenols with 

subsequent rearrangement into vinyl phenols or hydrogenation to alkyl 

phenols. 

Reports and patents concerning the catalytic reaction, which has been 

carried out both in the liquid and in the gas phase, are available. The catalysts 
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used include liquid acids, metal oxides, aluminium salt catalysts and cation 

exchange resins 9-32. Sulphated titania systems22 as well as zirconia systems23 

are also found to be highly effective for para selective tert butylation of phenol. 

Recently many organic chemists have been intrigued with the use of inorganic 

supports for use as effective and selective catalysts in some synthetic organic 

reaction. 

Yasuhiro et al studied the reaction of phenol with t-butanol under a variety 

of conditions in the presence of silica gel24• They could easily prepare 2-tert 

butyl, 2,6-di-tert butyl and 2,4,6-tri-tert butyl phenols, all of which are hard to 

obtain directly by the Friedel Crafts process, by this one step reaction. Para 

selective butyl at ion of phenol over silico alumino phosphate molecular sieve 

SAPO-I1 catalyst is carried out successfulll5• Separate studies have shown 

that 2- and 4- tert-butyl phenols obtained undergo easy dealkylation to phenol 

that increases with temperature. Sakthivel et al successfully carried out tert

butylation of phenol over mesoporous H-AIMCM-41 catalysts26• They 

suggested an optimum reaction conditions to get higher substrate conversion 

and para selectivity compared to the microporous catalysts, e.g., SAPO-ll, 

ZSM-12, zeolite P and zeolite Y. Moderate to strong acidity, large surface area, 

and mesoporous nature of the H-AIMCM-4I may be responsible for the 

observed results. A range of iron and aluminium containing mesoporous 

molecular sieves FeAIMCM-41 catalysts showed superior perfonnance in the 

acid catalyzed tert butylation of phenol 27. 

The catalytic properties of zeolite beta in the tert butyl at ion of phenol are 

reported28 • Medium acid sites on zeolite HP are advantageous in producing 4-

tert butyl phenol and that of strong acid sites are helpful for the fonnation of 
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2,4-di tert butyl phenol, while weak acid sites are effective in producing 2-tert 

butyl phenol. Zhang et al investigated the tert-butylation of phenol over 

various zeolite catalysts using tert-butyl alcohol as the alkylating agent in a 

down flow tubular reactor at atmospheric pressure29
• Their study shows that 

zeolite Y was beneficial to this reaction with a greater selectivity of 2,4-di tert 

butyl alcohol. Alkylation of phenol was carried out with tert-butyl alcohol 

producing 4-tert butyl alcohol over a variety of zeolite catalysts, namely zeolite 

p, 13X zeolite, Ce-exchanged 13X zeolite, and zeolite prepared from fly ash. 

Zeolte p showed the highest activity for the reaction under otherwise identical 

conditions30
• The alkylation reaction was found to be surface reaction 

controlled with negligible interparticle mass transfer resistance. Zeolite HM 

has a potential application in phenol alkylation with tert-butyl alcohol to 

produce 4-tert-butyl alcohol and 2,4-di-tert butyl alcohol with high activity and 

selectivity!. The liquid phase tert- butylation of phenol with tert-butanol in the 

presence of the H+ fonn of the zeolites with FAU, BEA, and MOR topologies 

was investigated32
• The catalytic activity and selectivity are controlled by the 

porous structure and acid properties of the zeolite type. 

6.2 Process Optimization 

The vapour phase tert-butylation of phenol was carried out in a 

conventional fixed bed reactor under the flow of nitrogen using O.5g of the 

catalyst by changing the reagent feed ratio, the temperature and the flow rate. 

The catalysts were placed in the reactor and supported on either side with a 

thin layer of glass wool and ceramic beds. The reactor was heated to the 

reaction temperature with the help of a tubular furnace provided with a 
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temperature controller. The catalyst was activated at SOO°C for 2h before the 

catalytic runs. Reactants were fed into the reactor using a syringe pump. The 

bottom of the reactor was connected to a coiled condenser and receiver to 

collect the products. The products obtained in the first hour were discarded and 

the products collected after different times-on-stream was analyzed. The 

activities and selectivities considered for comparison of the behaviour of the 

different catalysts are those obtained after 2h. The products were analyzed by 

Gas Chromatography (Chemito GC lOOO) using BPI capillary column 

(12mx0.32m) with FID detector. 

In the alkylation of phenol with TBA over the prepared catalysts, 2-

tert-butyl phenol (2-TBP), 4-tert-butyl phenol (4-TBP) ~d 2,4-di-tert-butyl 

phenol (2,4-DTBP) were found as the reaction products. The formation of 

more bulky dialkyl phenols was suppressed. According to the results from GC, 

no phenyl ethers and no 3-tert-butyI phenol (3-TBP) formed even at high 

phenol conversions under the chosen reaction conditions, which is different 

from the results obtained in CC4 solutions at lower reaction temperature (303, 

318, 353K) reported previousl~3. The choice of proper reaction conditions is 

discussed in the following sections. 

6.2.1 Effect of temperature 

The alkylation of phenol with tert-butanol was a highly temperature 

dependant reaction. Most of the studies were conducted at temperatures close 

to the boiling point of phenol (180°C). The reaction is carried out at various 

reaction temperature in the range ISO-300°C. From table 6.1, it is clear that at 

higher and lower temperatures, the percentage conversion and the selectivity to 
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the para product changes remarkably. When temperature was increased from 

150 to 200° C, the conversion of phenol had also increased from 26.4 to 

45.6%, respectively. Phenol conversion decreases when the temperature is 

increased beyond 200°C, which could be due to the predominant dealkylation 

of the product into phenol and other lower hydrocarbons over alkylation and 

also the diminishing availability of tert-butanol as it undergoes side reactions 

such as oligomerisation or aromatisation25
, 26.28. 

Table 6.1 

Influence of reaction temperature on the conversion and product 

selectivity in tert-butylation of phenol 

Temperature Conversion of Product Selectivity (%) 

(OC) Phenol (%) 2-TBP 4-TBP 2,4-DTBP 

150 26.4 23.9 68.8 7.4 

200 45.6 36.0 61.3 2.7 

250 17.2 16.3 77.1 6.7 

300 15.2 20.0 65.3 14.7 

Catalyst chosen-O.5g [ IW2, Flow rate-5mllh, Phenol: t-butanol-[ :3, 

Duration-2h 

However at higher temperatures, enhanced para selectivity could be 

due to the absence of secondary alkylation reaction. Moreover coke formation 

might be a serious problem, which could result in fast deactivation of the 

catalyst. A high selectivity for the formation of 4-tert-butyl phenol is observed 

which increases significantly with reaction temperature. The observed increase 

in para selectivity with decreasing phenol conversion has also been reported 

for other catalysts and explained by the other diffusion kinetics of 4-TBP as 
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compared to the other products. A moderate reaction temperature was helpful 

to enhance the product selectivity. Considering the phenol conversion and the 

product (4-TBP) distribution, the proper reaction temperature is 200°C. At this 

reaction temperature, the selectivity of 4-TBP is higher at higher phenol 

conversions. 

6.2.2 Effect of flow rate 

The contact time between the catalyst and the reactants greatly 

influence the reaction rate. The results of phenol alkylation at different flow 

rates were depicted in table 6.2. 

Table 6.2 

Influence of flow rate on phenol conversion and product selectivity in 

tert-butylation of phenol 

Flow rate Conversion of Product Selectivity(%) 

(ml/h) Phenol (%) 2-TBP 4-TBP 2,4-DTBP 

4 19.5 3.5 92.7 3.8 

5 45.6 36.0 61.3 2.7 

6 23.9 5.6 85.3 9.1 

7 20.0 6.1 77.6 16.3 
Catalyst chosen-O.5g IIW2, I emperature-zOO"C, 

Phenol: t-butanol-l:3, Duration-2h. 

Very low contact time (high flow rates) may lead to poor reaction on 

account of the fact that little time is available for the adsorption of the reactants 

on the catalyst surface. At the same time very high contact time (low flow 

rates) mostly results in undesired reactions. The product yields also follow a 
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similar trend. Thus each reaction requires an optimum contact time with which 

maximum conversion and desired product yield is obtained. Phenol conversion 

increases when the flow rate increases from 4 to 5 mllh. After that phenol 

conversion decreases with increasing flow rate. 

6.2.3 Effect of phenol to tert-butanol mole ratio 

Table 6.3 summarizes the results of butylation reaction carried out with 

various phenol to tert-butanol ratios. In all the cases, 4-tert-butyl phenol is 

observed as the major product along with small amounts of 2-tert-butyl phenol 

and 2,4-di-tert-butyl phenol. At an optimum molar ratio of 1 :3, the catalyst 

systems show very good activity and selectivity. 

Table 6.3 

Influence of phenol:t-butanol ratio on phenol conversion and product 

selectivity in tert-butylation of phenol 

Phenol: Conversion of Product Selectivity 

Tert-butanol Phenol (%) (%) 

2-TBP 4-TBP 2,4-DTBP 

1:1 22.7 8.1 67.3 21.4 

1:3 45.6 36.0 61.3 2.7 

1:5 20.6 15.3 63.7 20.8 

1:7 18.6 17.9 55.8 26.3 

Catalyst chosen-O.5g TIWZ, Flow rate-5m!7h, I emperature-ZOO°C, Durahon-2h. 

Phenol conversion increases on increasing the concentration of tert-butanol 

upto a phenol:t-butanol ratio of I :3, which has been ascribed to the preferential 
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adsorption of t-butanol on the Bronsted acid sites as compared to phenol. 

Higher amount of TBA in the feed helps in promoting the alkylation, provided 

the alkylating agent is not consumed in non-selective parallel reactions. 

However further increase of phenol:t-butanol ratio results in a decline of 

phenol conversion while the selectivity to 2,4-di-tert-butyl phenol increases. 

This is due to a higher concentration of the alkylating agent in the pores, which 

facilitates the formation of dialkylated products. 

6.2.4 Effect of time on stream 

The effect of time on stream is expected to throw light on the 

deactivation of a particular catalyst and its influence on product selectivities. 

The performance of the reaction for a continuous 7h run tests the susceptibility 

of deactivation of the catalyst. The products were collected and analyzed after 

every 1 h. Figures 6.1 and 6.2 represent the phenol conversion of pure and 

modified systems towards time on stream. The above results indicated that the 

catalyst is gradually deactivated with time irrespective of the reaction 

conditions. This deactivation is most likely due to the formation of coke, which 

is generated by oligomerization of excess tert-butanol. The formed coke will 

block the strong acid sites that are responsible for the formation of 2,4-DTBP 

and, thus, reduces the activity of the catalyst. In the initial hours the catalyst 

might absorb phenol strongly and after 2h, the catalyst activity established an 

equilibrium level. The phenol conversion gradually increased with time on 

stream in the initial reaction period for 2h and then the conversion starts 
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decreasing. This could be due to the fonnation of water molecules during the 

reaction, which may covert some of Lewis acid sites into Bronsted acid sites. 

1 2 3 4 5 678 

Time(h) 

1-<>- Ti ---0- TiMo6 ----fr-- TiW 10 I 
Figure 6.1 

Deactivation studies on the conversion of phenol over transition metal 

modified titania systems 
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Deactivation studies on the conversion of phenol over rare earth metal 

modified titania systems 
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6.3 Comparison of Catalyst systems 

A comparative study of both transition metal and rare earth metal 

modified systems towards the tert-butylating activity of phenol is given in this 

section (Tables 6.4 and 6.5). 

Table 6.4 

Influence of transition metal in the tert-butylation of phenol 

Systems Conversion Selectivity (%) 

(%) 2-TBP 4-TBP Di-TBP 

Ti 12.0 35.6 63.2 1.2 

TiM02 38.0 26.0 71.6 2.4 

TiM06 40.5 34.7 63.2 2.1 

TiMolO 41.6 4.4 91.8 3.9 

TiCr2 24.7 24.3 70.4 5.3 

TiCr6 29.5 31.4 65.7 2.9 

TiCrlO 38.8 37.8 53.4 8.8 

TiW2 45.6 36.0 61.3 2.7 

TiW6 51.0 30.8 66.8 2.5 

TiWlO 58.9 14.8 82.0 3.2 
Catalyst welght-U.Sg, Flow rate-SmIth, I emperature-200°C, 

Phenol: t-butanol-I :3, Duration-2h 

The reaction is carried out at an optimum reaction temperature of 

200°C, flow rate of 5mllh and a phenol to tert-butanol mole ratio of 1 :3. Both 

the transition metal and rare earth metal modified systems are superior to pure 
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titania in the tert·butylation of phenol. Further, the reaction is carried out 

without the addition of catalyst under the same reaction conditions and that 

revealed poor conversion (-3.5%), thus indicating that the reaction was 

catalytic. 

Table 6.5 

Influence of rare earth metal in the tert·butylation of phenol 

Systems Conversion Selectivity (%) 

(%) 2-TBP 4-TBP Di-TBP 

Ti 12.0 35.6 63.2 1.2 

TiLa2 36.4 47.3 50.4 2.4 

TiLa6 39.6 46.0 51. 8 2.2 

TiLalO 44.6 36.6 60.9 2.5 

TiPr2 14.1 31.9 66.8 1.3 

TiPr6 14.7 24.6 71.0 4.5 

TiPrlO 25.0 3.0 89.6 7.4 

TiSm2 21.6 44.1 52.3 3.5 

TiSm6 35.8 46.2 52.3 1.6 

TiSmlO 40.8 41.6 57.1 1.3 

Catalyst weight-O.5g, Flow rate-5mlJh, Temperature-200°C, 

Phenol: t-butanol -\ :3, Reaction time-2h 

Tungsten modified systems are found to be catalytically more active 

than other systems. The influence of metal loading in the tert butylation of 
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phenol is also investigated here. As the percentage of incorporated metal 

increases, the catalytic activity improves considerably. All the systems give 

para isomer as the major product. Metal loading also has a significant impact 

on the para selectivity of the reaction. Except in chromia modified systems, 

10% metal incorporated systems showed highest para selectivity. 

In order to gain an understanding of acidity affecting the activity and 

selectivity of the prepared systems, the NH3 TPD results are correlated with the 

catalytic activity. It has been reported that the alkylation of phenol carried out 

in the gas phase system at high temperature in the presence of catalysts with 

weak, moderate or strong acid sites are suitable for the formation of para C

alkylated product. Figures 6.3 to 6.6, gives the correlation between the 

products selectivity and the acidity assessed by ammonia TPD. 
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4-TBP selectivity correlated with medium acidity from NH3 TPD 
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In the present study, medium and strong acid sites promote the reaction. 

Strong acid sites are necessary to get higher selectivity of 2,4-DTBP while 

medium acid sites are helpful in enhancing the selectivity of 4-TBP. The 

increased selectivity to the para isomer of tert-butyl phenol, which is 

thermodynamically more stable than that of ortho isomer, was explained as 

being the result of several consecutive reactions such as the isomerization and 

disproportionation, the dealkylation or the transalkylation involving mono and 

poly alkyl phenols . 
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4-TBP selectivity correlated with medium acidity from NH3 TPD 
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It is accepted that when the product is not thennodynamically 

controlled, both the electronic and steric factors are very important for the 

alkylation reactions in heterogeneous catalysis. Generally, the electrophiIic 

substitution may take place in the ortho and para positions of the phenyl ring. It 

is difficult to predict how much of the product will be the ortho isomer and 

how much the para isomer. On a purely statistical basis, there would be 67% 

ortho and 33% para, since there are two ortho positions and only one para. 

Moreover, the presence of phenolic group kinetically favors ortho alkyaltion. It 

is well known from the previous reports that the fonnation of 4-TBP occurs 

over moderate acid sites, while the fonnation of dialkylated products require 

medium or strong acid sites25
,33. 

In order to understand the role played by the structural acid sites and 

the weak acid sites, Subramanian et al carned out the alkylation experiments 

on SAPO-I I samples pretreated with ammonia and quinoline2s
• Phenol 

conversion decreased due to ammonia poisoning. Strongly adsorbed ammonia 

at the structural acid sites make those sites unavailable for the alkylation 

reaction and thus decrease the acidity. However tert-butanol was not fully 

converted on these samples, suggesting that the tert-butanol was mainly 

dehydrated at the surface hydroxyl sites. After quinoline adsorption, there is no 

alkylation of phenol. The large quinoline molecules essentially poison the 

external acid sites and also block the pore mouth of zeolites. This makes it 

difficult for the reactant molecule to enter and for the product molecules to 

diffuse out of the pores, thus preventing the reaction. Even t-butanol 

decomposition is suppressed to a considerable extent. 
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Scheme 6.1 

To understand the formation of 2,4-di-tert-butyl phenol, tert-butanol 

was reacted with 2-tert-butyl phenol and 4-tert-butyl phenol separately and 

with a mixture of these two isomers. When tert-butyl phenol is mixed with a 

mixture of2-TBP and 4-TBP at 175°C, apart from the disubstituted 2,4-DTBP, 

considerable amount of phenol is also obtained whose concentration in the 

product increased with the increase of reaction temperature. The amount of 2-

TBP has decreased and that of 4-TBP increased. When 2-TBP alone reacted 

with t-butanol it undergoes appreciable alkylation to give 2,4-DTBP. It also 

isomerises to 4-TBP to a large extent. The geometric constraints of the 

catalysts significantly influence the product distribution. 
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6.4 Proposed mechanism of tert-butylation of phenol 

From the above observations of tert-butylation of phenol, a mechanism 

is proposed. Phenol alkylation with tert-butanol is a typical Friedel Crafts 

alkylation and can be catalyzed by acid sites. The interesting aspect of this 

reaction is the high selectivity of alkylation at the para position. The generally 

accepted mechanism for aromatic alkylation is that the tertiary carbenium ion 

interacts with adsorbed phenol forming a 1t complex, which then rearranges to 

an cr complex by the electrophile attacking a ring carbon atom. The cr complex 

on proton elimination gives tert- butyl phenol. It has been suggested34 that the 

Bronsted acid site interacts with the 1t cloud of the aromatic ring bringing the 

molecule parallel to the surface. This will allow alkylation at the para position 

easier as compared to the ortho positions. Also it has been reported that the 

steric hindrance in the transition state due to the substitution of bulkier tert

butyl group at the ortho positions enhances the para selectivit~5. The complete 

absence of 2,6-di-tert-butyl phenol may also be due to bulkier size and only the 

less bulky 2,4-di-tert-butyl phenol is formed. 

