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Preface 

Catalysis is one of the fundamental pillars of green chemistry, the design of 

chemical products and processes that reduce or eliminate the use and generation of 

hazardous substances. The design and application of new catalysts and catalytic 

systems are simultaneously achieving the dual goals of environmental protection and 

economlC benefit. No subject so pervades modem chemistry as that of catalysis. 

Catalysis offers numerous green chemistry benefits including lower energy 

requirements, catalytic versus stoichiometric amounts of materials, increased 

selectivity, and decreased use of processing and separation agents, and allows for the 

use of less toxic materials. Heterogeneous catalysis, in particular, addresses the goals 

of green chemistry by providing the ease of separation of product and catalyst, thereby 

eliminating the need for separation through distillation or extraction. 

Rare earth oxides have been widely investigated as structural and electronic 

promoters to improve the activity, selectivity and thermal stability of the catalysts. 

The most significant of the oxides of rare-earth elements in industrial catalysis is 

certainly ceria. Its use in catalysis has attracted considerable attention in recent years, 

especially for those applications, such as treatment of emissions, where ceria shown 

great potential. In the present study, the modification of ceria using zirconia and 

transition metals were carried out. Major part of the work is oriented to evaluate the 

catalytic activity of transition metal modified ceria and ceria-zirconia catalysts. 

The thesis is organized into seven chapters. The first chapter deals with the 

brief introduction and literature survey on modified ceria catalysts. Second chapter 

expounds the materials and methods employed in the work. Results and discussion 

regarding the characterization and activity studies are described in subsequent 

chapters. Last chapter includes the summary of the investigation and the conclusions 

drawn from the work. 
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CHAPTER! 

GENERAL INTRODUCTION AND LITERATURE SURVEY 

Abstract 

Catalysis research is central to the science of modern chemical processing, fuel 

technologies and environmental control. It controls more than 90% of the world's 

chemical manufacturing process and is one of the most important technologies in national 

economies. Modern society as we know it would be impossible without catalysis. 

Catalysis is a multidisciplinary science. It is a combination of fundamental and applied 

science with major contribution from chemistry, physics and material science. Its 

technological importance lies in the tremendous achievements of this science to give 

humanity some cheap, highly convenient and outstanding material. The most significant 

of the oxides of rare-earth elements in industrial catalysis is certainly Ce02. Its use in 

catalysis has attracted considerable attention in recent years. This chapter deals with the 

general introduction and literature review of different components of the newly developed 

system and the various reactions undertaken for the present investigation. 
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1.1 Catalysis 

A catalyst was defined by 1. J. Berzelius in 1836 as a compound, which 

increases the rate of a chemical reaction, but which is not consumed by the reaction. 

This definition allows for the possibility that small amounts of the catalyst are lost in 

the reaction or that the catalytic activity is slowly lost. However, the catalyst affects 

only the rate of the reaction, it changes neither the thermodynamics of the reaction nor 

the equilibrium composition. The principal theme in catalysis is the desire to control 

the rate of chemical reactions and the secondary theme is to understand the 

mechanism of the control. Catalysis is of crucial importance for the chemical 

industry, the number of catalysts applied in industry is very large and catalysts come 

in many different forms, from heterogeneous catalysts in the form of porous solids 

over homogeneous catalysts dissolved in the liquid reaction mixture to biological 

catalysts in the form of enzymes. 

Catalysis plays a prominent role in our society. The majority of all chemicals 

and fuels produced in chemical industry have been in contact with one or more 

catalysts. Catalysis becomes also progressively more important in environmental 

pollution control. Stoichiometric processes which generate waste problems are more 

and more replaced by selective catalytic routes. The three-way catalyst effectively 

reduces pollution from car engines. Catalytic processes to clean industrial exhaust 

gases are currently developed and installed. In short, catalysis is vitally important for 

our economies now and it will be even more important in future. 

1.1.1 Heterogeneous Catalysis 

Catalysts which operate on reactions taking place on surfaces, heterogeneous 

catalysts, are of great importance in chemical industry and in living organisms. In 

heterogeneous catalysis, the reacting species are held on the surface of the catalyst by 

a physical attraction called adsorption while the reaction takes place. Adsorption may 
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be relatively weak (physical adsorption) or may have a strength comparable to the 

strengths of chemical bonds (chemisorption). In either case adsorption is generally not 

uniform across a solid surtace. Adsorption, and therefore catalysis, occurs primarily at 

certain favorable locations called active sites. The function of the catalyst is to provide 

an energetically favorable pathway for the desired reaction, in which the activation 

barriers of all intermediate steps are low compared to the activation energy of the 

uncatalyzed reaction. 

1.2 Oxide Catalysts 

Historically, oxide catalysts have been used primarily for vapor phase reaction 

in the petroleum and petrochemical industries. Recent work, however, has shown that 

these catalysts can also be effective in promoting a number of synthetically useful 

reactions. While simple oxides show activity for some oxidations they are more 

commonly used as solid acids or bases. Complex oxides can act as acids or bases as 

well as oxidation catalysts. Complex oxide can range in composition from the simple, 

amorphous, binary oxides to the more complex ternary and quaternary systems. The 

use of zeolites and clays can impart shape selectivity to a number of reactions, a 

feature that makes these systems particularly appealing for use in synthesis l
. 

Oxide catalysts fall into two general categories. They are either electrical 

insulators or they can act as semiconductors. Insulator oxides are those in which the 

cationic material has a single valence so they have stoichiometric M:O ratios. The 

simple oxides, MgO, Ah03 and Si02 and the more complex zeolites, which are 

aluminosilicates, fall into this category. These materials are not effective as oxidation 

catalysts and find more use as solid acids2 or bases3.4• 

Semiconductor oxides are most commonly used in oxidations. They are 

materials in which the metallic species is relatively easily cycled between two valence 

states. This can be two different positive oxidation states as in Fe203, V10S, Ti02, 
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CuO or NiO, or the interconversion between the positive ion and neutral metal as with 

the more easily reduced oxides such as ZnO and Cd05
.
6

• 

Basically, some oxides are semiconductors because they can have either a 

slight excess or deficiency of electrons. In the fonner case there is a net negative 

charge so the material is referred to as an n-type semiconductor. A net positive charge 

gives a p-type semiconductor. These two types are appreciably different in their 

adsorption and reaction characteristics. 

1.2.1 Simple Oxides 

A simple oxide catalyst can be used in either the bulk state or supported on an 

inert oxide support material. In general, the simple semiconductor oxides are not very 

good catalysts for synthetic reactions. The insulator oxides like AI20) can be used as 

acid catalysts 7.8 and MgO and BaO for base catalyzed reactions3
,4. 

1.2.2 Supported Oxides 

Supported oxides have several advantages over unsupported materials9
. 

Supports can be used to improve the mechanical strength, the thennal stability and the 

lifetime of the catalyst. They can also provide the means for increasing the surface 

area of the active species. In addition, data have shown that supported oxides 

frequently have structural features and chemical compositions different from those on 

the surface of the support material. There are several general ways in which the active 

oxide can be found on the surface of the support material lO
• 

The active component and the support can be intimately mixed throughout the 

catalyst particle. This arrangement provides the maximum interaction between the 

support and the catalyst so it maximizes the catalyst support interaction. 

Unfortunately, it also leaves a large portion of the active material buried in the bulk of 

the particle. The active component can be molecularly dispersed on the support with 
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respect to maximizing the catalyst support interaction. Here individual molecules of 

the catalytically active species are bound to the support surface as a localized binary 

oxide. The nature of the support can then have a significant influence on the reaction 

characteristics of the catalyst. 

The catalyst component can form an active molecular monolayer on the 

support. Here, too, catalyst support interactions can be strong because of the large 

contact area between the support and oxide relative to the surface area of the support. 

It is this monolayer coverage that is considered the best for a number of supported 

oxides but, realistically, it is recognized that it is improbable that the entire surface of 

a high surface area porous support material will be uniformly covered by the catalytic 

species. Instead, there will be areas of monolayer coverage accompanied by some 

larger supported oxide particles and some uncovered support surface. 