The reaction of tert-butylation of phenol can be catalyzed by Bronsted 

and Lewis acid sites. Tanabe and Nishizakes and Klemm36 et al suggested a 

vertical orientation in the adsorption of phenol molecules at Lewis acid sites, 

the ortho position of phenol being close to the surface and tert-butylation of 

phenol occurring predominantly in this position. The Bronsted acid sites 

strongly interact with the aromatic ring of the adsorbed phenol, thus bringing it 

closer to the surface and permitting tert-butylation in the ortho and para 

positions. It is difficult for 2-TBP to adsorb perpendicularly on Lewis acidic 

sites because of the bulky tert-butyl in its ortho position, the isomerization of 
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2-TBP to 4-TBP could not be catalyzed by Lewis acidity, hence the 

isomerization of 2-TBP to 4-TBP over zeolite could be promoted by Bronsted 

acid sites with medium acidity. Because of the same ortho effect, 2-TBP could 

react with tert-butanol to fonn 2,4-DTBP over strong bronsted acid sites, while 

4-TBP could perfonn the same reaction, over strong Bronsted or strong Lewis 

acid sites to produce 2,4-DTBP. 

6.5 Conclusions 

Phenol alkylation with tert-butyl alcohol is successfully carried out 

over pure and modified titania systems. Among the prepared systems, tungsten 

incorporated tit ani a is found to be a more promising cat.alyst for this vapour 

phase reaction. An interesting feature of this study is the high para selectivity. 

The reaction is promoted by strong and medium acid sites, where strong acid 

sites are helpful in producing 2,4-di-tert-butyl phenol and medium acid sites 

are effective to produce 4-tert-butyl phenol. A detailed study clearly indicates 

that under optimum conditions, higher substrate conversion and para 

selectivity can be obtained compared to other conventional catalysts. This will 

definitely open up new areas of research. 
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Section B 

Methylation of Aniline 

Alkylation of Aromatics 

Alkylation of aniline is an important reaction in organic synthesis. This 

reaction fonn products such as N-alkylated and/or C-alkylated anilines that are 

used as intennediates or additives in dyes, synthetic rubber, herbicides and 

pharmaceuticals. The synthesis of these organic intennediates is a high activity 

research area where the alkylation proceeds through Friedel Crafts reaction37
• 

The major steps in the aniline methylation reaction may be represented by the 

general scheme shown in Fig. 6.7. N-methyl aniline arises from the side chain 

alkylation of aniline while toluidines are the products of ring alkylation. 

Consecutive reaction can result in N,N-dimethylaniline or N-methyl toluidines. 

Trans alkylation can also occur as a side reaction. 

The synthesis of these compounds are reported both in open and 

patented literature over a wide variety of catalysts. Vanadia impregnated iron 

pillared montmorillonite is also found to be effective for the methylation of 

aniline38
• It is observed that only moderate acidity is required for a good 

catalytic reaction between aniline and methanol. Nagaraju et al studied the 

vapour phase methylation of aniline with methanol or dimethyl carbonate on 

amorphous AIP04 and M-AIP04 (M=Cu, Ni, Fe, Co and V) and obtained a 

high selectivity towards N-monomethylated product of aniline37
• No simple 

correlation is observed between the selectivity and the total surface acidity. 
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Figure 6.7 

General scheme of aniline methylation 

Sreekumar et al studied the kinetics of the N-monoalkylation of the 

aniline with methanol over Znl.xCoxFe204 systems39• The low activation 

energy of the system can be probably due to the peculiar type of cation 

distribution in the spinellattice, which provides active sites well suited for the 

adsorption and subsequent reactions of both aniline and methanol. Ferrospinel 

systems were found to be highly active and selective for the N

monomethylation of aniline using methanol as the alkylating agent40-4I. High 
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yields of N- methyl aniline could be obtained even at sufficiently high 

methanol to aniline ratios. 

Methylation of aniline with methanol was also carried out on a basic 

CsOH/Cs, Na-Y zeolite42
• Here the detection of N-methyl aniline as an 

intermediate species can be accounted for by a mechanistic pathway, which 

includes dehydrogenation of methanol to fonnaldehyde, condensation of 

aniline with formaldehyde leading to N-methylene aniline and hydrogenation 

of N-methylene aniline to N-methyl aniline by hydrogen produced during the 

methanol dehydrogenation. 

lone and Kikhtyanin reported alkylation of aniline with methanol over 

ZSM-5 catalyst. N- and C- alkylation took place during the reaction between 

aniline and methanol43
• It is reported that the product selectivity depends on 

reaction temperature; N -alkylated product decreases as temperature increases 44-

45. Chen et af found HZSM-5 zeolite modified by alkali metal species to boost 

the selectivity towards N,N-dimethyl aniline46
• They suggested that N

alkylation could be promoted by the additional basicity introduced by metal 

oxide modifiers. Barthomeuf et af studying the reaction over zeolites 

concluded that it involves acidic (cations) and basic (oxygen) sites47
-48. The 

more basic zeolites (X and Y exchanged with 1(, Rb or Cs) favour production 

of N-alkylates while zeolites with more acidic cations Li and Na lead to C

alkylation. Large pore zeolites favour both ring and side chain alkylation. 

Metal oxides show better selectivity for N-alkylation but majority of them 

favour both the mono and di-substitution on nitrogen. The acid base properties 

as well as the shape selectivity of zeolites plays a crucial role in detennining 
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The selective alkylation of aniline over several metallosilicates 

suggested the involvement of strong, medium and weak acid sites in the 

fonnation of C-alkylate and coke, NNMA and N-methyltoluidines and NMA 

respectively. Aramendia et at reported the activity and selectivity of various 

magnesium orthophosphates for the gas phase methylation of aniline49
-
5o

• No 

C-alkylates was detected, which is consistent with the weak acidity observed 

with magnesium orthophosphates. Elangovan et al. conducted methylation of 

aniline over AFI and AEL types of molecular sieves and obtained a direct 

relationship between conversion and total acidity!. The product distribution 

was influenced by reaction conditions like temperature, methanol to aniline 

molar ratio etc. 

Dixon and Burgoyne reported the alkylation of substituted anilines 

with isobutene over zeolite catalysts52
• N-alkylated and C-alkylated products 

were obtained. The selectivity is reduced for aryl amine having ortho 

substituents such as chIoro or methyl groups. With increase in temperature, N

alkylated, o-alkylated and p-alkylated anilines become the major products on 

alkylation of aniline with isobutene. Maurizio Seiva et al studied the selective 

mono-N-methylation of primary aromatic amines by dimethyl carbonate over 

faujasite X- and Y- type zeolites53
. The reaction is an example of a synthesis 

with low environmental impact; it couples the use of a non-toxic methylating 

agent with ecofriendly zeolite catalysts in a waste free process. 

6.7 Process Optimisation 

Methylation of aniline can give N-alkylated products like N-methyl 

aniline (NMA) and N,N-dimethyl aniline(NNDMA) and also the C-alkylated 
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products such as toludines. The product distribution depends strongly on the 

nature of the catalyst and the reaction conditions employed. The catalytic 

activity studies were conducted in the vapour phase. Exactly 0.5g of the 

catalyst was used in the powder form for this reaction. A mixture of aniline and 

methanol was fed into a fixed bed, down flow reactor placed inside a double 

zone furnace, which was set at a particular temperature. The products and the 

unreaeted reactants were fed condensed by a cold water circulating condenser 

and was analyzed by Gas Chromatography (Chemito GC 1000) using BP 1 

capiIlarycolumn (12mxO.32m) with FID detector. 

6.7.1 Effect of Reaction Temperature 

Aniline methylation using methanol is earned out at five different 

reaction temperatures 250, 300, 350, 400 and 450°C using a mixture of 

methanol and aniline of molar ratio 7: lover TiLa2 catalyst. The flow rate is 

maintained at 4mllh. The dependence of temperature on the percentage 

conversion as well as the selectivity in aniline methylation is given in table 6.6. 

A drastic increase in the percentage aniline conversion from 40.0 to 75.4 is 

observed when the reaction temperature increases from 300 to 350°C. Further 

rise in temperature has an adverse effect in the percentage conversion. The 

variation in the product selectivity is more pronounced with the change in 

temperature. The percentage toludine selectivity increases with the increase in 

reaction temperature. The selectivity to NMA remains almost steady whatever 

be the temperature. These observations indicate that 350°C is the optimum 

reaction temperature for the reaction between aniline and methanol. 
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At higher temperature, aniline would probably undergo oxidation and 

also decompose, resulting in coke formation54
-
s5

• The possibility of certain side 

reactions of methanol forming polymeric aromatics or gaseous products or 

even coke could not be ignored. This may be the reason for the decrease in the 

catalytic activity at higher temperatures. Coke deposition is an important factor 

in deactivating the catalyst system. This can act as a catalytic poison and hence 

decreasing the number of available active sites in the reaction. 

Table 6.6 

Influence of reaction temperature on aniline methylation reaction 

Temperature Conversion Selectivity (%) 

(QC) (%) NMA NNDMA Toludines 

250 21.4 50.1 45.2 4.7 

300 40.0 49.6 42.3 8.5 

350 75.4 53.5 36.5 10.0 

400 55.3 50.5 23.9 35.6 

450 45.1 51.4 9.9 38.7 

Catalyst-O.5g 11[32, Flow rate-4mllh, I ime on Stream-Zh, AmlIne : Methanol -I :7 

6.7.2 Effect of Flow Rate 

Each reaction requires an optimum contact time with which maximum 

conversion and desired product yield is achieved. The dependence of flow rate 

on aniline methylation over TiLa2 catalyst under otherwise identical conditions 

is given in table 6.7. A change in the flow rate from 3 to 4mllh changes the 

percentage aniline conversion from 56.6 to 75.4. Thereafter the percentage 

conversion decreases with flow rate. So the optimum flow rate chosen for this 
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reaction is 4mllh. The percentage NNDMA selectivity is high when the flow 

rate is only 3mllh though the percentage aniline conversion is only 36.6. It is 

clear that very high contact time between the catalyst and the reactants is 

available when the flow rate is low, which results in the formation of N,N

disubstituted product of aniline. Aniline methylation is a sequential reaction 

and follows the order aniline ~ NMA ~ NNDMA. 

Table 6.7 

Influence of flow rate on aniline methylation reaction 

Flow rate Conversion Selectivity (%) 

(ml/h) (%) NMA NNDMA Toludines 

3 36.6 30.5 49.5 19.7 

4 75.4 53.5 36.5 10.0 

5 46.3 49.2 23.8 26.5 

6 35.3 46.7 23.4 29.9 
Catalyst-O.5g IICal, ReactIOn temperature-3506C, Duratlon-2h, Amlme: Methanol-l:7 

6.7.3 Effect of molar ratios of Aniline and Methanol 

The optimum feed mix molar ratio is selected by carrying out the 

reactions by taking aniline-methanol premixed in various molar ratios at 

350°C. The percentage aniline conversion together with its corresponding 

product distribution at different molar ratios of the reactants is given in table 

6.8. With the increase in the amount of methanol, a gradual increase in the 

percentage conversion is noticed. After an optimum mole ratio, the percentage 

conversion dropped. The decrease in aniline conversion at high molar ratios 

may be attributed to the competitive adsorption of methanoL This invariably 
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hinders the adsorption of aniline, which ultimately results in a lowering of the 

aniline conversion. Also, in the presence of methanol as the alkylating agent, 

water is formed as one of the products. This may poison the active sites on the 

catalysts. The direct consequence of the increase in concentration of methanol 

in the feed mix is the enhanced percentage ofNNDMA selectivity. 

Table 6.8 

Influence of molar ratios of Aniline and Methanol on aniline methylation 

reaction 

Methanol/Aniline Conversion Selectivity (%) 

(%) NMA NNDMA Toludines 

3 20.1 37.6 36.0. 26.1 

5 36.9 38.9 31.6 29.5 

7 75.4 53.5 36.5 10.0 

9 51.0 27.1 57.0 16.0 

11 32.9 12.3 62.3 25.4 
Catalyst-O.5g I lLaz, ReactIOn tempernture-3506 C, Flow rate-4mIJh, 

Duration-2h. 

6.7.4 Effect of time on Stream 

The time on stream studies were performed at 350°C with O.5g of the 

catalyst at a feed rate of 4mllh. The feed solution consisted of a 1:7 molar 

ratios of aniline and methanol. The product fractions were collected at 1 h 

intervals and analyzed by GC. A plot of percentage conversion versus time 

gives an idea about the deactivation of the catalyst over the course of the 
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reaction. Retention of the catalytic activity and desired product selectivity is 

the most sought after property of a catalyst. 

160 

~. 120 
'-' 
§ 
·s 80 

~ o 
{} 40 

tJ.---- fr - ---6,- - - -Cl----
6,- - -fs- ---C::. 

O+---r---r--------.---------.--------.---r-----, 

1 2 3 4 5 6 7 

Time(h) 

1-----<>- Ti --D- TiW 10 -:6. Tirvlo 1 01 

Figure 6.8 

Deactivation studies on Ti, TiWlO and TiMolO 

From the plots, it is evident that there is no appreciable change in the 

aniline conversion activity of the modified titania catalysts with time. In 

addition, the product selectivity also remained almost unchanged during 8h on 

stream. The modificaion of titania with both transition metals and rare earth 

metals improves the stability of the catalyst, thereby rendering a better 

catalytic perfonnance. This indicates that there is no apparent deactivation of 

the catalysts at the selected reaction temperatures. 
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Figure 6.9 

Deactivation studies on TiPrlO, TiLalO and TiSmlO 

6.8 Comparison of Catalyst systems 

The methylation of aniline is carried out over the prepared systems 

under the optimized reaction conditions. A comparative evaluation of the 

catalytic activity of both transition metals and rare earth metals incorporated 

titania systems for the methylation of aniline is described in table 6.9 and 6.10 

respectively. The catalyst systems predominantly give N-alkylated products 

like NMA and NNDMA in preference to the C-alkylated product like toludine. 

The percentage conversion varies from 21.1 in the case of pure titania to 75.4 

in case of TiLa2. The metal incorporation has a profound influence in the 

percentage aniline conversion as well as product distribution. 
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Table 6.9 

Influence of Transition Metals on Aniline Methylation 

Systems Conversion Selectivity (%) 

(%) NMA NNDMA Toludines 

Ti 21.1 45.7 52.1 2.2 

TiMo2 64.1 39.2 54.5 6.3 

TiM06 68.4 72.3 15.7 12.0 

TiMolO 51.1 66.5 18.7 14.8 

TiCr2 57.0 39.2 48.5 12.3 

TiCr6 71.6 50.8 35.1 14.1 

TiCrlO 68.6 40.3 42.1 17.7 

TiW2 30.2 44.0 42.6 13.4 

TiW6 72.6 40.1 42.7 17.2 

TiWlO 53.8 61.4 26.1 12.5 
Catalyst We1ght-O.5g, Reactton temperature-350d C, Flow Rate-4mllh, 

TimDuration-2h, Methanol:Aniline-7: I 

In transition metal incorporated titania systems, maximum activity is 

shown by 6% metal incorporated systems, and thereafter the percentage 

conversion decreases. But in rare earth metal incorporated systems, the 

percentage conversion shows a regular decrease when the percentage of metal 

incorporation increases. Maximum catalytic activity is shown by 2% metal 

incorporated ones. An attempt was made to correlate the catalytic activity of 

the systems with their corresponding acidic properties. No apparent 
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dependence could be obtained between the catalytic activity and the relative 

amounts of strong, medium or weak acid sites. 

Table 6.10 

Influence of Rare Earth Metals on Aniline Methylation 

Systems Conversion Selectivity (%) 

(%) NMA NNDMA Toludines 

Ti 21.1 45.7 52.1 2.2 

TiLa2 75.4 53.5 36.5 10.0 

TiLa6 62.6 63.1 27.1 9.8 

TiLalO 52.6 62.3 16.2 7.7 

TiPr2 58.9 44.5 40.4 15.1 

TiPr6 32.4 54.1 23.5 22.4 

TiPrlO 28.1 64.3 8.2 29.3 

TiSm2 52.1 41.3 32.9 25.8 

TiSm6 48.5 41.8 36.6 21.6 

TiSml0 38.1 40.6 39.7 19.8 

Catalyst weJght-O.5g, ReactIOn temperature-350°C. Flow Rate-4mllh, 

Duration-2h, Methanol:Aniline-:7: I 

It was postulated that weak and moderate acid sites are sufficient for N

alkylation, whereas strong acid sites initiate C-alkylation56-6o. A good 

correlation is obtained between the percentage selectivity of the products and 

the acidic properties of the system. The correlations between the %NMA 

selectivity and weak acidity is given in figures 6.10 to 6.11. Similarly a good 

correlation is obtained between the percentage toludine selectivity and strong 

acidity obtained from NH3 TPD and it is represented in figures 6.12 and 6.13. 
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6.9 Mechanism of the Reaction 

Aniline alkylation is a multistep acid catalyzed reaction and the amount 

and distribution of acidity influences the conversion of aniline and the product 

selectivity. In the present study, good correlations are obtained between the 

weak acidity and the %NMA selectivity and also the strong acidity and % 

toludine selectivity. From this, the role of weak acid sites in promoting N

alkylation and strong acid sites in promoting C-alkylation is clearly 

understood. Similarly no correlation could be observed between the Bronsted 

and Lewis acidity of the samples and the respective conversions and product 

selectivities. Thus, a combined effect of the different acidic sites along with the 

basic nature may be deciding the catalytic activity of the systems for 

methylation of aniline. 

Due to the ortho I para orientation effect imparted by the delocalization 

influence of the unshared pair of electrons over the amino group into the 

benzene ring, the expected major products are ortho and/or para C-alkylated 

aniline61
• But due to the adsorption of aniline over the surface, alkylation can 

give N-alkylated products. The catalyst also plays a major role in releasing the 

electrophile from the alkylating agent. Aniline being a stronger base than 

methanol, it gets adsorbed preferentially over the Lewis acidic sites59
-
6o

• A 

plausible mechanism involving both Bronsted and Lewis acidic sites are given 

in figure 6.14. The high electronegativity of the oxygen of methanol, leading to 

hydrogen bonding with hydroxyl protons of the Bronsted sites and thus 

methanol is adsorbed over the Bronsted sites. Protonation of alcohol, 

dehydration and subsequent formation of ether linkage of the released 

carbocation may follow. 
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Figure 6.14 

Mechanism of Aniline Methylation Reaction 

On the Lewis sites, the adsorbrd aniline may lose a proton to balance 

the positive charge developed on the nitrogen. The high electronegativity of 

oxygen in the ether linkage results in the development of partial positive 
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charge on the alkyl side chain, initiating heterolytic cleavage of polar O-C 

bond and shift of alkyl carbocation to nitrogen. Thus the necessary condition 

for the reaction to take place in the desired direction is that aniline should 

adsorb on Lewis sites and methanol on Bronsted acid sites. In the present 

study, more than 70% selectivity of the N-alkylated product is obtained. 

6.10 Conclusions 

The methylation of aniline is carried out efficiently over the prepared 

catalytic systems. The percentage N-methyl selectivity is more than that of C

alkylated product selectivity in all the systems. The influence of various 

reaction parameters like reaction temperature, flow rate and aniline to 

methanol molar ratio were found to influence the catalytic activity and 

selectivity. An acceptable correlation is obtained between various types of 

acidity obtained from NH3 TPD as well as percentage product selectivities. A 

reaction mechanism involving the combined action of Bronsted and Lewis acid 

sites has been proposed for the alkylation of aniline over titania and modified 

titania systems. 
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6.11 Introduction 

Section C 

Methylation of Anisole 

There is currently a significant world wide interest in the use of solid 

acid and base catalysts to promote various organic reactions, of industrial 

importance, since such systems often give value added products with improved 

selectivity without creating major burdens to the environment. The selective 

synthesis of alkyl phenols especially o-cresol and 2,6-xylenol is receiving 

increasing interest in recent years because of their importance as intermediates 

for the synthesis of a variety of resins, herbicides, pesticides and other 

chemicals62
-64. Xylenol or dimethylphenol is a benzene-derivative with two 

methyl groups and a hydroxyl group. Six isomers exist for xylenol of which 

2,6-xylenol with both methyl group in a ortho position with respect to the 

hydroxyl group is the most important. The name xylenol is a contraction of two 

similar compounds xylene and phenol. Together with cresols and cresylic acid, 

xylenols are an important class of phenolics with great industrial importance. 

Xylenols are used as pesticides and used in the manufacture of antioxidants. 

Xylenol orange is a redox indicator built on a xylenol skeleton. 2,6-xylenol is a 

monomer for Poly(p-phenylene oxide) engineering resins through carbon -

oxygen oxidative coupling. In one study 2,6-xylenol is oxidized with 

iodosobenzene diacetate with a five fold excess of the phenol65
• 

Alkylation of alkoxy benzenes thus becomes a very important reaction 

from the industrial point of view66.The synthesis of 2,6-xylenol by the 

alkylation of phenol with methanol has been attempted over different metal 

oxide catalysts67
•
71

• It is known that anisole can undergo intramolecular 
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rearrangement reaction to o-cresol or intermolecular rearrangement between 

two molecules to give methyl anisole and phenol. Also, dealkylation reactions 

can prevail depending upon the reaction conditions or acid-base properties of 

the catalyst. Apart from the acid-base properties of the catalysts, the product 

selectivity is often influenced by the operating conditions and the nature of 

alkylating agent. Bautista and co-workers found that dealkylation to phenol is 

predominant over AIP04-Ah03 catalysts in the alkylation of anisole with 

methanol 72. Jyothi et al reported the selective synthesis of 2,6-xylenol by the 

reaction of anisole and methanol over solid base catalysts comprising of tin 

oxide and rare earth elements like Lanthanum Cerium and Samarium as 

promoters 73. It has also been reported that the incorporation of weak acid sites 

and comparatively stronger basic sites are responsible for the selective 

methylation of phenol to o-cresol and 2,6_xyleno174075. 

6.12 Process Optimization 

Methylation of anisole was carried out over a fixed bed down flow 

glass reactor under a constant flow of nitrogen. O.5g of the powdered catalyst 

was loaded in the middle of the reactor and placed in a temperature controlled 

furnace with a thermocouple for measuring the reaction temperature. The feed, 

which contains a mixture of anisole and methanol, was passed using a syringe 

pump. The product was cooled in a water cooled condenser, collected in a 

receiver and analyzed using a Gas Chromatograph (Chemito GC 1000) using 

BP! capillary column (l2mx O.32m) with FID detector. The major product 

obtained in this reaction is 2,6-xylenol. Small amounts of phenol, o-cresol as 

well as methyl anisole are obtained during the course of the reaction. No peak 
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corresponding to the fonnation of trimethyl phenol is obtained from the GC 

results. The scheme of anisole methylation reaction is given in figure 6.15. The 

optimization of the reaction variables such as reaction temperature, flow rate 

and molar ratio of anisole and methanol is done to get maximum conversion as 

well as product selectivity. 

Anisole 

(c) 

__ ~_:_)~_:_~ ___ . &CHl 

CH30 

(a) 

Methyl Anisole 

OH 

&: CH, (b) H'C~CH3 
I /' --'--'------------- I 

/'/' CH30H // 
o-Cresol 2,6-xylenol 

Figure 6.15 

Pathways of Anisole Methylation 

(a) Ortho Alkylation, (b) C-Alkylation, (c) Intennolecular Reaction 

6.12.1 Influence of Reaction Temperature 

The anisole conversion and product selectivity as a function of reaction 

temperature is shown in table 6.11. The anisole conversion increased with 

temperature and attained a maximum of 44.6% at 380°C. Thereafter the 
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percentage anisole conversion decreases considerably. This can be attributed to 

the decomposition of methanol at higher temperatures. Maximum 2,6-xylenol 

selectivity was attained at 380°C but at higher temperatures it decreases. The 

percentage selectivity of methyl anisole decreases appreciably as the 

temperature increases. Methyl anisole as soon as it is fonned gets converted to 

other products. Another interesting observation is that the percentage phenol 

selectivity increases with the increase of reaction temperature. The possibility 

of fonning the dealkylated product increases with temperature. 

Table 6.11 

Influence of Reaction Temperature on the Methylation of Anisole 

Reaction Percentage Selectivity (%) 

TemperatureoC Conversion 2,6-xylenol Phenol Cresol Methyl Anisole 

340 19.5 43.6 3.1 22.8 30.6 

360 22.9 39.9 6.2 26.2 27.7 

380 44.6 65.5 7.3 12.6 14.6 

400 22.9 50.9 18.7 45.6 4.8 

420 18.8 47.5 41.3 30.2 1.0 

Catalyst-O.5g bLalO, Flow Rale-5mUli, Amsole: MethanoI-I:5 

6.12.2 Influence of molar ratios of anisole and methanol 

The effect of anisole to methanol molar ratio on the product selectivity 

was investigated at 380 QC taking several anisole to methanol molar ratios over 

TiLalO catalyst to select an optimum feed mix. The major product fonned was 

2,6-xylenol along with small quantities of phenol, methyl anisole and cresol. 

The results are presented in table 6.12. The selectivity to methyl anisole 
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decreases with mcrease m the molar ratio of methanol and anisole. The 

percentage selectivity of the dealkylated product does not vary appreciably 

with the increase of methanol content. An optimum molar ratio of 1:7 

(anisole:methanol) is chosen for the reaCtion as it gives good conversion and 

better selectivity. 

Table 6.12 

Influence of methanol/anisole molar ratio on the Methylation of Anisole 

Methanol/ Percentage Selectivity (%) 

Anisole Conversion 2,6-xylenol Phenol Cresol Methyl Anisole 

3 25.4 54.2 6.5 10.5 28.8 

5 44.6 65.5 7.3 12.6 14.6 

7 32.1 46.7 6.3 30.9 16.1 

9 19.6 45.2 7.1 34.5 13.3 
Catalyst-O.5g 'I .LaW, Flow Rate-5mllh, Reaction Temperature-380"C 

6.12.3 Influence of Flow Rate 

The effect of flow rate on anisole conversIOn as well as product 

selectivity is shown in table 6.13. The flow rate is varied from 3 to 7mIJh, 

keeping all other reaction parameters identical. When the flow rate increases 

from 3 to 5mllh, a gradual increase of anisole conversion from 34.2 to 44.6 % 

is noticed. After that anisole conversion decreases with flow rate. It can be 

seen that the selectivity of methyl anisole increases with increase in flow rate 

with a concomitant decrease in the selectivity of 2,6-xylenol. This suggests that 

methyl anisole is the possible intermediate in the formation of 2,6-xylenol. The 

isomerisation of methyl anisole to 2,6-xylenol further supports this reaction 
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pathway. Hence, conversion of anisole to 2,6-xylenol in the presence of 

methanol must be taking place in two consecutive reactions (a) the fonnation 

of methyl anisole from anisole and (b) isomerisation of methyl anisole to 2,6-

xyleno!. When anisole alone was passed over the catalyst under similar 

conditions phenol and o-cresol were detected as major products but the 

conversion was low. 

Table 6.13 

Influence of flow rate on the Methylation of Anisole 

Flow Rate Percentage Selectivity (%) 

mlth Conversion 2,6-xylenol Phenol Cresol Methyl Anisole 

3 34.2 61.3 12.8 15.7 10.2 

4 39.4 59.1 8.5 19.6 12.8 

5 44.6 65.5 7.3 12.6 14.6 

6 35.1 42.2 8.1 23.9 25.8 

7 30.5 37.2 6.9 19.5 36.4 
Catalyst-O.5g ftLalO, Anisole: Methanol-I :5, ReactIOn Temperature-380"C 

6.12.4 Effect of Time on Stream 

One of the major criteria required for a good catalyst is its stability over 

the course of the reaction. Retention of the catalytic activity and desired 

product selectivity is the most sought after property of a catalyst. Thus, a time 

on stream study becomes highly important in the field of catalysis. A time on 

stream study was performed with different systems under optimized reaction 

conditions (Catalyst-0.5g, Anisole: Methanol-l :5, Reaction Temperature-

380°C, Flow rate-5mVh). Figures 6.16 and 6.17 describe the effect of time on 
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stream on the conversion of anisole with methanol over various catalyst 

systems. The selectivity pattern is almost silimilar over the systems. 

160 

~' 
~ 120 

\:::: 
0 ..... 
~ 80 
Cl) 

~ 
0 40 u 

1 2 345 6 
Time(h) 

7 

1--0-- Ti -V- TiCr6 --l:l-- TiW 61 

Figure 6.16 

8 

Effect of time on stream over Ti, TiCr6 and TiW6 

The deactivation pattern of transition metals incorporated titania 

systems differs considerably from rare earth metals incorporated systems. In 

the earlier case, a continuous loss in the catalytic activity with time is 

observed. But in rare earth metal incorporated systems, an initial deactivation 

was observed over all the catalysts and thereafter attained a stable activity. The 

deactivation of pure titania is fast compared to their modified forms shows that 

modification with other metals improves the stability of titania, besides 

increasing their catalytic activity. The faster deactivation can be explained in 

terms of coke deposition. 
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Effect of time on stream over TiLa6, TiSm6 and TiPr6 

6.13 Comparison of Catalyst Systems 

Anisole methylation is carried out under the optimized reaction 

conditions over the prepared catalyst systems. The effect of transition metals as 

well as the rare earth metals on the catalytic activity and selectivity of the 

systems is given in tables 6.14 and 6.15. Pure titania possess a catalytic activity 

of 10.5 in this reaction with a xylenol selectivity of 47.5%. The selectivity to 

methyl anisole is more in the case of pure titania than others. Both transition 

metals and rare earth metals enhance the catalytic activity of pure titania. In all 

the systems, the major product obtained is 2,6-xylenol. Among the various 

transition metals, chromium incorporated titania systems are found to be most 

active. These systems also show the highest xylenol selectivity. 
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Table 6.14 

Effect of Transition Metals on Anisole Methylation 

Systems Conversion Selectivity 

(%) Phenol Cresols 2,6-xylenol Methyl Anisole 

Ti 10.5 7.4 24.3 47.5 20.7 

TiM02 40.2 9.8 14.2 69.4 6.5 

TiM06 52.4 3.8 12.1 74.2 9.9 

TiMoI0 65.5 2.7 7.1 84.1 6.2 

TiCr2 50.6 2.8 7.5 80.1 9.6 

TiCr6 61.3 1.9 3.3 88.8 5.0 

TiCrlO 67.3 1.0 6.7 84.3 7.9 

TiW2 48.6 5.9 19.9 63.3 11.0 

TiW6 55.0 2.2 4.7 80.3 12.7 

TiWlO 56.0 1.0 18.5 72.5 8.0 
Catalyst-O.5g l!LalO, Amsole: Metfianol-I :5, ReactIon [ emperature-380DC, Flow Rate-5mUh 

Among the rare earth metals, praseodymium incorporated titania 

systems are showing maximum catalytic activity as well as xylenol selectivity 

in anisole methylation reaction. An attempt to investigate the influence of the 

metal loading on the catalytic activity is quite reasonable. As expected, the 

variation in metal loading had a significant impact on the catalytic activity as 

well as product selectivity. A common trend in the percentage anisole 

selectivity is observed among all the modified systems. As the percentage of 

metal incorporation increases, there is a reduction in the rate of dealkylation of 
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anisole to phenol. In all the metal incorporated systems, the percentage anisole 

conversion increases with the metal content. 

Table 6.15 

Effect of Rare Earth Metals on anisole methylation 

Systems Conversion Selectivity 

(%) Phenol Cresols 2,6-xylenol Methyl Anisole 

Ti 10.5 7.4 24.3 47.5 20.7 

TiLa2 40.9 10.8 4.8 76.6 7.8 

TiLa6 44.0 8.6 17.8 60.1 13.5 

TiLalO 44.6 7.3 12.6 65.5 14.6 

TiPr2 40.9 5.7 2.9 79.3 12.1 

TiPr6 48.8 4.7 10.0 82.2 3.0 

TiPrlO 51.5 3.8 6.7 85.1 4.5 

TiSm2 42.5 10.0 21.0 57.9 11.1 

TiSm6 61.3 6.49 17.47 56.1 19.9 

TiSmlO 61.9 4.7 17.4 54.3 23.6 

CataIyst-O.5g I ILalO, Amsole : Methanol-I :5, ReactIon I emperature-380oC, Flow Rate-5mUh 

The acid base properties of the catalysts affect the final selectivity of 

heterogeneous catalysts 76. Figures 6.18 and 6.19 gives the correlation between 

the percentage anisole conversion and the percentage cyclohexanol 

decomposition reaction. Similarly a good correlation is obtained between the 

2,6-xylenol selectivity and strong acidity assessed by ammonia TPD and the 

results are compiled in figures 6.20 and 6.21. 
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Cyclohexanol decomposition reaction is a typical test reaction for 

investigating the acid-base properties of the catalytic sites on the metal 

oxides77
-
79

. Studies utilizing different alcohols showed that acid sites on the 

catalyst cause dehydration of the alcohol molecule and the basic sites cause 

dehydrogenation8o
• So the percentage of cyc1ohexanol decomposition gives an 

idea about both the acidic and basic sites. In the present study, the percentage 

anisole conversion is well correlated with the percentage cyc1ohexanol 

decomposition reaction. So it can be concluded that the methylation of anisole 

occurs on the acidic as well as basic sites of the prepared catalysts. It is also 

clear that the strong acid sites present in the catalyst are responsible for the 

formation of 2,6-xylenol. 

6.14 Conclusions 

The formation of alkylated phenols is a major area of chemistry and 

clean processes are required. The conversion of anisole to 2,6-xylenol is an 

important target, and the prepared titania and modified titania catalyst systems 

may provide the answer. The acid-base properties of the prepared catalysts are 

responsible for the methylation of anisole. The high selectivity to 2,6-xylenol 

can be attributed to the presence of strong acidic sites present in the catalyst. 

The product selectivity is also influenced by reaction temperature, flow rate as 

well as the molar ratio of anisole and methanol. 
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Catalytic Dehydrogenation 

Abstract 

The dehydrogenation of cyclic alkanes and alkenes to aromatic 

molecules is one of the key reactions during naphtha reforming. The 

hydrogenation of olefins is also an important reaction in the chemical 

technology. The area is rapidly developing due to a great deal of research 

effort. Developments in dehydrogenation should bring more selective and 

active catalysts and oxidative dehydrogenation to increase thermodynamically 

limited conversion. The vapour phase dehydrogenation of cyclohexane as well 

as cyclohexene is carried out over the prepared systems. The influence of 

reaction temperature and flow rate is investigated in detail. The percentage 

conversion as well as the selectivity to the dehydrogenated product has an 

intimate dependence with the reaction time. The surface acidity of the 

prepared systems can be correlated with the percentage cyclohexane 

conversion. 
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7.1 Introduction 

Growing interest IS observed towards the hydro-dehydrogenation 

catalysts due to the legal limits of aromatic emission in exhaust gasesl-2• 

Hydrogenation and dehydrogenation of organic compounds is the oldest and 

most diverse catalytic process3
• Six membered alicyclic rings can be 

aromatized in a number of ways. Aromatization can be easily accomplished if 

there are already one or two double bonds in the ring or if the ring is fused to 

an aromatic ring4. Direct non oxidative catalytic decomposition of 

hydrocarbons is an alternative one step process to produce hydrogen of the 

required purity. The dehydrogenation of cyclohexane as well as cyclohexene is 

carried out over different catalyst systems and benzene i.s reported to be the 

major product in both the casesS
•

11
• 

Benzene cannot be considered to be a useful product because 

cyclohexane is mostly produced by hydrogenation of benzene itselC 2
• 

However, cyclohexane is also available in large amounts in naphthas, so it can 

be recovered from them although with quite demanding procedures. In 

particular, a significant concentration of cyclohexane occurs in the side 

fraction of the so-called benzene heartcut tower, a refmery distillation tower, 

where a benzene-rich fraction (50% of benzene) is separated from a heavy 

gasoline bottom and a light gasoline head fraction, both fulfilling the 1% 

maximum limit for benzene in commercial gasoline 13 • This side fraction can be 

considered a relatively low-value by-product of the refinery and is used to 

provide benzene for petrochemical processes. Due to the important role of 

benzene as an intennediate in petrochemistry, processes for conversion of low

value hydrocarbons into benzene, such as aromatization of light alkanesl4, are 
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under development. In this context, the conversion of cyclohexane, either 

recovered from the benzene heartcut tower side fraction, or still in mixture 

with benzene, can be a way to enhance the production of benzene and to fulfill 

the need for benzene in some cases. 

The dehydrogenation of cyclohexane to benzene on Pt catalysts as a 

prototypical hydrocarbon reforming reaction was first recognized by Zelinskii 

in 1911 15 and introduced commercially in 1949. The typical hydrocarbon 

reforming catalysts consists of I nm Pt particles supported on alumina. 

Cyc10hexane dehydrogenation has been studied extensively on Pt single 

crystals using surface science techniques 16.32. Grant et al studied the 

dehydrogenation of cyclohexane on Pt/ZnO (0001)-0 model catalysts with 

temperature programmed desorption (TPD), low-energy ion scattering 

spectroscopy, and X-ray photoelectron spectroscopY3. 

Don A. Perry and John C. Hemminger described the effect of 

coadsorbed hydrogen on the initial step in the dehydrogenation of cyclohexane 

on Pt (Ill )34. The experiments show that the initial step in the 

dehydrogenation of cyclohexane is dramatically altered by the presence of 

saturation amounts of surface hydrogen or deuterium. The hydrocarbon-surface 

interaction is substantially weakened, yet the activation energy for initial 

dehydrogenation is lowered by approximately 20%. While other possible 

explanations may exist, their results are consistent with a o--bond metathesis 

mechanism for the initial step in the dehydrogenation of cyclohexane on a 

hydrogenated Pt surface. 