1.3 Ceria, Zirconia and Ceria-Zirconia 

1.3.1 Ceria 

Cerium is the most abundant member of the series of elements known as 

lanthanides or rare earths, the elements in the periodic table in which the inner 4f 

electron shell is being filled. Cerium is characterized chemically by having two stable 

valence states, Ce4~, eerie and Ce3
.,., cerous and this property underlies several 

technological uses. The ceric ion is a pov·;erful oxidizing agent but when associated 

with the strongly coordinating ligand, oxygen, is completely stabilized and indeed 

cerium oxide, Ce4+02, (also called ceria) is the form of cerium most widely used. 

Ceria has the tluorite, CaF2, structure, space group Fm3m, with 8-coordinate cations 

with oxygens filling all the tetrahedral holes; the structure-determining OCe4 

coordination tetrahedral thereby share all edges in three dimensions ll. 
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Ceria is now the focus of constant and varied research due to its industrial 

applications in areas such as high temperature ceramics, catalysis and solid oxide fuel 

cell applications !2. This is because of its oxygen storage capacity which is based on a 

unique ability to undergo reversible redox transitions to form a series of non­

stoichiometric phases of composition CeOr+Ce02_x and this underpins the current 

interest! 3. As a vital component in the so-called three-way catalysts (TWC) for 

automotive exhaust emission control, ceria has proven useful in several ways; it aids 

the stabilization the alumina washcoat, prevents the inward diffusion of noble metals 

such as rhodium into the washcoat and prevents those metals being deactivated by 

being held in high oxidation states. However, it is its oxygen storage capacity (OSC) 

that gives ceria-based catalysts the unique ability to oxidize unbumt hydrocarbons or 

reduce nitrous oxides under fuel rich and lean conditions respectivelyl •. 

1.3.2 Zirconia 

Zirconium oxide (Zr02) known as zirconia is also a relevant material in 

adsorption and catalysis. Zirconium dioxide is found in nature in small quantities as 

the mineral baddeleyite (monoclinic zirconia). It can also exist in tetragonal and cubic 

forms, both stable at higher temperature but stabilized by doping down to room 

temperature!5. The most significant difference between monoclinic, tetragonal and 

cubic structures is the change in the coordination of Zr atoms which is seven in the 

monoclinic phase and eight in the other two. The presence of seven fold coordination 

in the m-Zr02 is consistent with the strong covalent character of Zr-O bonding. 

Zirconia is a special transition metal oxide that possesses bifunctional 

characteristics of weak acid and base properties 16,17. The p-type semiconductivity 

exhibits abundant oxygen vacancies on its surface. The high ion-exchange capacity 

and redox activities make it possible to be used in many catalytic processes as the 

catalyst, the supporter, and the promoter. In addition, the superior chemical stability, 
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mechanical strength, and ion-exchange capacity are favorable for applications in 

ceramic toughening, thermal-barrier coating, electronics, and oxygen sensors I8
-
22

• 

1.3.3 Ceria-Zirconia 

In recent studies it has been shown that the redox behavior of cerium oxide 

can be severely modified by incorporation of zirconium and the formation of mixed 

Ce-Zr oxides. Among the possible compositions and phases forming Zr-Ce mixed 

oxides, it has been shown that the greatest promoting effect on cerium reduction is 

produced for compositions with Cel Zr (atomic ratio) close to one and in the presence 

of pseudo cubic phase t" (with Zr and Ce cations occupying the corresponding 

positions in the cubic fluorite-type lattice, but with overall tetragonal symmetry due to 

oxygen displacement from the ideal fluorite sites23. Ce02-ZrO 2 mixed oxides are 

extensively used as promoters for three way catalysts. Due to their high thermal 

stability and enhanced redox properties compared to traditionally employed ceria, 

these systems are now employed as a so-called oxygen storage device. Oxygen 

storage and release capacity is the ability of a TWC to store oxygen under net 

oxidizing conditions and release it under net reducing conditions, thereby maintaining 

the air to fuel ratio at close to stoichiometric conditions, where the highest 

conversions are attained. For highly sintered Ce02-Zr02 mixed oxides, a remarkable 

property is that insertion of zr02 into the Ce02 lattice distorts the oxygen sublattice, 

making mobile lattice oxygen available for redox processes24 . 

1.4 Methods of Preparation of Metal Oxides 

A heterogeneous catalyst is a composite material, recognized by: (a) the 

relative amounts of different components (active species, physical andlor chemical 

promoters, and supports); Cb) shape; (c) size; Cd) pore volume and distribution; (e) 

surface area. The optimum catalyst is the one that provides the necessary combination 
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of properties (activity, selectivity, lifetime, ease of regeneration and toxicity) at an 

acceptable cost. These requirements are in many cases in conflict and catalyst design 

mainly consists of the achievement of a suitable compromise. 

1.4.1 Precipitation and Co-precipitation 

Precipitation is one of the most widely employed preparation methods and 

may be used to prepare either single component catalyst and supports or mixed 

catalysts. In the latter case intimate mixing of the catalyst components can be 

achieved by either the fonnation of very small crystallites or the fonnation of mixed 

crystallites containing the constituents. During coprecipitation the pH has to be 

adjusted and kept constant25
-
27

. Hydroxides and carbonates are the preferred 

precipitates because of their low solubility, easy decomposition and minimal toxicity 

and environmental problems28
. 

1.4.2 Impregnation 

Impregnation is the procedure whereby a certain volume of solution 

containing the precursor ofthe active phase is contacted with the solid support, which, 

in a subsequent step, is dried to remove the imbibed solvent29 ,3o. Two methods of 

contacting may be distinguished, depending on the volume of solution: wet 

impregnation and incipient wetness impregnation. In wet impregnation an excess of 

solution is used. After a certain time the solid is separated and the excess solvent is 

removed by drying. The composition ofthe batch solution will change and the release 

of debris can fonn a mud which makes it difficult to completely use the solution. The 

heat of adsorption is released in a short time. In incipient wetness impregnation the 

volume of the solution of appropriate concentration is equal or slightly less than the 

pore volume of the support. Control of the operation must be rather precise and 

repeated applications of the solution may be necessary. 
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1.4.3 Adsorption 

Adsorption allows the controlled anchorage of a precursor (in an aqueous 

solution) on the support30
,31. The term adsorption is used to describe all processes 

where ionic species from aqueous solutions are attracted electrostatically by charged 

sites on a solid surface. Often consideration is not given to the difference between 

true ion exchange processes and electrostatic adsorption at the charged surface of 

oxides, Catalyst systems, which need charge compensating ions, are ideal materials 

for ion exchange (zeolites, cationic clays or layered double hydroxides). Instead most 

oxide supports, when placed in an aqueous solution, develop a pH-dependent surface 

charge, These oxides may show a tendency for adsorption of cations (Si02-Ah03, 

Si02), or anions (ZnO, MgO) or both, cations in basic solutions and anions in acid 

solutions (Ti02, Ah03). The surface charge of an oxide depends on its isoelectric 

point as well as on the pH and ionic strength of the solution. 

1.4.4 Deposition-Precipitation 

In deposition-precipitation two processes are involved: (I) precipitation from 

bulk solutions or from pore fluids; (2) interaction with the support surface32
-
34

. 

Slurries are formed using powders or particles of the required salt in amounts 

sufficient to give the desired loading, and then enough alkali solution is added to 

cause precipitation. However, precipitation in the bulk solution must be avoided, 

since it gives rise to deposition outside the pores of the support. A well-dispersed and 

homogeneous active phase is reached when the OH- groups of the support (for 

example, the silanols of silica) interact directly with the ions present in the solution, 

thereby also determining the nature of the phase formed34
,35. The nucleation rate must 

be higher at the surface than in the bulk solution and the homogeneity of the solution 

must be preserved. A method to obtain uniform precipitation is to use the hydrolysis 

of urea as a source of OH- instead of conventional alkali. Urea dissolves in water and 
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decomposes slowly at 90°C, giving a uniform concentration of OH- in both the bulk 

and pore solutions. 