Tiscareno-Luchega et al. studied the dehydrogenation of cyclohexane 

to benzene in a porous alumina oxide reactor packed with platinum! silica 
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oxide supported catalyst and potassium promoted iron oxide catalysts, 

respectivelY5. Terry et al. investigated in detail the catalytic dehydrogenation 

of cyclohexane using silica oxide coated ceramic membranes36
• The effect on 

reaction yield, membrane permeability, and membrane selectivity of altering 

pore size by addition of successive thin film layers (silica oxide particles in an 

iron (III) supported solution) to the membrane surfaces was the primary focus 

of the study. The dehdrogenation of cyclohexane is also carried out over 

platinum-tin-alumina sol-gel catalysts. It is shown that the metal active 

exposed area, determined by the cyc10hexane dehydrogenation rate is not a 

function of the platinum precursor used, but rather a function of the specific 

surface area of the support37
• Pal Teenyi and Victor Galsan studied the 

correlation between cyclohexane and thiophene conversion on alumina 

supported Ni and NiMo catalysts. The electron transfer between Ni and Mo is 

significant in both the reactions38
,1. 

The hydrogenation and dehydrogenation reactions of cyc10hexene on 

Pt( 111) crystal surfaces were investigated by surface vibrational spectroscopy 

via sum frequency generation (SFG) both under vacuum and high pressure 

conditions with 10 Torr cyclohexene and various hydrogen pressures39
• 

Previous surface science studies of cyclohexene chemisorption on Pt(III) in 

vaccum found that the molecule dehydrogenates readily to benzene around 

300K40
-49. The dehydrogenation of cyclohexene over carbon deposited on 

alumina, C/Ah03, which was prepared by contacting hydrocarbons such as 

cyclohexane, cyclohexene and cyclohexanone was investigated under non

oxidative conditions50
• The selectivity to the dehydrogenated products such as 

benzene and I ,3-cyc1ohexadiene was maximized at specific carbon content. 
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7.2 Process Optimization 

The vapour phase dehydrogenation of cyclohexane and cyclohexene 

were carried out in a fixed bed down flow glass reactor under the flow of 

nitrogen with O.S g of catalyst being placed. Prior to the reaction, the catalyst 

sample was activated at SOO°C for 2h. Then it is placed in the middle part of 

the reactor, supported on either side with a thin layer of glass wool and ceramic 

beds. The reactor was placed in an electrical furnace, and the reaction 

temperature was monitored using a thermocouple located in the reactor center. 

The product stream at the reactor exit was collected in an ice cooled trap and 

then analyzed by Gas Chromatography (Chemito GC 1000) using BPl 

capillary column (12mx O.32m) with FID detector. The catalytic performance 

was evaluated by the conversion and the selectivities obtained during the 

process time. 

The reaction conditions like reaction temperature and flow rate is 

optimized to get good results for all the prepared catalyst systems. The 

,influence of catalyst is very clear when a blank run is carried out. In the 

absence of the catalyst, the percentage conversion is less than one. In the 

catalytic dehydrogenation of cyclohexane, benzene and minor amounts of 

cyclohexene is obtained. A very small percentage of other products like methyl 

cyclopentenes are also formed besides the selective formation of benzene. In 

the present chapter, the optimization of reaction conditions are done for the 

dehydrogenation of cyclohexane only and under that optimized conditions, the 

dehydrogenation of cyclohexane as well as cyclohexene is carried out over the 

prepared catalyst systems. 
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7.2.1 Effect of Temperature 

Preliminarily, the effect of reaction temperature on the catalytic 

conversion of cyclohexane as well as its selectivity was examined. The results 

are given in table 7.1. With the increase of reaction temperature, there is a 

gradual increase in the cyclohexane conversion from 6.0% to 35.3%. Benzene 

selectivity also increases with temperature. When the reaction temperature is 

475°C, maximum benzene selectivity as well as least formation of other 

products like methyl cyclopentanes is observed. Further increase of 

temperature may change the structure of the catalyst and so a reaction 

temperature of 475°C was chosen for all the reactions. It was also assumed that 

the deactivating compound gets readily desorbed at elevated t~mperatures. 

Table 7.1 

Influence of Reaction Temperature on the dehydrogenation of cyclohexane 

Reaction Cyclohexane Selectivity (%) 

Temperature (OC) Conversion (%) Benzene Cyclohexene Others 

400 6.0 75.6 15.0 9.4 

425 10.2 84.3 5.9 9.8 

450 18.6 91.9 3.0 5.1 

475 35.3 95.6 3.0 1.4 
Catalyst chosen- O.5g hMoIO, DuratIon-lh, Flow Rate-3mIlh 

7.2.2 Effect of flow rate 

Table 7.2 shows the influence of flow rate on the catalytic activity and 

product selectivity. The flow rate alters the contact time and at high flow rate, 

the encounter of the reactants and the products with the catalyst surface will be 
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less compared to that at lower feed rates. Progressive increase in the 

cyclohexane conversion is noticed with increase in flow rate upto 3mllh and 

thereafter it decreases. As the flow rate increases, benzene selectivity increases 

initially, reaches a maximum and thereafter it decreases. The fonnation of 

other products is less at higher feed rates because the reactants are in contact 

for less time and hence side reaction is suppressed. An optimum flow rate of 

3mllh is chosen for all the reactions considering its highest percentage 

conversion as well as benzene selectivity. 

Table 7.2 

Influence of Flow rate on the dehydrogenation of cyc10hexane 

Flow Rate Cyclohexane Selectivity (%) 

(mllh) Conversion (%) Benzene Cyclohexene Others 

1 12.1 75.9 8.6 15.6 

2 25.3 89.2 4.9 5.9 

3 35.3 95.6 3.0 1.4 

4 21.4 90.2 9.5 0.3 

5 20.6 85.5 14.4 0.1 
Catalyst chosen- 0.5 g IIMo 10, DuratIOn-I h, ReactIOn r emperature-4756 C 

7.2.3 Effect of time on Stream 

The lowering of activity with time on stream is a common problem 

associated with heterogeneous catalysts. To study this, the reaction was carried 

out continuously for 5h over the prepared catalysts under optimized reaction 

conditions and the product analysis was done at regular intervals of 30 

minutes. The results obtained are shown in figures 7.1 and 7.2. 
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Figure 7.1 

Deactivation studies of titania as well as transition metal incorporated titania in 

the dehydrogenation of cyc10hexane 
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Figure 7.2 

Deactivation studies of rare earth metal incorporated titania in the 

dehydrogenation of cyclohexane 
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The catalytic dehydrogenation of cyc10hexene is also carried out 

effectively over the prepared systems. The deactivation studies of some of the 

systems were done under the optimized reaction conditions. The reaction 

mixture was collected at every 30 minutes and the results are depicted in figure 

7.3. 
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Figure 7.3 

Deactivation studies of tit ani a as well as metal incorporated titania in the 

dehydrogenation of cyclohexene. 

The catalyst systems show small drops in the catalytic activity for 2h, 

but in the subsequent hour there is a sudden loss in catalytic activity. After that 

the deactivation rate is gradual in the dehydrogenation of cyc1ohexene. This 

indicates that when the reaction progresses, the number of active sites for 

dehydrogenation decreases upon coke deposition. Similar trends in benzene 

selectivity are also observed among the prepared catalytic systems. Similarly 

as the reaction time increases, there is chance for the formation of light 

hydrocarbons by decomposition. 
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7.3 Comparison of Catalyst Systems 

After optimization studies, catalytic activity of all the prepared systems 

were evaluated using 0.5g of the catalyst and a reaction temperature of 475°C 

at a flow rate of 3 mllh. The results for cyclohexane dehydrogenation over 

transition metal incorporated as well as rare earth metal incorporated systems 

are presented in tables 7.3 and 7.4 respectively. 

Table 7.3 

Influence of Transition metals on the dehydrogenation of cyclohexane 

Systems % Cyclohexane Selectivity (%) 

Conversion Benzene Cyclohexene Others 

Ti 11.0 91.4 7.6 1.0 

TiMo2 22.7 95.4 4.1 0.6 

TiM06 40.4 93.3 5.7 1.0 

TiMolO 55.3 95.6 3.0 1.4 

TiCr2 29.6 95.3 3.0 1.7 

TiCr6 35.3 92.1 6.7 1.2 

TiCrlO 68.0 96.2 2.1 1.7 

TiW2 22.2 80.5 18.4 1.1 

TiW6 25.5 77.4 19.0 3.6 

TiWlO 30.3 71.0 25.6 3.4 
Catalyst wetght-O.5g, DUratIon-) h, Flow rate-3ml/fi, [ emperature-4756C 

Pure titania gave only a very low conversion under the specified 

reaction conditions. An interesting observation is the enhanced benzene 

selectivity of the reaction. Titania alone is efficient enough to give a good 

selectivity of benzene during the reaction. Among the various metal 
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incorporated systems, a notable observation was the increase in percentage 

conversion with the increase in the metal content. Among the different 

transition metals, molybdenum incorporated systems are having highest 

catalytic activity in dehydrogenating cyclohexane with a better selectivity of 

benzene. This can be attributed to the enhanced amount of acidic sites present 

in the catalyst systems. Among the rare earth metals, praseodymia incorporated 

systems are having highest catalytic activity. The catalyst aids the 

transformation of cyc10hexane to cyc10hexene more easily and the formation 

of benzene from cyclohexene is a slow process in this case. But the selectivity 

to benzene is more in the case of lanthana modified systems. 

Table 7.4 

Influence of Rare Earth metals on the dehydrogenation of cyclohexane 

Systems % Cyc10hexane Selectivity (%) 

Conversion Benzene Cyc10hexene Others 

Ti 11.0 9104 7.6 1.0 

TiLa2 17.3 88.5 lOA 1.1 

TiLa6 24.8 90.1 7.5 2.5 

TiLalO 26.5 93.1 4.9 2.0 

TiPr2 30.8 78.2 17.9 3.8 

TiPr6 40.6 75.3 22.8 2.0 

TiPrlO 46.0 73.9 24.1 2.0 

TiSm2 19.0 82.8 14.1 3.1 

TiSm6 22.1 75.3 18.8 5.9 

TiSmlO 24.6 72.3 23.5 4.1 
Catalyst welglit-O.5g, DuratIon-I h, Flow rate-3mIlh, I emperature-475OC 
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The dehydrogenation of cyclohexene is carried out over the prepared 

systems and the results are given in tables 7.5 and 7.6. The major product 

obtained in this reaction is benzene. The following three reactions are 

considered to be alternatives; release of hydrogen molecule, hydrogenation of 

cyc10hexene to cyc10hexane and formations of smaller hydrocarbons by 

hydrogenolysis of cyclohexene. When the second reaction is dominant, the 

overall reaction is described as disproportionation. In the present study, the 

dehydrogenation occurs predominantly over disproportionation. Comparatively 

lower temperature used in the present study leads to a very low formation of 

cracking products. 

Table 7.5 

Influence of Transition metals on the dehydrogenation of cyclohexene 

Systems Conversion (%) Selectivity (%) 

Benzene Cyclohexane Others 

Ti 12.7 70.3 21.8 7.9 

TiM02 29.9 86.6 13.1 0.3 

TiM06 43.5 81.9 14.2 2.5 

TiMolO 62.4 83.7 13.8 2.5 

TiCr2 44.4 89.1 7.9 3.1 

TiCr6 48.7 85.6 9.8 4.7 

TiCrlO 55.S 88.6 11.3 0.1 

TiW2 38.8 75.6 19.9 5.6 

TiW6 42.4 85.8 lOA 3.8 

TiWIO 43.9 80.7 18.1 1.1 
Catalyst weIght-O.5g, Ouratton-Ih, Flow rate-3mVh, Temperature-4756c 
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Pure titania is having a cyclohexene conversion of 12.73% with a 

benzene selectivity of 70.34%. Both transition metals and rare earth metals 

enhance the dehydrogenation of cyclohexene with good benzene selectivity. 

Table 7.6 

Influence of Rare Earth metals on the dehydrogenation of cyclohexene 

Systems Cyc10hexene Selectivity (%) 

Conversion (%) Benzene Cyc10hexane Others 

Ti 12.7 70.3 21.8 7.9 

TiLa2 34.0 81.6 9.4 9.1 

TiLa6 38.6 80.7 15.8 3.5 

TiLal0 37.6 79.8 10.3 9.9 

TiPr2 48.7 78.1 13.7 8.2 

TiPr6 55.2 82.5 14.6 3.0 

TiPrl0 60.3 81.0 9.9 9.2 

TiSm2 40.6 78.6 11.8 9.6 

TiSm6 39.2 81.2 10.5 8.3 

TiSmlO 40.5 83.6 12.4 4.1 
Catalyst welght-O.5g, Duratton-Ih, Flow rate-3mVh, Temperature-475"C 

From the literature, there is evidence that surface acid sites play an 

important role in the dehydrogenation reaction. A good correlation is obtained 

between the total acidity obtained from ammonia TPD and the percentage 

cyclohexane as well as cyc10hexene conversion among the various catalyst 

systems. Figures 7.4 to 7.7 illustrate that the total acidity plays a decisive role 

in the dehydrogenation of cyc10hexane and cyc1ohexene. 
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7.4 Conclusions 

Modified titania catalysts are found to exhibit high activity and 

selectivity in the dehydrogenation of cyclohexane and cyclohexene. The 

reaction always yielded benzene as the predominat product. The catalytic 

activity is significantly affected by the reaction parameters like temperature of 

the reaction, flow rate and reaction time. The total surface acidity of the 

prepared catalyst systems plays an important role in determining the catalytic 

activity. 
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Chapter 8 

PHOTOCATALYSIS 

Introduction and Literature Survey 

Abstract 

For the passed few years, research activities in the domain of 

photocatalysis have acquired a strong momentum. Today photocatalysis is 

regarded as a key technology, and consequently gives rise to research 

programmes and application developments in the world over. This established 

research methodology provides the framework for a broader outline of research 

into enhancement of indoor air quality via photocatalytic oxidation. As an 

"environmentally harmonious catalyst ", titania photocatalysts have been some of 

the most actively investigated catalysts for applications in systems that can 

effectively address environmental pollution. The potential for the effective 

utilization and conversion of solar energy makes research into the modifications 

of the electronic properties of TiO} photo catalysts which are able to absorb and 

operate efficiently even under visible light irradiation. One of its main advantages 

is to make it possible to obtain complete mineralization of pollutants while not 

degrading the environment. 
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8.1 General Introduction 

Heterogeneous photocatalysis has been intensively examined from both 

fundamental and practical perspectives especially in environmental 

remediation scenarios in recent years 1-3. In 1972, Fujishima and Honda 

discovered the photocatalytic splitting of water on Ti02 electrodes4 and this 

event marked the beginning of a new era in heterogeneous photocatalysis. 

Since then, research efforts in understanding the photocatalytic efficiency of 

TiOl have come from extensive research performed by chemists, physicists, 

and chemical engineers. Such studies are often related to energy renewal and 

energy storage5
-
9

. In recent years application to envirorunental clean up have 

been one of the most active areas in heterogeneous ph9tocatalysis. This is 

inspired by the potential application of Ti02 based photocatalysts for the 

destruction of organic compounds in polluted air and in wastewaters 10-11, In 

addition, the discovery of Q-particles have turned the whole field in a new 

direction such that one can now think of reduction of COl to various products 

like HCHO, HCOOH, CH3COOH and CH4• 

Photocatalysis is a direct quantum conversion process and has been 

investigated for utilizing solar energy to produce value added chemicals 12. 

Photochemical processes in heterogeneous systems have gained wide 

popUlarity in recent years because of their wide applications in xerography, 

photography, chemical synthesis, conversion and storage of solar light 

energy. Of particular interest are the photochemical processes on inorganic 

oxide surfaces. The surface as well as the intrinsic properties of the support 

material play an important role in influencing the course of a photochemical 

reaction 13. The support materials, which can control the photochemical 
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behavour of an adsorbed substrate, can be broadly classified into two 

categories; 

~ Nonreactive surfaces, such as silica or alumina which provide an 

ordered two dimensional environment for effecting and controlling the 

photochemical processes more efficiently than can be attained in 

homogeneous solutions. 

~ Reactive surfaces, such as titania or metal chaIcogenides, which 

directly participate in photochemical reactions by absorbing the 

incident photon and transferring the change to an adsorbed molecule or 

by quenching the excited state of the adsorbed molecule. 

In a heterogeneous photocatalysis system, photoinduced molecular 

transformations or reactions take place at the surface of a catalyst I4
• 

Photocatalysis on a semiconductor powder is essentially a redox reaction. 

During a photocatalytic reaction, the irradiated surface of the semiconductor 

will act as a sink for the electrons (or holes) depending upon the direction of 

band bending. The other charge carrier will move under the influence of the 

electric field into the bulk of the semiconductor or to the surface that receives 

the lowest intensity of incident radiation. Thus, the separation of the charge 

carriers namely the electrons and the holes determines the efficiency of the 

photocatalytic reaction. Sometimes effective charge separation can be 

achieved by metallisation, doping or by coupling two semiconductors. The 

photoreactivity of the doped semiconductors appears to be a complex 

function of the dopant concentration, the energy level of the dopants, their 

oxidation states and the type of defects created in the host lattice. 
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A thorough and meticulous understanding of the photocatalytic 

processes will be necessary for the development and design of highly reactive 

photocatalysts, especially since such systems are to be applied to dilute 

concentrations of toxic reactants in the atmosphere and water on a huge 

global scaleI5
• The preparation of well defined photocatalysts is necessary in 

order to identify and clarify the chemical features of the photo fonned 

electrons and holes, to detect the reaction intennediate species and their 

dynamics, and to elucidate the reaction mechanisms at the molecular level, 

which in turn would necessitate a detailed and comprehensive investigation 

of the photogenerated active sites and the local structures I6
-
31

• Photocatalytic 

engineering is under development, now using deposited titania in a fixed bed. 

Some (solar) photocatalytic pilot reactors and prototypes are described. The 

use of solar energy as a source of activating UV irradiation is described as a 

sub discipline called "helio-photocatalysis" 

8.2 Background on Photocatalysis 

Photocatalysis and related phenomena are now well known and well 

recognized. Biogenic photocatalytic phenomena, such as those occurring in 

natural photosynthesis, have been known since prehistoric times and this 

without any knowledge of the intrinsic chemical mechanisms of plant growth. 