1.4.5 Sol-gel Method 

The sol-gel method is a homogeneous process which results in a continuous 

transformation of a solution into a hydrated solid precursor (hydrogel). Sol-gel 

methods have several promising advantages over precipitation. In general, 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 sol-gel method is a more direct way to prepare highly 

divided materials. Four main steps may be identified in taking a precursor to a 

particular product via sol-gel preparation: formation of a hydrogel, its ageing, removal 

of solvent and heat treatment. The versatility of this preparation method lies in the 

number of parameters that can be manipulated in each of these steps36. 

In the sol preparation, the precursors (either organic or inorganic) undergo 

two chemical reactions: hydrolysis and condensation or polymerization, typically with 

acid or base as catalysts, to form small solid particles or clusters in a liquid (either 

organic or aqueous solvent). The solid particles or clusters are so small (I-I ,000 nm) 

that gravitational forces are negligible and interactions are dominated by van der 

Waals, coulombic and steric forces. Sols are stabilized by an electric double layer, or 

steric repulsion, or their combination. Sol-gel processing is a simple technology in 

principle but has required considerable effort to become of practical use. Sol-gel 

enables materials to be mixed on an atomic level and thus crystallization and 

densification to be accomplished at a much low temperature. However, a true atomic 

level homogeneity in a mUltiple component system is an endeavor; the difficulty 

arises from the fact that the chemical reactivity varies greatly from precursor to 
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precursor. Precursor modification and step-wise partial hydrolysis are the common 

approaches to homogeneity in multiple component systems. 

The advantages of the sol-gel process in general are high purity, homogeneity, 

and low temperature. For a lower temperature process, there is a reduced loss of 

volatile components and thus the process is more environmental friendly. In addition, 

some materials that cannot be made by conventional means because of thermal and 

thermodynamical instability can be made by this process. The sol-gel process has 

many applications in synthesis of novel materials. Examples include aerogels used in 

space crafts to capture stellar dust, xerogels as matrix in biosensors, and high power 

laser materials. It is well known that the properties of materials show a huge change 

when particle size is reduced to submicrometric or nanometric scale37
• 

1.5 Preparation of Ceria, Zirconia and Ceria-Zirconia 

Ceria based catalysts were prepared by a large variety of techniques such as 

mechanochemical processing38
, hydrothermal hydrolysis39, atomic layer deposition40

, 

ultrasonic aerosol decomposition41
, homogeneous precipitation route42

, hybrid 

organic/inorganic route43
, inert gas condensation44 solid state decomposition 

technique45
, homogeneous precipitation with microemulsion46 etc. Thermally stable 

ordered Mesoporous ceria has been synthesized with the use of neutral surfactants by 

Lyons et.aI.47
• 

A few research groups prepared ceria sols by using the commercial 20 wt.% 

Ce02 aqueous colloidal dispersionsH or peptizing Ce02 precipitation by addition of an 

equimolar quantity of HN03
49

. Zou et al.50 synthesized high surface area cerium 

oxide and high concentration ceria sols by a new method based on homogeneous 

precipitation method in an acidic environment using cerium CIV) nitrate as the 

precursor. Li et al.51 reported synthesis of ceria nano particles by solid phase 
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mechanochemical reaction of hydrate cerium chloride with hydrate sodium carbonate. 

Khalil et a1.52 carried out a two step sol-gel process for the preparation of cerium oxide 

in which Cerium (IV) isopropoxide was dispersed in isopropanol by the aid of 

ultrasonic radiation to overcome the solubility problem. Zhou et al.53 were successful 

to synthesize ceria nanorods with well-defined reactive planes as a result of the recent 

development of controlled synthesis of nanostructured materials. Rane et al.54 used 

three ceria sols prepared from different precursors (commercial sol, cerous sol and 

eerie sol) to prepare unsupported ceria membranes. They confirmed fluorite type 

phase for ceria derived from all these sols. Ozer55 showed that crystalline ceria films 

can be prepared by the sol-gel process using cerium ammonium nitrate as precursor. 

Orel et al. 56
, 57 and his coworkers used aqueous based sol-gel process for the 

preparation of ceria. Transparent colloidal solution containing 2 nm ceria particles 

were synthesized by Inoue et a1. S8
. Atkinson et a1. 59 prepared ceria sol by peptizing a 

slurry of cerium hydroxide with nitric acid. They could obtain de-aggregated primary 

particles about 8 nm in size. 