Abiogenic photocatalytic phenomena were recognized since the initial studies 

on photochemical phenomena. The tenn "photocatalysis" was introduced as 

early as the 1930s, if not sooner. Since then, this term has been used often in 

the scientific literature. The early workers saw no need to address the 

nomenclature until the field had matured enough. Nonetheless, the tenn was 
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taken to represent that field of chemistry that focused on catalytic reactions 

taking place under the action of light. Consequently, the totality of the 

phenomena related to both photochemistry and catalysis was considered to 

belong to the field of photocatalysis. Such phenomena seemed rather exotic 

and of interest only to a narrow group of specialists. Recent interest and studies 

in environmental photochemistry, in natural photosynthesis and in chemical 

methods for solar energy transformations has contributed greatly to our 

knowledge and understanding of the various phenomena related to both 

photochemistry and catalysis. Many of these phenomena differ qualitatively by 

their nature and, generally speaking, are often found in different fields of 

chemistry. For example, it is possible to distinguish such phenomena as 

catalyzed photochemical reactions, photo activation of catalysts, and 

photoactivated catalytic processes, among several others. 

Water splitting, photofixation of nitrogen, photoreduction of carbon 

dioxide and many other reactions do not occur on illumination with light alone. 

These reactions often require the use of Photocatalysts - a tenn that implies 

photon assisted generation of catalytically active species. The role of photons 

is to generate catalysts or electron-hole pairs in the case of semiconductor 

materials that yield fuels or chemicals in subsequent dark reactions. 

Organic chemicals, which may be found as pollutants in wastewater 

effluents from industrial or domestic sources, must be removed or destroyed 

before discharge to the environment. Such pollutants may also be found in 

ground and surface waters, which also require treatment to achieve acceptable 

drinking water quality I . The increased public concern with these 

environmental pollutants has prompted the need to develop novel treatment 
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methods32 with photocatalysis gaining a lot of attention in the field of pollutant 

degradation. 

Much of the natural purification of aqueous system lagoons, ponds, 

streams, rivers and lakes is caused by sunlight initiating the break down of 

organic molecules into simpler molecules and ultimately to carbon dioxide and 

other mineral products. There are various natural sensitizers that accelerate the 

process. The utilization of colloidal semiconductors and the introduction of 

catalysis to promote specific redox processes on semiconductor surfaces were 

developed in 197633
• Since then, laboratory studies have confirmed that 

naturally occurring semiconductors could enhance this solar driven purification 

process34
• 

The photocatalytic detoxification of wastewater IS a process that 

combines heterogeneous catalysis with solar technologies. Semiconductor 

photocatalysis, with a primary focus on Ti02 has been applied to a variety of 

problems of environmental interest in addition to water and air purification. 

The application of illuminated semiconductors for degrading undesirable 

organics dissolved in air or water is well documented and has been successful 

for a wide variety of compounds35
• Organic compounds such as alcohols, 

carboxylic acids, amines, herbicides and aldehydes have been 

photocatalytically destroyed in laboratories and field studies. The 

photocatalytic process can mineralize the hazardous organic chemicals to 

carbon dioxide, water and simple mineral acids36
• 

An important advantage of the photocatalytic process is that when 

compared to other advanced oxidation technologies, especially those using 

oxidants such as hydrogen peroxide and ozone, expensive oxidizing chemicals 
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are not required as ambient oxygen is the oxidane6
• Photocatalysts are also self 

regenerated and can be reused or recycled. The solar photocatalytic process 

can be applied to destroy nuisance ordour compounds and naturally occurring 

organic matter, which contains the precursors to trihalo methanes formed 

during the chlorine disinfection step in drinking water treatmene7
• 

During the photocatalytic process, the illumination of a semiconductor 

photocatalyst with ultraviolet radiation activates the catalyst, establishing a 

redox environment in the aqueous solution38
• Semiconductors act as sensitizers 

for light induced redox processes due to their electronic structure characterized 

by a filled valence band and an empty conduction band. The energy difference 

between the valence and conduction bands is called the band gap. The 

semiconductor photocatalyst absorbs impinging photons with energies equal to 

or higher than its band gap or threshold energy. Each photon of the required 

energy that hits an electron in the occupied valence band of the semiconductor 

atom can elevate that electron to the unoccupied conduction band leading to 

, the excited state conduction band electron and positive valence band holes. 

8.3 Definition of Photocatalysis 

Some attempts were made III the past to determine the term 

"photocatalysis". Indeed, one of the IUPAC Commissions defined 

photocatalysis as "a catalytic reaction involving light absorption by a catalyst 

or a substrate,,394o. In a later revised glossary40 a complementary definition of 

a photo-assisted catalysis was also proposed: "catalytic reaction involving 

production of a catalyst by absorption of light". Germane to the present 

discussion, an earlier Compendium of Chemical Terminology41 described the 
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notion of catalysis and a catalyst as follows: "Catalysis is the action of a 

catalyst"; and a "Catalyst is a substance that increases the rate of reaction 

without modifying the overall standard Gibbs energy change in the reaction". 

Both of these descriptions are less than satisfactory as they lack some, if not 

many, of the details of the catalytic process. Addition of the extra reactant, 

namely light, inserts an extra dimension to an otherwise complex issue. An 

overview of some approaches in describing photocatalytic phenomena was 

given in a paper42. It is gennane in this context to revisit this overview to attain 

a better appreciation and understanding of the complexity (ies) of 

photocatalysis, particularly heterogeneous photocatalysis. 

Unlike the earlier tenninology41, it is relevant to recall that catalysis 

refers simply to a process in which a substance (the catalyst) accelerates, 

through intimate interaction(s) with the reactant(s) and concomitantly 

providing a lower energy pathway, an otherwise thermodynamically favored 

but kinetically slow reaction with the catalyst fully regenerated quantitatively 

at the conclusion of the catalytic cycle. When photons are also involved, the 

expression photocatalysis can be used to describe, without the implication of 

any specific mechanism, as the acceleration of a photoreaction by the presence 

of a catalyst. The catalyst may accelerate the photoreaction by interacting with 

the substrate(s) either in its ground state or in its excited state or with the 

primary product (of the catalyst), depending on the mechanism of the 

photoreaction 43. The latter description is silent as to whether photons also 

interact with the catalyst. Such a description also embraces photosensitization44 

and yet such a process, defined officially45 as a process whereby a 

photochemical change occurs in one molecular entity as a result of initial 
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photon absorption by another molecular species, known as the photosensitizer, 

is not necessarily catalytic without assessing a turnover quantity and/or the 

quantum yield. The issue rests entirely on the role of the photons. Chanon and 

Chanon46 suggested that the non-descriptive term photocatalysis be taken 

simply as a general label to indicate that light and a substance (the catalyst or 

initiator) are necessary entities to influence a reaction47
• Such a broad 

description indicates the required reagents without undue constraints as to the 

(often unknown) mechanistic details of the chemical process. 

Substrate + light + Catalyst - Products + Catalyst 

Products Subslrate 

(a) (bl 

Figure 8.1 (a) Simple scheme of photogenerated catalysis 

Figure 8.1(b) depicts an example of catalyzed photolysis. 

In the early 1980s, Salomon48 proposed that the broad description of 

photocatalysis be subdivided into two main classes: (i) photogenerated 

catalysis, which is catalytic in photons, and (ii) catalyzed photolysis, which is 

non-catalytic in photons .In photogenerated catalysis, ground states of the 
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catalyst and of the substrate are involved in the thennodynamically 

spontaneous (exoergic) catalytic step. By contrast, in catalyzed photolysis 

either the nominal catalyst T (Figure 8.1) or the substrate or both are in an 

excited state during the catalytic step. 

8.4 Photocatalysis on Titania 

Titanium dioxide, that stolid industrial mainstay has an alter ego. The 

continuing interest in such oxides originates from the fact that Ti02 is an 

excellent catalyst for oxidizing a large variety of organic substances 49.50. The 

capacity of titania to completely oxidize many toxic substances to fonn non

toxic compounds distinguishes it as being the most pn?mising material for the 

photo detoxification of contaminated water. Ti02• it appears has seemingly 

limitless potential under even indoor room light to break down organics in not 

only trivially annoying things like bad breath, but more dangerous 

contaminants, such as cigarette smoke. 

In the eyes of chemical engineers, Ti02 is an ideal substance for mass use. 

The semiconductive properties of titania are strongly dependent on its 

crystalline structure, non stoichiometry and doping procedure. Stoichiometric 

titania is a dielectric material; however it exhibits semiconductor properties 

when its stoichiometry is altered. Therefore large Ti02 crystallites are not 

useful for photocatalysts 51.1n spite of this vigorous activity and the search for 

the "ideal" photocatalyst for more than two decades, titania has remained as a 

benchmark against which any emerging material candidate will be measured. 

Attributes of an ideal photocatalyst52 in a heterogeneous photocatalysis system 

for solar applications are. 
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• Stability and sustained photocatalytic activity. 

• Good overlap of absorption cross-section with solar spectrum. 

• High conversion efficiency and quantum yield. 

• Compatibility with a variety of substrates and reaction environments. 

• Low cost. 

• Non-toxic. 

A key characteristic of titanium dioxide is its high surface area, which 

allows the rate of reaction to increase, as the efficiency of a photocatalyst is 

proportional to its surface area. Despite the positive attributes of Ti02 as an 

ideal photocatalyst, there are some drawbacks associated with its use; (i) 

charge carrier recombination occurs within nanoseconds, and (ii) the band edge 

absorption's threshold of Ti02 is < 400nm53
• To circumvent these two 

limitations, a number of strategies have been proposed to improve the light 

absorption features and lengthen the carrier lifetime characteristics of Ti02. 

Titania's propensity for oxidation when exposed to light has been known for 

sometime. To show full catalytic potential, Ti02 requires both oxygen and 

water, both of which are abundant in air. Photons impinging on titania dislodge 

electrons, creating holes and free electrons. The holes and free electrons 

oxidize water and oxygen respectively to form hydroxyl as superoxide radicals, 

both ruthless bond cleavers. Two different crystal structures of titania, rutile 

and anatase, are commonly used in photocatalysis with anatase showing a 

higher photocatalytic activity4. The structures of rutile and anatase can be 

described in terms of chains of Ti06 octahedra. The two crystal structures 

differ by the distortion of each octahedron and by the assembly pattern of the 

octahedra chains. These differences in the lattice structures cause different 
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mass densities and electronic band structures between the two crystalline 

forms. Irradiation of Ti02 using low energy UV radiation (A. > 400nm) 

promotes an electron from the valence band (yS) to the conduction band (CB), 

making it available for the transfer, while the positive equivalent, the hole (hJ 

in the valence band is ready to accept an electron from the substrate (Figure 

8.2) ss. 

• 
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Figure 8.2 Energy band diagram of spherical titania particles. 
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A titania photocatalyst has outstanding hydrophilicity and durability, 

making it exceptionally well suited as a material for applying a hydrophilic 

treatment to outside mirrors. Irradiating titania with light having a 

wavelength of less than 380 run produces photocatalytic reactions on the 

surface of titania, causing adsorbed organic matter to oxidize and decompose. 

The strong hydrophilicity shown by the titania film under irradiation by 

ultraviolet light is thought to stem from the exposure of a pristine surface 

following the decomposition of hydrophobic surface compounds. 
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8.5 Enhanancement of Photoactivity of titania 

Metal modified titania systems have been extensively studied even in the 

early days of photoelectrochemistry/photocatalysis56
-
57

, although the reported 

results have been conflicting. Three main consequences of metal modification 

ofTi02 can be distinguished; (a) induction of visible light photoresponse in the 

host material, (b) suppression (or in some cases enhancement) of carrier 

(electron-hole) recombination as a result of new states introduced in the band 

gap of Ti02 by these dopants (c) generation of catalytic sites on the Ti02 

surface that serve to store electrons for subsequent transfer to acceptor species 

in the solution. Transition metal doping can expand the responsiveness of 

suspended metal oxide particles to the visible58
-
66

• On such doped materials, 

enhanced photocatalytic activity for the reduction of C02 and N2 67-68 has been 

reported. Enhancement in the rate of photoreduction upon metal ion loading of 

the semiconductor can produce a photocatalyst with an improved trapping to 

recombination rate ratio. This effect seems to be sensitive to the dopant level. 

Therefore, significantly decreased activity has also been described as reSUlting 

from doping and the effects of transition metal ion dopants are understandably 

somewhat difficult to generalize for all systems. Some transition metal 

dopants69
-
7o

, such as Fe3+ and y4+ inhibit e-/h+ pair recombination, while others 

such as Cr3+ are detrimental to the photocatalytic efficiency of the 

semiconductor. 

A new outside mirror with enhanced rearward visibility on a rainy day has 

been developed using a Ti02-Si02 coating on the glass base. Prepared by the 

sol-gel process, the coating spreads out rain droplets on the mirror surface into 

a thin film of water by a photocatalytic hydrophilic effect in the Ti02-Si02 • 
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This mirror maintains its good hydrophilicity for a long time, and when 

hydrophobic contaminations collect on the glass surface, the suns radiation 

induces a photocatalytic effect that serv~s to decompose the contaminations71
• 

Furthennore, the new mirror has sufficiently high durability for use in the 

severe automotive environment. 

Figure 8.3 Hydrophilic outside mirror (right) 

Photocatalytic enhancement can also be induced by derivatizing the Ti02 

surface with organic substances72
• Photocatalytic reactions on semiconducting 

Ti02 photocatalysts were shown to be remarkably enhanced by the addition of 

small amoints of noble metal such as Pt. Such an enhancement in the 

photocatalytic reactivity has been explained in terms of photoelectrochemical 

mechanism in which the electrons generated by the UV irradiation of the Ti02 

semiconductor quickly transfer to the Pt particles loaded on the Ti02 surface. 

These Pt particles work to effectively enhance the charge separation of the 

electrons and holes, resulting in marked improvement in photocatalytic 

performance. Recent time resolved spectroscopic investigations clearly 

Cochin University o/Science and Technology 265 



PHOTOCATALYSIS Introduction and Literature Survey 

indicate the important role of Pt particles in the dynamics of such photofonned 

charge carriers73-76• Ways of improving the photocatalytic activity oftitania77 is 

shown schematically in figure 4. 

Figure 8.4 

Ways of improving Ti02 photocatalytic activity. 

8.6 Quantum size effects 

Semiconductor particles, which exhibit size dependent optical and 

electronic properties, are tenned as quantized particles (Q particles) or 

semiconductor clusters 78. Quantum size effects occur for such particles on the 

order of 10-1 OOA 0 in size. The anomalies arise when the size of the 

semiconductor particles become comparable to the de Broglie wavelength of 

the charge carriers in the semiconductor79
-
8o

• The phenomenon of quantum size 

effect is due to electronic modification of the photocatalysts as well as the 

close existence of the photo fonned electron and hole pairs and their efficient 

contribution to the reaction, resulting in a perfonnance much enhanced over 
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that of semiconducting titania powders. The range of size for particles 

experiencing this effect is therefore dependent on the effective mass for the Q

particle semiconductor. These findings have provided us with new insights into 

photocatalysts such as highly dispersed titanium dioxide. 

Konnann et al estimated the excitation radii for titania particles to be 

between 7.5 and 19 AO. The exciton radii were computed by using various 

literature values and calculated by the equation put forward by Brus81
• 

Graztel82 estimated an excitation radius of -3Ao. Quantization effect is also 

reported with 20-40A ° titania particles. This effect is observed during the 

particle growth and at the final stage of synthesis of these transparent colloids. 

The electron and the hole produced in Q-partcles are confined in a potential 

well of small geometrical dimensions. The electron and the hole do not 

experience the electronic delocalization present in the bulk semiconductor 

possessing a conduction band and the valence band. Instead the confinement 

produces a quantization of discrete electronic states and increases the effective 

band gap of the semiconductor. Such effects can change the color of the 

material (due to the altered optical absorption maxima) and the photocatalytic 

properties. The increase in effective band gap and consequently the blue shift 

in the absorption threshold can become quite dramatic for bulk semiconductors 

with very small band gaps. While photocatalyst particles have not reached Q

particle sizes yet, it can be expected that this may happen in the future as new 

materials are produced. 

When considering semiconductors other than titania, many reports have 

observed quantum size effects with many different particles. For example, CdS 

and PbS a few nanometers in size have been found to exhibit quantum 
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mechanical effects. Quantization effects have also been demonstrated with 

nanoclusters of hexagonal MOS2 and several of its isomorphous Mo and W 

cha1cogenides83
• 

8.7 Literature Survey 

Systems 

1 Ti02 

2 Ti02 

3 Ti02 

4 Ti02 

5 Ti02 

Reactions investigated Remarks 

Degradation of the Degradation leads to the 

herbicide cinosulfuron84
. fonnation of CO2, NO)

and S042. as final products 

and in addition cyanuric 

acid. 

Oxidation of methyl Powdered Ti02 showed 

orange aqueous solution85 higher photoactivity when 

irradiated under visible 

light. 

Degradation of acid blue Dye decolourisation could 

be explained by the one 

dimensional diffusion 

model with a first order 

reaction. 

Degradation of sulfonyl Synthesis of titania by the 

urea herbicide, molten salt method also is 

prosulfuron87
. an effective photocatalyst. 

Dichlorvos degradation to A new approach to the 
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7 Ti02 

9 Ti02 

dimethyl phosphate, which study of phosphorus 

further reacted to fonn containing products 

monomethyl phosphate, resulting from 

which was hydrolysed to organophosphurus 

phosphate. The reaction pesticide degradation. 

can be traced using 31 P 

NMR88. 

Degradation of a textile The degradation follows 

dye, methylene blue m the first order kinetics. 

presence and absence of 

common inorganic salts89• 

Destruction of 17 VOCs, The results strengthen the 

which include alkanes, potential use of 

chlorinated alkanes, heterogeneous 

alkenes, ketones, alcohols, photocatalysis in the 

ethers, aromatic abatement of different 

compounds, acetals and classes ofVOC's. 

nitrogenated compounds90 . 

Degradation of methylene Degradation rate depends 

blue91 . 

Oxygenation 

naphthalene92 

on both the specific surface 

area and the crystallinity of 

nanostructured titania film. 

of The reaction involves 

transfer of a hydroxy group 

to naphthalene and 
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reduction of oxygen to 

super oxide followed by 

coupling of the two 

species. 

Oxidation of naphthalene93 Ti02 consisting of anatase 

and rutile crystalline 

phases efficiently catalyses 

the oxidation whereas pure 

anatase or rutile is 

ineffective. 

Destruction 

microcystins94• 

of The pH dependence of 

microcystin destruction can 

be associated with changes 

to surface charge of the 

photocatalyst as well as 

altered hydrophobicity and 

net charge on the toxin. 

Degradation of 3-nitro The reaction follows a first 

acetophenone95 . order kinetics. 