Extensive methods have been explored to synthesize zirconia, including 

precipitation60
, sol-geI61

, thermal decomposition62 and hydrothermal treatment63
. 

Among these, the sol-gel process is considered to be a promising way to produce 

homogeneous so Is with modified physico-chemical properties. Zhao et al.64 found out 

that highly stable, homogeneous zirconia sols could be prepared from zirconium n­

propoxide modified by diglycol. Zirconium n-propoxide was used as the precursor 

because of its high reactivity with water and it being typically representative of 

metallic alkoxides. Ferino et al.65 prepared zirconia catalysts from xero- and aerogels 

obtained using zirconium n-propoxide. 

Many preparation methods have been applied for the preparation of Ce02-

Zr02 solid solutions for catalytic applications. These include microemulsion 

method66
.
67

, hydrothermal synthesis68
, sol-gel route69

•
72 

, Co-precipitation route73.75 , 
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high energy ball milling76 , glycine-nitrate process 77,78 , sonochemical processing79, 

flame spray synthesis 80, spray drying technique8l
, pechini process82 , solution 

combustion synthesisR3 etc. 

1.6 Transition Metal Modified Ceria and Ceria-Zirconia as Catalyst 

Among the rare earth metal oxides that have been widely investigated in 

ceramics and industrial catalysis, cerium dioxide (Ce02) certainly stands apart l4
,84, 

The redox property of ceria plays a prominent role in catalyzed reactions, The 

number of effective redox sites and their ability to exchange oxygen can be 

manipulated by incorporating transition metal ions into the ceria lattice and promoted 

by noble metals dispersed on ceria68,85,86, Replacing cerium ions by cations of 

different size or charge modifies ion mobility inside the modified lattice, resulting in 

the formation of a defective fluorite-structured solid solution, Such modifications in 

the defect structure of ceria confer new properties to the catalyst such as better 

resistance to sintering at high temperatures and high catalytic activity for various 

reactions87, The mixing of two different oxides could result in the formation of new 

stable compounds that may lead to totally different physico-chemical properties and 

catalytic behaviour88. 

Supported chromium oxide catalysts have been of significant industrial 

importance for many decades and are now vital for the polymerization of ethylene (in 

the manufacture of high-density polymers) as well as the generation of valuable 

alkenes via the dehydrogenation of low-cost alkane feedstocks89
.
9l

. More recently 

cerium oxide supported chromia catalysts have been used for the oxidative 

dehydrogenation of isobutane where the activity of these materials was attributed to 

d ' d C 6+0 ,92 93 H . I 94 d' d h' d' Isperse r "species', ansson et a. stu le c romlUm promote cenum 

catalysts towards oxidation of CO and propane. The thermal decomposition behavior 
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of ceria supported chromia phase and the effect of support in various chemical and 

molecular states of chromia with the temperature was reported by Viswanath et a1. 95 . 

Rossi et al.% has examined structural and catalytic properties of numerous 

chromialzirconia, chromialalumina and chromialsilica catalysts, covering a wide 

range of Cr concentration. Dehydrogenation activity per total Cr atom is substantially 

higher for zirconia-based catalysts. This higher activity was related to the higher 

concentration on zirocnia of mononuclear CrY species, which reduce to the active 

mononuclear Crlll species under reaction conditions. Effect of preparation route and 

thermal treatment on the nature of copper and chromium doubly promoted ceria 

catalysts was reported 97. 

Interestingly, MnOx-Ce02 mixed oxides have been developed as 

environmental friendly catalysts for the abatement of contaminants in both liquid 

phase and gas phase, such as oxidation of ammonia98
, pyridine99

, phenol loo and acrylic 

acid lol . It was further showed that the MnOx-Ce02 mixed oxides had much higher 

catalytic activity than those of pure MnO" and CeOz owing to the formation of the 

solid solution between manganese and cerium oxides. Incorporation of manganese 

ions into ceria lattice greatly improved the oxygen storage capacity of cerium oxides 

as well as the oxygen mobility on the surface of the mixed oxides. Qi et al. 102 

reported that MnO,,-Ce02 is a superior catalyst for NO reduction by NH3. The high 

activity is attributed to the highly dispersed Mn species and the more active oxygen 

species that is formed. MnJCe composite catalysts are found to be effective for the 

wet oxidation ofphenol l03,104, ammonia105 and poly (ethylene glycol)lo6. 