Degradation of anionic The reaction occurs in the 

dyes like Alizarin S, azo adsorbed phase at the 

methyl red, congo red, surface of titania and not in 

Orange G and cationic the solution. The 

dyes like methylene blue96. degradation rate is 

influenced by the chemical 
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structure of different dyes 

as well as that of pH and of 

the presence of inorganic 

salts. 

Oxidation of toluene at Temperature programmed 

room temperature97
• hydrogenation was 

effective at hydrogenating 

the strongly bound 

intennediates fonned 

during toluene oxidation. 

Oxidation of toluene in the CO2 is' the main oxidation 

gas phase98
• product and benzaldehyde 

is the stable intennediate in 

the photooxidation of 

toluene. FTIR spectra of 

the catalyst reveals the fact 

that benzaldehyde 

originates from toluene 

adsorbed on isolated 

hydroxyls. 

Photocatalyzed The selectivity of the 

epoxidation of I-decene by production of 1,2-

H20 2 under visible light99
• epoxydecane was higher 

under visible light than 

under uv light. 
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Oxidation oftoluene'uu. Competetive adsorption of 

water and toluene on 

Titania samples confinn 

that titania has a highly 

elctrophilic surface. 

Photosensitized oxidation The single electron transfer 

of benzyl derivatives ill process from the substrate 

aqueous media lO1 • to the photogenerated hole 

occurs. 

Photocatalytic The redox reactions at the 

interconversion of nitrogen nitrogen containing 

containing benzene substituent have an 

derivatives 102. important role than the 

hydroxylation of aromatic 

ring, which was the 

predominant degradation 

pathway for most of the 

other aromatic compounds. 

Photodegradation of 1,4- The volatile precursors 

dichloro benzene 103 • result in the formation of 

titanium oxide samples, 

which exhibit a high 

photocatalytic activity. 

Oxidation of Ethylene with The large surface area of 

the photocatalysts is one of 
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Photocatalytic 

the most important factors 

in achieving a high 

efficiency of the reaction. 

Two parallel pathways 

decomposition of acetic leading to the formation of 

acid105 different products. 

Photocatalytic Photoactivity affected by 

degradability of substituted both electronic character 

phenols l06 and . by the position of 

substituents in the aromatic 

nng. -

24 Ti02 (Degussa Oxidation m aqueous Higher photocatalytic 

P-25 and phase of imazapyr, a efficiency of Millennium 

Millennium schematic herbicide PC-500, together with its 

PC-500) 

25 Mesoporous 

Ti0 2 

characterized by its composition of anatse 

persistence and mobility in nanocrystallites was 

Photodecomposition 

cationic dye X-GL 

aqueous solution lO8• 

expected to overcome the 

adsorption and interfacial 

processes limitations with 

Degussa P-25. 

of High photocatalytic 

III activity could be due to its 

larger BET surface area 

and mixed crystal 

containing 21.5% brookite 
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Nl\tM~ 
26 ~ substituted Undergo 

and 78.5% anatase. 

hydrophilic Hydrophilicity was 

conversion under visible enhanced by increasing the 

light irradiationl09
• degree of nitrogen 

substitution at oxygen sites 

leading to an increase in 

the absorbed photon 

numbers. 

27 N2 doped Ti02 Photocatalytic degradation High reactivity under 

of three azodyes (Acid visible light allowing more 

orange 7, Procion red MX- efficient usage of solar 

5B and Reactive Black energy. 

5)110 

Destruction 

monochrotophos 

pesticide 111. 

of Higher activity is due to 

the capability of support to 

delocalise the conduction 

band electrons of excited 

titania. 

29 Nd3+ modified Degradation of active Higher photocatalytic 

Ti02 hydrosol brilliant red Dye X-3BII2. activity was ascribed due 

titania 

to the electron trapping 

effect of modified Nd3+ ion 

on Ti02 sol particles. 

doped Effect of dopant on the Distortion along the c-axis 

anatase-rutile phase of anatase titania is due to 
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31 Ta on Ti02 

transitionllJ the combination of 

interstitial as well as 

substitutional 

accommodation of the 

dopant ions. 

To study the influence of Electrical conductivity 

oxygen upon the electrical decreased significantly by 

properties of titania films introducing oxygen. 

doped with Ta114• 

32 Ln203 doped Degradation of Salicylic Complete mineralisation 
.-

Ti02 acid and t-Cinnamic has been achieved in the 

acid 115 case of lanthanide oxide 

doped Ti02 in total 

Decomposition 

acetaldehyde in air116 

contrast to the formation of 

intermediates m case of 

nonmodified Ti02• 

of The nanoscale combination 

of crystalline titania and 

mesoporous silica particles 

was successfully applied as 

a photocatalytic adsorbent 

for the rapid removal from 

air and complete 

decomposition of organic 

molecules. 
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34 TiOz-SiOz 

aerogels 

35 TiOz - W03 

36 TiOzICrz03 

37 TiOz, PtlTiOz, 

W03ITiOz 
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Removal of benzene in The samples possess 

airl17. excellent benzene 

adsorption capacities and 

the adsorbate could be 

decomposed to COz by 

photocatal ytic degradation. 

Study the energy storage Reductive energy 

of the composite generated at a TiOz 

photocatalysis system in photocatalyst under DV 

Photoelectrol ytic 

decomposition of waterl19. 

Vapour phase degradation 

of butyl acetate 120. 

light can be stored in W03 

by coupling them together, 

and the stored energy can 

be used after dark. 

Promising candidate for 

photoanodes. 

Photocatalytic degradation 

is improved because of the 

prevention of initial 

deactivation and of 

photogenerated 

recombination. 

charge 

38 TiOzlZnFez04 Degradation ofPhenol1z1 

nanocomposite 

Inhibit anatase - rutile 

transformation. Also the 

nanocomposite IS a 

promising solar energy 
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39 Sn02/ Ti02 

solar cell 

40 Ti02 

impregnated 

with 

functionalised 

Cu(II)

porphyrin or 

Cu(II)

pthalocyanin 

41 FeIII-doped 

Ti02 

42 Surfactant! 

Study of 

photoelecrochemical 

material for applications in 

photocatalysis as well as in 

photoelectrochemical 

converSIOn. 

the The coupled film can be 

utilized to fabricate a low 

behaviours of eOSIn Y - cost solar cell. 

sensitized nanostructured 

coupled Sn02/ Ti02 solar 

cell 122. 

Degradation of 

Nitrophenol l23 

4- The presence of sensitizers 

IS beneficial for the 

photoactivity and suggest 

an important role of Cu 

(11). 

Photocatalyzed oxidation The formation of 

of methanol In aqueous formaldehyde is tentatively 

solution 124. attributed to the conditions 

of particle growth more 

favourable In this novel 

preparation· method. 

Photodegradation of a The degradation proceeds 
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cationic dye, malachite at the semiconductor 

green J25. particle ssurface rather 

than in the bulk solution, 

'OH active species are 

generated and participates 

in the photodecomposition 

reaction. 

43 Ti02 modified Photocatalytic The additives have a 

with Ca, Sr or decomposition of oxalic profound influence on the 

Ba Ion acid126 photocatalytic activity. 

additives. 

44 Ti02 -PVP 

46 Ti02 

Degradation of methylene Higher efficiency In the 

red 127 transportation of photo 

induced electrons and 

holes in the photocatalyst 

and therefore a higher 

photoactivity. 

Decomposition of 2,4- The photoactivity in the 

Dinitroanilinei28 
• decomposition of 2,4-

Dinitroaniline depends on 

the Eg and on the 

crystalline phases. 

Destruction of Catechol129
• Full catechol 

mineralisation IS a 

multi step reaction with 
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1,2,4-benzene triol and 

glycol as the intermediates. 

47 CuOffi02 Photocatalytic reduction of The increase of NO 

NO 130. reaction rate increases with 
. . 

CuO loading mcreasmg 

upto an optimum value and 

then decreases. 

8.8 Photocatalysis; Views and Prospects 

Many studies have been carried out with the aim of developing models 

of practical interest or attaining more refmed understanding of the functioning 

of the photocatalyst. The development and application aspects of various 

semiconductor particulate models in heterogeneous photocatalysis constituted 

primarily the common aim of achieving efficient charge separation. The entry 

of nanosize semiconductor catalysts in heterogeneous photocatalysis has been 

addressed. The expanding area of the field of photocatalysis especially for 

applications in organic chemistry, light images, metallic patterns and pollution 

treatments, however makes us to believe the prospect of wide applicability of 

photocatalysis. The areas of applications of photocatalysis to water purification 

and treatment of water, area selective reactions polymer degradations and 

selective organic synthesis will probably gain priority as they appear to possess 

the potential to alter environmental and electronic scenarios. 
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Chapter 9 

Pltotooxidation of Bendtydrol 
Abstract 

Photocatalysts are likely to provide a versatile means of producing 

several organic compounds. The present chapter provides a detailed study on 

the oxidation of benzhydrol, a secondary alcohol on irradiated surfaces of 

titania. The titanium dioxide photocatalyzed oxidation of benzhydrol in oxygen 

purged acetonitrile gives benzophenone as the sole product. The influence of 

various reaction parameters like irradiation time, amount of catalyst, 

concentration of the reactant and the nature of the solvent has been 

investigated. The proposed mechanism envisages the oxidation of benzhydrol 

by a hole to give the radical cation of benzhydrol and its subsequent reaction 

with a superoxide radical anion produced by the transfer of a conduction band 

electron to oxygen. The nature of the incorporated metal as well as its amount 

upon the rate of photocatalytic oxidatioin of benzhydrol is also discussed. 
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9.1 Introduction 

Heterogeneously dispersed semiconductor surfaces provide both a fixed 

environment to influence the chemical reactivity of a wide range of adsorbates 

and a means to initiate light induced redox reactivity in these weakly 

associated molecules. Semiconductor photocatalysis, particularly with Ti02 as 

the catalyst has been employed In photoelectrochemical cells/ 

photoelectrochemical production of hydrogen, photocatalytic degradation of 

pollutants and organic functional group transformations1
-
1l

• Upon photo 

excitation of several semiconductors nonhomogeneously suspended in either 

aqueous or non aqueous solutions or in gaseous mixtures, simultaneous 

oxidation and reduction reactions occur. This conversion often accomplishes 

either a specific, selective oxidation or a complete oxidative degradation of an 

organic substrate present. Molecular oxygen is often assumed to serve as the 

oxidizing agent although details about the mode of its environment have not 

been unambiguously demonstrated in a few gas/solid reactions l2
. 

Photo oxidation is, by far, the most numerous classes of the known 

photocatalytic reactions of organic substrates. It is typical that high (in some 

cases nearly quantitative) chemical yields of oxidation products are formed, 

although sometimes with quantum yields of only a few percent or lessI3. 

Irradiation in the presence of a semiconductor powder, most commonly of the 

inexpensive titanium dioxide is an appealing method for the oxidation of 

organic molecules I4
-
19

. Such heterogeneous photocatalysis has been carried out 

both in organic solvents20
-
24 and in aqueous solution 14· 17. In the former case, 

the reaction is initiated by electron transfer at the interface leading to the 

radical cation of the substrate and the superoxide anion, while in the latter one, 
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the actual species are assumed to be hydroxy radicals fonned by the oxidation 

of the solvent25
-
26

• The charge recombination in the semiconductor is extremely 

fast27
, and thus electron transfer from the solute is thought not to compete in 

aqueous solution. Of appreciable interest would be a means for selecting one 

oxidation pathway over another through heterogeneous photocatalysis, a goal 

that demands considerable mechanistic insight. 

Although there are several photocatalytic studies with Ti02 directed 

mainly towards the mineralisation of pollutants, there are only a few 

photocatalytic studies on organic transfonnatiollS. Virtually, every functional 

group bearing either a nonbonded lone pair of any 1t conjugation can be 

activated toward Ti02 photocatalyzed oxidative reactivity, either by 

dehydrogenation, oxygenation or oxidative cleavage. The gaseous 

dehydrogenation of ethanol to acetaldehyde occurs effectively over irradiated 

titania powde?8. 

Ti02-

CH3CH20H -+ CH3CHO 
O2 

Ti02 - indicates the excited state fonned by band gap excitation of the 

suspended photocatalysts. 

Irradiation of ~-chlorodiethyl sulfide suspended in aerated aqueous, 

non aqueous or mixed solvents in the presence of suspended Ti02 leads to the 

formation of the corresponding sulphoxide in high yield and subsequently the 

sulphone29
• 

Ti0 2-

CICH2CH2SCH2CH3 -+ CICH2CH2SOCH2CH3 
02 

CH3CN 
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Nearly quantitative conversion of the C=C double bond of 1,1-diphenyl 

ethylene to benzophenone and fOlIDaldehyde in the irradiation of TiOz 

suspended in oxygenated acetonitrile3o
• 

TiOz• 
C6HsCH2C6HS -+ C6HsCOC6Hs 

O2 

CH3CN 

Even with the organic compounds with the simplest functionality (the 

alkanes) oxidation products often result when a gaseous stream of substrate 

passes over an irradiated solid semiconductor film. Federica Soana et al 

studied the photocatalyzed oxygenation of naphthalene in wate~l. They 

obtained (E, Z)-2-formylcinnamaldehydes and 1,4-naphthoquinones besides 

traces of naphthols. It is now well established that the photocatalytic oxidation 

of several organic molecules by optically excited semiconductor oxides is 

thermodynamically allowed in the presence of oxygen at room temperature. 

The oxidation of secondary alcohols on irradiated Ti02 in general yields the 

corresponding ketones. 

Metal oxides can sometimes also act as high temperature thelIDal 

oxidation catalysts, but better oxidative selectivity is often observed in the 

room temperature photocatalytic oxidations33. For example, although the 

oxidation of cyclohexane by oxygen over native or chemically modified titania 

is thennodynamically permissible, its rate at room temperature is impossibly 

slow without photoassistance, and at higher temperatures little oxidative 

selectivity is observed. In contrast, TiOz photocatalysis produces 83% 

cyclohexanone, 5% cycIohexanol and 12% col2
• 
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Vijaikumar et al reported the oxidation of benzhydrol under solar 

radiation33
• Though titania is a cheap material, for its effective use, it is 

economically desirable to get good results with solar radiation as the source of 

light. The weak DV light available in the solar radiation is used in organic 

redox reactions in the presence of photocatalysts. Therefore, an oxygen purged 

solution of benzhydrol in the presence of suspended Ti02 was exposed to direct 

solar radiation on a sunny day. Benzophenone was fonned on exposure to 

sunlight and the amount increased with exposure time. Fujishima2 et al have 

succeeded in developing transparent titania coatings on various substrates such 

as glass and ceramic tiles. These coatings could photodegrade in the presence 

of solar radiation various noxious, malodorous chemicals, smoke residues and 

cooking oil residues. 

9.2 Process Optimization 

The photooxidation of benzhydrol was carried out in a Heber 

photoreactor (Multilamp type, model HML-MP88) containing concentrically 

arranged eight numbers of 8W mercury lamps of 365nm wavelength. The only 

product obtained in this reaction is benzophenone. In a typical experiment, 

benzhydrol (lOml of ImM) in acetonitrile was taken in a 20ml glass tube and 

O.OIg of Ti02 was added to it. The reaction mixture was stirred vigorously to 

get a unifonn suspension of the catalyst. After being purged with oxygen for 

15 min, it was irradiated in an annular photo reactor. The reaction mixture was 

centrifuged to remove Ti02 and analyzed by using a gas chromatograph using 

BP-l capillary column (12m X O.32mm). Products were confinned by 

comparison with authentic samples. The results of an extensive study of the 
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photocatalytic oxidation of benzhydrol in acetonitrile by Ti02 in the presence 

of oxygen are discussed below. 

9.2.1 Influence Of Catalyst Weight 

The photocatalytic activity strongly depends on the amount of the 

catalyst. To study this influence, the weight of the catalyst is varied from 

0.0025 to 0.0125g using Ti catalyst for the same volume of a fixed 

concentration of the solution and irradiating for 80 minutes .. The variation in 

the product distribution with the amount oftitania is plotted in figure 9.1. 
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Figure 9.1 

Dependence of product formation on the amount of Ti02 

1 rnmol benzhydrol. Time of study - 8Ominutes, Lamp rntensity-48W 

All other parameters were kept similar. There is a drastic rise in the 

percentage conversion as the catalyst weight is increased. A saturation point is 
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obtained when the weight of the titania catalyst is 0.01 g, above which further 

rise in catalyst weight doesn't have a significant influence on the activity. 

Therefore, in all the studies, the optimum concentration of Ti02 for the 

photocatalytic oxidation has been fixed as O.Olg. Whatever be the amount of 

the catalyst, benzophenone is obtained as the sole product. 

9.2.2 Influence Of Light Intensity 

The light intensity plays a significant role in any photocatalytic 

reaction. With an increase in light intensity, the number of photons striking the 

semiconductor per unit area of the Ti02 catalyst powder increases. This has 

resulted in an increased amount of the product when the intensity of the lamps 

increases from 16W to 48W for the irradiation of Immol benzhydrol in 

acetonitrile. The percentage conversion remains more or less similar when the 

light intensity is varied from 48W to 64W. The results are given in table 9.1. 

Table 9.1 

Influence Of Light Intensity on the Photooxidation of Benzhydrol 

Light Intensity (W) % Conversion 

16 21.6 

32 57.1 

48 96.5 

64 96.9 

Ti02 catalyst-O.Olg, I mmol benzhydrol, Time of study - 80minutes 
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9.2.3 Influence of Concentration of Benzhydrol 

The effects of concentration of benzhydrol on the photocatalytic 

oxidation was studied be taking solutions of different initial concentrations of 

benzhydrol, and keeping all other factors identical. The amounts of 

benzophenone fonned at different concentrations of the substrate are given in 

table 9.2. The amount of benzophenone varies linearly with the initial 

concentration ofbenzhydrol. 

Table 9.2 

Influence Of Concentration of Benzhydrol on the Photooxidation 

Concentration 0.4 0.6 0.8 1.0 1.2 lA 

of 

Benzhydrol 

Percentage 47.2 57.1 79.9 96.5 98.3 98.5 

Conversion 
IIVL cataJyst-u.u j , Lamp mtensl g ty -4ISW, lIme or stua1 y 'lSUmmutes 

9.2.4 Influence of Solvent 

The photocatalytic reaction is also solvent dependant just like any 

catalyzed reaction. The mechanism and hence the product distribution varies 

with the nature of the solvent. Under different conditions in the Ti02 photo 

assisted oxidation of benzhydrol dissolved in acetonitrile, benzophenone was 

found to be the sole product. When the photooxidation of benzhydrol was 

investigated in methanol and ethanol, benzophenone was not formed and the 

solvents have been oxidized. Acetonitrile is used as a solvent in all cases, 

considering the fact that acetonitrile is stable under photocatalytic conditions. 
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9.2.5 Influence of Irradiation time 

When an oxygen-purged solution of benzhydrol in acetonitrile was 

irradiated with light for several minutes in the absence of the photocatalyst, 

benzophenone was not formed. In another set of experiments, a solution of 

benzhydrol was saturated with oxygen and mixed with Ti02• This solution was 

kept in the dark; product analysis at various time intervals indicated the 

absence of formation of benzophenone. However, when an oxygenated 

solution of benzhydrol in the presence of semiconductor photocatalyst, Ti02, 

was irradiated with light, oxidation of the reactant resulted in the formation of 

benzophenone. The amount of benzophenone increased with increase in time 

of irradiation, which is illustrated in Fig. 9.2. We have also observed that, 

when the photocatalytic oxidation of benzhydrol was conducted in the 

presence of purged nitrogen (i.e. in the absence of oxygen), the substrate was 

not oxidized. 