The vapor-phase synthesis of 3-pentanone from I-propanol was investigated 

over CeOZ-Fe203 catalysts by Kamimura et aI. IO
? The addition of Fe203 to Ce02 

enhances the ability of Ce02 for the catalytic dehydrogenation of I-propanol to 

propanone without losing the ability for the dimerization of propanol, whereas the 
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stability of catalyst is related to the cataiyst composition. Nagashima et al. I08 

investigated ketonization of different carboxylic acids over CeOz based catalysts. 

CeOz catalysts modified with Mg, AI, Fe, Ni, Cu and Zr are effective for the 

ketonization of propnaoic acid fonn 3-propanone. CeOz-Mnz03 is the most efficient 

catalyst. The degree of mixing in a solid solution affects the catalytic activity for the 

ketonization. Nascente et al. 109 found out using X-ray photoelectron spectroscopy that 

the addition of iron oxide to CeOz-zrOz mixed oxide helped the stabilization of 

tetragonal phase. Mitchell et al. 110 examined the decomposition of dimethyl 

methylphosphonate (DMMP) on supported cerium and iron co-impregnated oxides at 

room temperature. They suggested that the active component for DMMP 

decomposition is a two dimensional ceria network on the alumina support and the 

effect of iron is to increase the number of ceria defect sites in the crystallites that do 

form by disrupting the crystal structure and/of facilitating the fonnation of smaller 

particles. 

Cobalt based catalysts are currently the best systems for obtaining paraffins of 

high molecular weight with little CO2 or alcohol formation. Emst et al. reported the 

effects of highly dispersed ceria addition on reducibility, activity and hydrocarbon 

chain growth of a Co/Si02 Fischer-Tropsch catalyst!l!. CoOJCeOz composite 

catalysts of various cobalt loading have been prepared and tested for carbon monoxide 

oxidation by Kang et a1. ll2
. These catalysts showed good resistance to water vapor 

poisoning, due to the strong interaction of the two materials. The study of the 

cinnamaldehyde hydrogenation over supported cobalt catalysts showed that the 

addition of cerium to cobalt increases selectivity to unsaturated alcohol without 

decrease of the activityll3. 

Nickel has been explored as a possible substitute for precious metals since 

nickel-based catalysts are relatively inexpensive and have been known to possess high 
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activities for the synthesis gas-forming reaction I 14-117. Upadhya et al. I18 reported that 

Ni-stabilized zirocnia can be used for the chemoselective transfer hydrogenation of 

nitroarenes, aldehydes and ketones with propan-2-ol. Incorporation of Ni into the 

bulk structure of Zr02, not only stabilized zr02 in its cubic form but also moderated 

the reactivity of Ni in the stabilized zirconia enabling chemoselective functional group 

reduction. CeNixOy mixed oxides were used in oxidative dehydrogenation of 

propane l19
• 

CuO-Ce02 mixed-metal oxides have important applications as electrolytes in 

fuel cells 120, gas sensors 121 and efficient catalysts for various reactions such as the 

combustion of CO and methane I22 .123
, the water-gas shift reaction85 the reduction of 

S02 by COl24
, methanol synthesis 125 and wet oxidation of phenol 126. Cu-Ceria-Yttria 

stabilized zirconia anodes for solid oxide fuel cells were used by Krishnan et al.127. 

Rao et al.128 investigated the surface and catalytic properties of Cu-Ce-O composite 

materials prepared by solution combustion method. CO oxidation using copper oxide 

supported on cerium-zirconium mixed oxide has been studied by Maninez-Arias et 

al.129. They concluded that the two main factors governing the catalytic activity of 

this kind of system are the facility for the partial prereduction of the copper oxide 

component at the interface zone and the redox properties of the interface between that 

partially reduced copper oxide component and the underlying ceria based support. 