This observation, along with the results shown in Fig. 9.2, clearly 

reveal that Ti02, oxygen and light are essential for the sustained photocatalytic 

oxidation of benzhydrol to benzophenone. The presence of oxygen is also 

beneficial, as it prevents carrier recombination by trapping the photogenerated 

electrons and forming a superoxide anion radical. Irradiation carried out for 

more than 100 min has not improved the yield of benzophenone and almost a 

saturation level is reached. The reaction is carried out in the presence of solar 

radiation on a sunny day_ The GC results show the presence of the one and 

only product, benzophenone, but the percentage conversion didn't increase 

beyond 19.5% even after 4h. 
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100 

Dependence of Product fonnation on irradiation time 

Ti02 catalyst-O.Olg, Lamp Intensity-48W, I mmol benzhydrol 

(a) Benzhydrol in acetonitrile (ImM) solution with titania in the 

absence of light 

(b) Photolysis ofbenzhydrol in acetonitrile (lmM) with light in the 

absence of titania catalyst 

(c) Irradiation of a solution ofbenzhydrol in acetonitrile (lmM) 

with titania catalyst and oxygen 

The photooxidation reaction is carried out over TiLa6, TiCr6 and TiPr6 

systems and their product distribution with time is given in figure 9.3. All the 

systems are found to be stable with a good percentage conversion and 
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selectivity over the course of the reaction. The photostability of rare earth 

metal incorporated titania systems are more than that of transition metal 

incorporated systems. 
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Figure 9.3 

Dependence of Product fonnation on irradiation time 
Ti02 catalyst-O.Olg, Lamp Intensity-48W, 1 mmol benzhydrol 

9.3 Comparison of Catalyst Systems 

140 

The results obtained for the photooxidation of benzhydrol over the 

prepared catalytic systems under the optimized reaction conditions is given in 

in table 9.3. Pure tit ani a shows comparatively higher catalytic activity in the 
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photooxidation reaction. All the transition metals are having a deteriorating 

influence on the photocatalytic activity oftitania. 

Catalyst 

Ti 

TiM02 

TiM06 

TiMolO 

TiCr2 

TiCr6 

TiCrlO 

TiW2 

TiW6 

TiWlO 

Table 9.3 

Comparison of Catalyst Systems 

% Conversion Catalyst %Conversion 

96.5 TiLa2 65.6 

77.2 TiLa6 77.0 

66.5 TiLalO 93.6 

57.3 TiPr2 90.2 

90.3 TiPr6 92.6 

86.6 TiPrlO 94.6 

76.7 TiSm2 68.3 

52.3 TiSm6 75.6 

49.8 TiSmlO 89.3 

46.1 
Catalyst-O.Olg, Lamp Intenslty-48W, I mmoI benzhydroI, 

Solvent- Acetonitrile 

Another interesting observation is that as the percentage of the 

incorporated transition metals increases, the photocatalytic activity decreases. 

2% transition metal loaded systems exhibiting highest conversion while 10% 

loaded systems exhibiting least conversion. But the trend is reverse in the case 

of rare earth metal incorporated systems. Here 10% rare earth metal 

incorporated titania systems are having highest activity. Except in the case of 

praseodymia incorporated titania systems, all the other systems are having 

comparatively lower capacity of oxidizing benzhydrol under identical reaction 
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conditions. Zhang et at reported that improved crystallinity has a beneficial 

effect on the increase of photocatalytic degradation of phenol by titania 

powders34
• They also reported that the mixtures of anatase and rutile are found 

to be more active than anatase crystallites or rutile crystallites at the same 

calcinations temperatures. The same explanation can be highlighted in the case 

of praseodymia incorporated systems. The XRD spectra of these systems are 

an indicative of its reduced crystallinity. Also a small amount of the rutile 

phase is present along with the anatase phase. 

9.4 Mechanism of the Reaction 

It is recognized that the heterogeneous photooxidation of organic 

compounds sensitized by Ti02 powder in acetonitrile, an inert solvent under 

oxidative conditions, involves a single electron transfer from the adsorbed 

substrate to the photogenerated hole in the valence band (VB), while the 

electron in the conduction band (CB) is captured by a suitable acceptor. In all 

cases the intermediate cations are responsible for the primary oxidation 

products35
• In the proposed mechanism, the oxidation of benzhydrol by the 

hole to give the corresponding radical cation and the subsequent oxidation of 

this radical by superoxide anion radical are suggested. The formation of radical 

cation and superoxide anion radical on irradiated Ti02 is depicted in Fig. 9.4. 

The occurrence of this reaction only in the presence of a solvent like 

acetonitrile in presence of purged oxygen, supports the proposed mechanism 

shown in scheme 1. It has also been reported the result of photooxidation of 

benzhydrol carried out in the presence of a sensitizer 9,1O-dicyanoanthracene 

(DCA) in acetonitrile33
• This supports the oxidation of a radical cation of 
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benzhydrol by a superoxide radical anIOn. An oxygen purged solution of 

benzhydrol and DCA in acetonitrile yielded benzophenone. It is well known 

that, on excitation of DCA, the resulting singlet DCA accepts an electron from 

the electron donor to give the radical anion of DCA and the radical cation of 

the donor. The DCA radical anion can transfer an electron to oxygen to give 

the superoxide anion. The superoxide can oxidize the cation radical36
• In this 

case, the cation radical of benzhydrol would have been formed in the DCA 

sensitized reaction and that would have been oxidized to the ketone by the 

superoxide anion radical. 

Figure 9.4 

Schematic diagram for the formation of radical cation and superoxide anion 

In an independent experiment, irradiation of a mixture of 1 mM 

benzhydrol and O.2mM benzophenone in acetonitrile in the presence of 0.1 % 

Ti02 has yielded the same amount of the oxidized product as in the absence of 

added benzophenone. This result indicates that, though benzophenone is a 
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sensitizer for generation of singlet oxygen, our experimental results above 

indicate that singlet oxygen, if generated, at all has not played any role. 

bv 
(I ) 

tr + Oz(s) --_ .. Oz- (2) 

Scheme I 

Mechanism of photocatalytic oxidation of benzhydrol 

The fonnation of H20 2 in several Ti02 photocatalyzed reactions has 

been proposed. It is noted that in the light-activated Ti02 oxidation of 2-

propanol in aqueous solution or in pure liquid, the mechanism may involve the 

oxidation of surface hydroxyl groups, which participate in the photocatalytic 

oxidation process34
-
35

• The oxidation of benzhydrol with O.2mM H20 2 (the 

maximum amount that would have fomled in our reaction) has not oxidized 

benzhydrol under the present experimental conditions. Therefore, it is 

concluded that the hole and superoxide radical anion are mainly responsible for 

the oxidation. 
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9.3 Conclusions 

Photocatalyzed oxidation of benzhydrol occurs effectively in 

acetonitrile in the presence of oxygen to give benzophenone. The proposed 

mechanism involves the reaction between a cation radical of benzhydrol 

formed by the oxidation of the alcohol by a hole and a superoxide radical anion 

produced by the transfer of a conduction band electron to oxygen. Pure titania 

prepared in the particulate sol-gel route is regarded as a very effective 

photocatalyst in this context. The transition metals are having a negative 

influence in photooxidising benzhydrol. Among the rare earth metals, 

praseodymia incorporated titania systems are having comparable activity with 

that of pure titania. The photocatalytic oxidation of benzhydrol to 

benzophenone opens a very effective path for the selective formation of 

benzophenone. 
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Chapter 10 

Photodegradation of Methyl Orange 

Abstract 

Over the past decade, there has been growing interest in photocatalytic 

oxidation as a means of pollution destruction. The efficient photocatalytic 

degradation of hazardous wastes is one of the most desirable and challenging 

goals in the research of the development of environmentally friendly catalysts. 

The present chapter focuses on the photocatalytic activity of titania as well as 

its modified forms towards the degradation of methyl orange. The dependence 

of photodegradation of the dye on various parameters such as dye 

concentration, photocatalyst concentration, irradiation time and intensity of 

radiation were also investigated in detail. The percentage degradation of 

various systems for this reaction is correlated with the band gap energy of the 

prepared systems. 
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10.1 Introduction 

Dyestuffs are important class of synthetic organic pigments, which 

represent an increasing environmental problem.· The wastewater containing 

these organic dyes is highly coloured, and the dyes are not easily removed in 

biological wastewater treatment plants because most dyes are resistant to 

biodegradation. Azo compounds are an important class of synthetic dyes 

commonly used as coloring agents in the textile, paint, ink, plastics and 

cosmetics industries. They are characterized by the presence of one or more 

azo group bound to aromatic rings. Azo dye, comprising various synthetic 

dyestuffs, even can be potentially reduced into carcinogenic aniliI!e1
• With in 

the overall category of azo dye stuffs, methyl orange is one of the most 

important dye, used in different applications such as dyeing and printing 

industries. The structure of methyl orange aqueous solution in alkaline solution 

is given in figure 10.1. The release of azo dyes into the environment is of great 

concern due to the coloration of natural waters, the toxicity, the mutagenicity, 

and carcinogeniciti-5
• The consequence of this release in the eco-system is a 

dramatic source of aesthetic pollution, eutrophication and perturbation in 

aquatic systems6
. The available physical, chemical and biological methods are 

available for the treatment of textile wastewater is cost effective. However, it 

has been reported that most of the dyes are adsorbed on the adsorbent and are 

not degraded. Hence, physical, chemical and biological methods are not cost 

effective to Indian contexe. This leads to search for highly effective method to 

degrade the dyes into environmentally compatible products. It has been 

revealed from the literature that photocatalysis can be used to destroy the dyes 

using semiconductor catalyst under light irradiations-Il • 
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Ti02 based nanoparticles are materials that recently demonstrated 

enhanced photocatalytic efficiency. The application of these materials for 

relevant industrial dyes is an important step in order to establish semiconductor 

based photocatalysis for environmental use, Ti02 photocatalysis has become 

increasingly important in recent years for environmental improvement such as 

the photodegradation and complete mineralization of organic pollutants 12-20, 

Ti02 nanoparticles have large specific surface areas and high catalytic 

perfonnance in which reactions take place on the Ti02 surface21 , 

o 
I 

O-'S 
I 

o 

Figure 10.1, Structure of methyl orange in basic fonn 

Most of the photocatalytic investigations have focused on Ti02, for 

which a high reactivity and a good chemical stability under ultraviolet light 

have been obtained22
• Among the semiconductors used, Ti02 is considered 

particularly efficient owing to the fonnation of electron-hole pair under 

illumination with near UV light. Nevertheless, the recombination of electron

hole inhibits the photocatalytic reaction process23
• Ti02 semiconductor has 

high bandgap (3.2 eV), which limits its wide application in visible light range 

of solar spectrum. So, it only absorbs in the ultraviolet range, and efficient 

collection of the solar spectrum requires sensitization by a modification 

molecule absorbing in the visible range. Therefore, in order to realize the solar 
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decontamination process, many efforts are contributed to develop the second

generation photocatalysts that can drive the photodegradation reaction under 

visible light24
• 

Photocatalytic destruction of different classes of organic dyes using 

highly concentrated solar light and Ti02 suspension have been reported25 

where hetero atoms such as S and N in the dye molecules transfonn into SOl" 

and N03". Mineralisation is reported to vary between 80 and 100% in <30min 

irradiation. This work suggests that high potential for the use of highly 

concentrated solar light in the destruction of textile dyes and biological stains 

from waste waters26
• The photocatalytic activity of _titania towards the 

degradation of various anionic dyes such as Alizarin S, Azo methyl red, Congo 

red, Orange G and cationic dyes like methylene blue and malachite green was 

reported in literature27
-
3o

• Nitrogen doped Ti02 is very effective towards the 

photocatalytic degradation of three azodyes like Acid orange 7, Procion red 

MX-SB and Reactive Black. Illuminated titania is also capable of degrading 

dyes like Acid blue 9, X-GL, active Brilliant red Dye X_3B31
-
33

. 

Photocatalytic experiments were conducted using the silica coated 

titania nanoparticies with tunable coatings to photocatalytically degrade methyl 

orange in water solutions34
• The change of effective titania surface area 

available for methyl orange caused by silica coatings and the dispersion 

stability were used to explain the difference in photocatalytic activity. Ping 

Cheng et al studied the enhancement in photocatalytic activity of silica-titania 

binary oxides by comparing their efficiency towards photocatalytic 

degradation of methyl orange35
• The photocatalytic properties of titania silica 

mixed oxide mesoporous materials was also tested by the degradation of 
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methyl orange36
• E. Lei et al investigated the photocatalytic activity of titania 

by studying their rate of photocatalytic degradation in UV light as well as 

visible light. The results showed that the absorption intensity in visible-light 

was dependent on the concentration of the materials, pH value and heat

treatment temperature37
• 

10.2 Process Optimization 

The photoactivity of the prepared systems was investigated in the 

oxidation of methyl orange aqueous solution. The reaction was carried out in a 

Heber photoreactor (Multi lamp type, model HML-MP88) containing 

concentrically arranged eight numbers of 8W mercury lamps of 365nm 

wavelength. The distilled water solution of methyl orange with a concentration 

of 25 mg/I was chosen for photodegradation. 0.1 g catalyst powder was 

unifoooly dispersed into 20ml of the above solution with vigorous agitation 

under the mercury light. After photooxidation, the suspended catalyst powder 

was separated from methyl orange aqueous solution. The concentration of 

methyl orange was measured using Shimadzu UV -Vis spectrophotometer (UV-

160A). All the photocatalytic experiments were carried out at room 

temperature. 

10.2.1 Effect of Time 

The degradation of methyl orange is conducted over titania 

photocatalyst. The measurement of absorbance is done at regular time intervals 

and calculated the corresponding percentage degradation. Figure 10.2 

illustrates the influence of time Qn the degradation rate of methyl orange at two 
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different initial concentrations of 2Smg/l and 3Smg/1. In both the cases, the 

percentage conversion first increases upto an irradiation time of 80 minutes 

and then it starts decreasing. The increased amount of radiation is the 

dominating factor that facilitates the degradation upto a time of 80 minutes. 

Obviously, the rate of degradation depends on the initial concentrations of 

methyl orange. It is seen that the decrease in the rate of degradation of a 

methyl orange solution after an irradiation time of 80 minutes having a 

concentration of2Smg/l is more than that containing 3Smgll of methyl orange. 

200 
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1i 100 1-0 
eo 
Q 
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~ 

0 

20 40 60 80 100 120 140 160 180 

time(minutes) 

1-<>-- 2Smg/1 ~ 3Smg/l i 
Figure 10.2 

Influence of time on degradation of methyl orange 

O.lg pure titania, 20ml methyl orange, Intensity-48 Watts 

Further, Davis et al and Mathew38
-
39 explained this behavior that the 

path length of the photons entering the solution decreases and in low 

concentration the reverse effect has observed, there by increasing the number 
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of photon absorption by the catalyst in low concentration. Mengyue et aro. 
suggests that as the initial concentration of the dye increases, the amount of 

catalyst required for the degradation also increases. Since irradiation time and 

the amount of catalyst are constant, the OH. (primary oxidant) fonned at the 

surface of the catalyst is also constant. So the relative number of free radicals 

attacking the dye molecule increases with the amount of catalyst41
• Hence, at 

higher concentration the degradation decreases with increase in the 

concentration of dye. 

10.2.2 Effect of catalyst concentration 

The mass of catalyst used in the photoreactor has to be properly 

selected since it plays an important role on the global efficiency of the 

reaction. Experiments were carried out with different concentrations of catalyst 

(0.025-0.150 g) at fixed methyl orange concentration (25 mg/l). It has been 

observed that the initial rate increases with an increase in the amount of 

catalyst and that it remains almost constant above a certain level and is 

presented in figure 10.3. As the concentration of the catalyst is increased, the 

number of photons absorbed and the number of dye molecules adsorbed are 

increased with respect to an increase in the number of catalyst molecules. The 

density of the molecule in the area of illumination also increases and thus the 

rate gets enhanced. After a certain level, the dye molecules available are not 

sufficient for adsorption by the increased number of catalyst molecule. Hence, 

the additional catalyst powder is not involved in the photocatalytic activity and 

the rate does not increase with increase in the amount of catalyst beyond 

certain limit. It is also expected that the aggregation of the catalyst molecules 
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at high concentration must also be considered, which causes the decrease in the 

number of active surface sites. The experimental data are found in good 

agreement with those reported by Sauer et al. for the degradation of Safira dye 

using Degussa P_2542• Neppolian et at3 also reported the decreased percent 

degradation of reactive dyes at higher catalyst concentration. Further, it is 

explained that the deactivation of activated molecule by collision with the 

ground state molecule with the shielding of Ti02 may also take place. 
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Figure 10.3 

Influence of catalyst concentration in the degradation of methyl orange 
20ml methyl orange (25mgl- t), Intensity-48 Watts, Irradiation time-80 min 

10.2.3 Effect of methyl orange concentration 

Various initial concentrations of methyl orange from l5mg/l to 4Omg/l 

were used to evaluate the influence of the amount of the dye on the efficiency 
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of the reaction with otherwise identical reaction conditions. It can be seen from 

figure lOA that the concentration has a significant effect on the degradation 

rates. As the concentration of methyl orange increases, there is an increase in 

percentage degradation upto a concentration of 25mg/l, and thereafter it starts 

decreasing. This behaviour is expected since the ratio of methyl orange 

molecules/active sites ofTi02 is lower leading to a faster overall disappearance 

of the compound. 
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Figure 10.4 

Influence of dye concentration on the degradation rate of methyl orange 
O.lg pure litania, 80 minutes reaction time,lntensity-48 Watts 

10.2.4 Effect of lamp intensity 

The intensity of radiation falling on the catalyst surface plays an important 

role in any photocatalytic process. Here, the degradation of methyl orange, 
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having a concentration of 25mgll is monitored using O.lg of titania for 80 

minutes with varying intensities ofradiation. Figure 10.5 clearly illustrates the 

dependence of light intensity in the percentage degradation of methyl orange. 

The reaction doesn't occur actually in the dark, indicating the efficiency of the 

photocatalyst in the degradation of methyl orange. The percentage degradation 

of methyl orange rises steeply with intensity up to 48 Watts and thereafter it 

remains almost steady. So an optimum of 48W is chosen for the comparison of 

all the catalyst systems. 

100 

I=; 80 0 ..... 
~ 60 --g 
~ en 40 Cl) 

"d 
~ 20 
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Figure 10.5 

48 64 

Influence of Lamp intensity on degradation of methyl orange 
20ml methyl orange (25mgL-I), 0.1 gm Ti02 catalyst, reaction time-8Omin 

10.3 Comparison of Catalyst Systems 

The results obtained for the photocatalytic degradation of methyl 

orange over the prepared systems are given in the tables 10.1 and 10.2. Pure 
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titania is a good photocatalyst in the degradation of methyl orange. Rare earth 

incorporated titania systems are having more photocatalytic activity than that 

of transition metal loaded systems in this reaction. 2% molybdenum, tungsten 

as well as chromium incorporated systems are having almost the same 

percentage conversion. 10% chromium incorporated titania systems are having 

exceptionally high percentage degradation which is very clear from the band 

gap energy calculated from UV-Vis DRS spectra. 

Table 10.1 

Influence of the nature of the incorporated of metal ion in the 

photodegradation of methyl orange 

Catalyst Percentage degradation Catalyst Percentage degradation 

Of methyl orange 

Ti 91.6 

TiCr2 69.7 

TiM02 65.4 

TiW2 66.7 

TiLa2 

TiPr2 

TiSm2 

Of methyl orange 

92.7 

69.8 

89.2 

lOml methyl orange (25mgl-1 ), 0.1 g 1102 catalyst, reaction tlme-8omm, Intenslty-4SW. 

Among the rare earth metals, praseodymium doped metals are 

photocatalytically least active than lanthanum and samarium doped ones. The 

heterogeneous photocatalysis was mainly occurred in interfacial layers. So, the 

affinity and adsorption properties between reactants and photocatalyst surface 

play an important role on determining overall reaction rate44
,4S. Regarding the 

strong adsorption capability of methyl orange on the surface of the systems, the 

key factor was ascribed to the positive charge characteristic of the incorporated 

metal ion on the Ti02 nanoparticle surface. 
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Table 10.2 

Influence of the amount of the incorporated of metal ion in the 

photodegradation of methyl orange 

Catalyst Percentage degradation Catalyst Percentage degradation 

Of methyl orange Of methyl orange 

TiMo6 78.5 TiLa6 89.3 

TiMolO 80.3 TiLa10 93.6 

TiCr6 67.3 TiPr6 68.5 

TiCrlO 94.3 TiPrlO 69.2 

TiW6 73.7 TiSm6 91.2 

TiW10 74.3 TiSrn10 93.1 
20ml methyl orange (25mgl.l), 0.1 g b02 catalyst, reactIon hrne.-8omm, Intenslty.48W. 

The amount of the metal incorporated also has a significant impact on the 

photocatalytic activity. In all the cases, a regular increase in the percentage 

degradation is noticed as the percentage of the incorporated metal increases, 

eventhough the increase is to a lesser extend. Lanthanum as well as Samarium 

incorporated systems are having slightly higher photocatalytic activity than 

other systems. The lesser activity of praseodymium incorporated systems can 

be explained from the respective XRD results. The presence of lower 

percentage of rutile in the system can decrease the photocatalytic activity in 

this reaction. It has been reported that the rutile phase of titanium dioxide has a 

lesser photocatalytic activity than the anatase phase since the rutile phase 

possesses a slightly lower degree of surface hydroxylation46
• 

The values of the band gap are of great importance since they are indicative 

of the energy necessary to initiate the photocatalytic process47
• For the 
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photodegradation of methyl orange, these values must be taken into account. 

The increase in band gap energy, evident from UV -vis DRS studies due to a 

red shift in the Amax values can be well correlated with the percentage 

degradation of methyl orange. Figures 10.6 and 10.7 gives the relationship 

between these two variables in case of transition metal as well as rare earth 

metal loaded systems. 
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Figures 10.6 

Correlation between Amax and % degradation of methyl orange 

It was reported that the pore structure, pore size, particle size and activation 

temperature of titania can affect the photocatalytic activity of organic 

pollutants in wastewater48
,49. There were two competing factors to influence 
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the photocatalytic activity of the modified titania systems. The effective titania 

surface area available for methyl orange would decrease due to incorporation 

of the metals, which induced the decrease of photocatalytic activity. On the 

other hand, the dispersion stability, improved by incorporation of metals would 

expose more titania surface to methyl orange. 
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Figures 10.7 

Correlation between Amax and % degradation of methyl orange 

The enhancement of photoactivity for lanthanide ion doped titania systems 

can be attributed to the concentrated organic materials at the semiconductor 

surface by the fonnation of a complex between the doped lanthanide ions and 
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the substrates. However our results reveal slight enhancement in the 

photoactivity and that too is not proportional to the concentration of the 

lanthanide ion. Theoretically, a greater amount of the incorporated metal 

should be favorable for more complex fonnation, and thus enhanced catalytic 

activity should be observed with higher lanthanide concentration5o
• Therefore, 

the concentration of the substrate is not the only factor that influences the 

activity. The manner in existence of Ln3+ may also play an important role in 

the activity of lanthanide doped titania. Usually Ln3+ is smaller than Ti4+, and 

because of this mismatch of their ionic sizes, the possibility of their migration 

to the interstitial positions cannot be ruled out. 

The photocatalytic activity should have some implications for the specific 

synthesis method followed. In addition, the increase of better surface acidity 

and larger surface area in rare earth mortal doped titania should be important 

factors that induce the improvement of the activity as wellS I. The well

dispersed titania nanoparticles with high surface area allow high access of the 

reactants to the Ti02 surface in aqueous medium. In the photocatalysis system, 

the dye molecule was excited by absorption of a suitable visible light photon. 

The electrons of excited dye molecule can inject into conduction band (CB) of 

Ti02• Then these electrons could be trapped by electron scavengers (usually 

oxygen molecule). But it was also extremely susceptible for the cation radicals 

and the electrons to recombine if the injected electrons accumulated in the CB 

ofTi02• So, electrons trapping and electrons transfer would be two key steps to 

inhibit electron~ation radical recombination. The cation radical (dye'+) 

produced by electron injection was less stable than the ground state of the 

compound (dye). As a result, unstable cation radical dye may directly be 
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degraded to products or reacted with superoxide radial anion (02.-) to produce 

degradation products. 

According to the principles of semiconductor Ti02 photocatalysis, the 

photoactivity is mainly dependent on three factors: (a) electron-hole 

generation capacity; (b) electron transfer route and efficiency; (c) separation 

efficiency of photogenerated charge pairs. The sensitized photocatalysis 

mechanism is very different from UV light induced photocatalysis mechanism. 

The dye sensitization process involves the excitation of the dye molecule with 

visible light and subsequent electron injection or electron transfer from excited 

state dye molecule to conduction band of semicondu~tor Ti02• The electron 

generation capacity mainly depends upon the intensity of incident photons with 

matchable energy and absorption amount of dye molecule on photocatalysts 

surface. The separation of electron-cation radical and electron transfer 

efficiency depend on the electron acceptor (usually Ti02 conduction band, 

triplet ground state 02 or other scavengers) and transferring route. Indeed, it 

could even be agreed that a tendency to strongly adsorb a given substrate may 

be deleterious to the photocatalytic efficiency. 

10.4 Conclusions 

The photocatalytic degradation of methyl orange can take place 

effectively over the prepared systems. The crystal structure as well as the 

effective surface area plays a significant role in the photocatalytic efficiency. 

Among the different systems, pure titania as well as their lanthanum and 

samarium modified analogues are found to be good photocatalysts. A good 

correlation between the band gap energy and percentage degradation of methyl 
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orange is obtained among the various systems studied. In a sense, the effective 

photodegradation of methyl orange by Ti02 is a very exciting respect in 

photocatalytic area. 
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Summary and Conclusions 

Abstract 

Nowadays the chemical industries are facing challenges to reduce the 

use of environmentally hazardous chemicals. Central to this problem, the 

search for a better methodology for chemical industries has been of great 

interest to scientists throughout the world. Catalysis is a fascinating field of 

science because it deals with processes, which may provide solutions for many 

of the key problems we face. The fundamental aspects giving prime importance 

to the preparation of titania and their modified analogues by particulate sol

gel route and its physico-chemical characterization are briefly reviewed in this 

thesis. The great versatility of the prepared catalysts for carrying out some 

industrially important organic reactions is also included in the thesis. This 

chapter deals with the summary and the conclusions of the results described in 

the preceding chapters of the thesis. 
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11.1 Summary 

The present work concentrates on the preparation of the catalyst 

starting from a comparatively cheaper inorganic precursor like metatitanic acid 

through sol-gel route. The incorporation of transition metals like chromium, 

molybdenum and tungsten as well as rare earth metals like lanthanum, 

praseodymium and samarium is done in small amounts to titania, thus 

improving the surface characteristics, thermal stability and surface acidity of 

the composite catalysts and consequently their catalytic performance. It is well 

known that supported oxides of transition metals and rare earth metals are 

widely used as catalysts for various reactions. A systematic investigation of the 

physico-chemical characterization of the prepared catalysts is necessary 

considering their industrial relevance. The catalytic and photocatalytic 

properties of titania systems are systematically studied in this work. Thus the 

thesis gives emphasis to various aspects like catalyst preparation, 

characterization and their versatile applications in carrying out some 

industrially important organic transformations. The chapter wise organization 

of the thesis is as follows. 

Chapter 1 gives an overview about solid acid catalysis carried out by titania. 

The importance of titania based catalysts in current environmental aspects is 

discussed in detail. The present chapter gives major stress to the various 

structural aspects of titania as well as different methods for its preparation. A 

brief literature survey is also included in this chapter. 
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Chapter 2 is devoted to a complete description of the materials used in the 

present work and the experimental techniques employed for the catalyst 

characterization. The flow chart describing the mode of preparation of the 

catalyst systems are also included in this chapter. The experimental details for 

the evaluation of catalytic activity are also incorporated in this chapter. The 

surface acidity deteImination by different techniques including the test 

reactions like cumene cracking and cyclohexanol decomposition is the 

additional features of this chapter. 

Chapter 3 focuses on the physico-chemical characterization of the prepared 

catalytic systems. The catalyst systems were characterized by BET surface area 

and pore volume measurements, XRD analysis, TGIDTG studies, UV-Vis 

DRS and FTIR spectroscopy. The elemental composition of the systems were 

revealed by EDX analysis and the Scanning Electron Micrograms of the 

representative systems gives an insight into their surface morphology. The 

results obtained from ammonia TPD and theImodesorption studies using 2,6-

dimethyl pyridine as probe molecule is also described in detail. Cumene 

conversion discriminates the Bronsted as well as Lewis acidity of the prepared 

systems. Cyclohexanol decomposition reaction is carried out to know the acid 

base properties of the catalysts prepared. 

Chapter 4 discusses the applicability of titania and their modified analogues 

towards the epoxidation of cyclohexene. The influence of various reaction 

parameters like reaction temperature, flow rate, nature and amount of the 

solvent as well as the oxidant is investigated in detail in this section. 
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Chapter 5 illuminates the application of titania and their modified analogues in 

the hydroxylation of phenol. Here also, the variation in the catalytic activity 

and product selectivity with experimental parameters has been taken care of. A 

possible mechanism has been suggested after a critical analysis of the catalytic 

performance. 

Chapter 6 deals with the catalytic activity of the prepared systems towards the 

alkylation of aromatics. Tert-butylation of phenol as well as the methylation of 

anline and anisole is carried out efficiently in a vapour phase reactor. Various 

factors, which influence the percentage conversion as. well as the product 

selectivity, are also considered in detail. Attempt has been made to correlate 

the catalytic activity with the surface acidic properties of the catalyst systems. 

Chapter 7 presents the dehydrogenation of cyclohexane and cyclohexene. The 

influence of reaction temperature and flow rate is investigated in detail. The 

dependence of surface acidity of the prepared systems on the percentage 

conversion is also investigated in detail. 

Chapter 8 lays the foundation of photocatalysis. A brief literature review on 

titania as well as their modified systems are tabulated in this section showing 

their applications in the vast field of photocatalysis. The applications oftitania 

based systems in today's world of growing environmental concern are also 

dealt in this chapter. 
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Chapter 9 describes the photooxidation of benzhydrol over titania and their 

modified systems. The influence of various reaction parameters like irradiation 

time, amount of catalyst, concentration of the reactant and the nature of the 

solvent has been investigated. The chapter also discusses the mechanistic 

aspects of this reaction. 

Chapter 10 narrates the photo degradation of methyl orange. The dependence 

of photodegradation of the dye rates on various parameters such as dye 

concentration, photocatalyst concentration, irradiation time and intensity of 

radiation were also studied in detail. The percentage degradation of various 

systems for this reaction is correlated with the band gap energy of the prepared 

systems. 

Chapter 11 presents the summary and important general conclusions of the 

work done. 

11.2 Conclusions 

The following conclusions that can be drawn from the present research 

work are the following. 

~ Particulate sol-gel method is found to be an efficient method for the 

preparation of high surface area titania systems together with their 

transition metal and rare rare earth metal analogues. The high cost of 

alkoxide precursor widely used in the sol-gel synthesis is avoided in the 

present preparation route, which adds to its economical importance. 
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~ The enhanced anatase phase stability of the modified systems is an 

important consequence of metal incorporation. The high dispersion of the 

incorporated metals on the surface of the titania support is evident from 

the XRD patterns. 

~ Modified titania systems are capable of improving the physico chemical 

characteristics and the surface properties of pure titania. The XRD and 

SEM analysis emphasizes the agreement between the increase in surface 

area and decrease in the crystallite size. 

~ The high thermal stability of the prepared systems can be understood 

from the TG-DTG curves. The characteristic peak of pure titania is 

obtained from the FTIR analysis. UV-Vis DRS helped in the 

identification of tetrahedrally coordinated titanium ions and calculation of 

the band gap energy of the prepared systems. 

~ The surface acidic properties of titania supports improve considerably 

upon incorporation of transition metal as well as rare earth metals. There 

is a good correlation between the surface acidity measured by ammonia 

TPD, thermodesorption of 2,6-dimethyl pyridine adsorbed samples and 

catalytic test reactions such as cumene cracking and cyc1ohexanol 

decomposition reaction. 

~ The epoxidation of cyc10hexene is carried out efficiently over the 

prepared systems with the selective formation of cyc10hexene epoxide. 

The excellent activity and selectivity in the epoxidation of cyc10hexene is 

due to highly dispersed Lewis acidic titanium sites. The activity of the 

prepared catalysts and their stability with time in the epoxidation of 
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cyclohexene by tert-butyl hydroperoxide hints that it might be possible to 

create cleaner nylon chemistry. 

~ The prepared systems are highly active in the hydroxylation of phenoL 

Selection of an optimum reaction time also demands prime importance in 

order to achieve maximum activity and selectivity of the products. The 

performance of the catalytic systems points to its potential in the 

degradation of phenolic wastes. 

~ Friedel Crafts alkylation of arenes is successfully carried out over the 

prepared systems and thus introducing green and clean processes 

replacing the conventional hazardous acid catalysts. Tert-butylation of 

phenol gives 4-tertiary butyl phenol as the major product, which is 

catalyzed by medium acid sites. In the methylataion of aniline, the 

percentage N-methyl selectivity is more than that of C-alkylated product 

selectivity in all the systems. Good correlation exists between various 

types of acidity obtained from NH3 TPD as well as percentage product 

selectivities, which give clear-cut evidence about the reaction mechanism. 

The vapour phase methylation of anisole over the prepared catalyst 

systems results in the selective formation of 2,6-xylenol. The acid-base 

properties of catalysts are responsible for the methylation of anisole. 

~ In the catalytic dehydrogenation of cyclohexane and cyclohexene carried 

out over the prepared systems, benzene is obtained as the major product. 

The total surface acidity of the systems plays an important role in 

determining the catalytic activity. 

~ The photooxidation of benzhydrol is efficiently carried out over the 

prepared systems resulting in the formation of benzophenone as the sole 
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product. The proposed mechanism involves the reaction between a cation 

radical of benzhydrol formed by the oxidation of the alcohol by a hole 

and a superoxide radical anion produced by the transfer of a conduction 

band electron to oxygen. 

& The photochemical degradation of methyl orange occurs effectively over 

the prepared catalysts. The large surface area of the photocatalyst is one 

of the most dominating factors in achieving a high efficiency in the 

reaction. The percentage degradation of various systems for this reaction 

is correlated with the band gap energy of the prepared systems. 

Future Outlook 

Catalysis is a fascinating, interdisciplinary and future oriented area. 

Indeed the chemistry of catalysis is as varied as chemistry itself. With its 

versatility and excellent control over products characteristics, sol-gel 

processing has played an important role in catalyst preparation and no doubt 

will continue to do so. The use of metatitanic acid as the precursor in the 

preparation of high surface area titania catalysts receives special attention. 

From the viewpoint of green chemistry, the use of heterogeneous catalysts like 

modified titania is desirable. The present investigation on the catalytic activity 

of modified titania catalysts reveal their high efficiency for various types of 

reaction like epoxidation of cyclohexene as well as hydroxylation of phenol. 

The work can be extended in the epoxidation of other cycloolefms and the 

products of which are of independent significance and/or are valuable 

chemicals for synthesis of biologically active species. The application of the 

prepared catalysts makes the wet air oxidation process more attractive by 
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achieving high conversion at considerably lower temperature and pressure. The 

higher activity and selectivity in the alkylation of aromatics carried out over 

the prepared systems is another important observation we got. Since the 

prepared catalysts are highly acidic, studies can be extended for various 

industrially important acid catalyzed alkylation and rearrangements of other 

aromatic molecules. 

Good photocatalytic activity is shown by titania systems towards the 

photo degradation of methyl orange and photooxidation ofbenzhydrol. Being a 

photocatalyst, the work can be extended in this vast ever growing field too. 

The photocatalytic activity of the prepared systems can be utilized to establish 

an effective method for the remediation of volatile organic compounds from 

indoor air, which poses a significant health risk. Titania based catalysts can 

also be applied in the degradation of various types of dye stuffs which 

represent an increasing environmental problem. Their effective removal is a 

challenging task as environmental laws and regulations are becoming more and 

more stringent. The areas of application of photocatalysis to water purification 

and treatment of water, area selective reactions, polymer degradation and 

selective organic synthesis will probably gain priority as they appear to possess 

the potential to alter environmental and electronic scenarios. 
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