Catalytic production for hydrogen by steam reforming of methanol reaction over 

Cui Ah03 promoted with Ce02 was reported. The results showed that Ce02 could 

enhance the surface dispersion of copper on catalysts, and prevent copper crystallites 

from sintering. It is suggested that high activity, selectivity and stability of Ce02 

promoted catalysts have been resulted from higher copper dispersion and smaller 

copper crystallites and the synergetic effect of cerial30
. CO oxidation of 

nonstoichiometric nanostructured CuOJCeOz composite particles prepared by inert 

gas condensation was studied by Skarman et al. 131
• The interaction between a metal 
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oxide catalyst such as copper oxide and the ceria support is complicated since a 

variety of metal-support interaction can lead to synergetic effects and enhanced 

catalytic properties. Further more of chemical factors, such as crystal structure, 

oxidation state, crystallinity, morphology and dispersion effect influence the activity 

ofCu)Ce02 during catalysis for CO oxidationI32.133
. 

Ceria based catalysts are very effective for the synthesis of cyclic carbonate 

such as ethylene carbonate and propylene carbonate by the reaction of CO2 with 

ethylene glycol and propylene glycol. The addition of Zr to Ce02 was very effective 

at maintaining the high surface area of the catalysts calcined at high temperature and 

this is related to the calcinaton temperature dependence. On the basis of the catalyst 

characterization it is suggested that the active sites could be weak acid-base sites 

which are present on the plain surface of the catalyst calcined at high temperature l3J
• 

The redox cycle of CeH ~Ce3+ on the surface of ceria is found to play a role for the 

dehydration of diols 135,59. Sugunan et a1. 136 investigated structural and catalytic 

investigation of vanadia supported on ceria promoted with high surface area rice husk 

silica. 

Banwenda et al. 137 demonstrated that cerium dioxide is a potential 

photocatalyst that can be used to decompose water to produce oxygen in aqueous 

suspension containing an electron acceptor. Ceria is abundant, nontoxic and 

inexpensive, Furthermore, ceria is an n-type semiconductor with a band gap of2,9 eV 

and consequently it can be phtoactivated by irradiation with light in the near UV-vis 

rangel3B. These characteristics suggest that Ce02 could be potentially used as a 

photocatalyst for the oxidation of pollutants. Coronado et al. 139 carried out EPR study 

of radicals formed upon irradiation of ceria-based photocatalysts (Ce02, Ti02, 

Ce02/Ti02). The photocatalytic activity was tested for toluene oxidation. They 

concluded that the main effect of ceria incorporation to the titania sample is the partial 
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blockage of the surface sites available for photodegradation. It is proposed that the 

main effect of UV photoactivation of Ce02 could be to favor the formation of surface 

oxygen vacancies. 

1.7 Surface Acidity Measurements 

Supported metal oxides often show acidic properties and form an important 

"class" of solid acids. Thus, many such systems have been thoroughly investigated. 

However, the origin of the acidity, the development of the acid sites, and their 

relations with the surface species are not, to date, fully understood. Ceria-based 

composite oxides have been increasingly studied for their role as acid-base 

catalyst/promoter for various reactions. The promoting/catalyzing effect of ceria in 

pure or in the form of composite oxide is attributed to the combination of acid-base 

and redox properties of ceria. Incorporation of zirconia into ceria lattice modifies the 

surface acid-base properties. The Zr4+ radius (0.84 A.) is smaller than that of the Ce4
+ 

(0.97 A.) and is likely to exhibit acidic nature in solid solution. Generation of acid 

sites is due to the exposed Ce4
+ and 2r4+ ions which are accompanied by exposed 0 2

. 

ions which are the basic sites 140. Sato et al. 14 1.142 examined Ce02-MgO catalysts 

towards alkylation of phenol and concluded that the generation of weak basic sites at 

low ceria content is effective for the reaction. 

The acidic and basic properties of solid catalysts are usually measured by a 

method utilizing the temperature-programmed desorption spectra of ammonia (NHr 

TPD)143.141 and carbon dioxide (C02_TPD)148o I49, respectively. Tago et al. 150 proposed 

a new TPD method for simultaneously characterizing the acidic and basic properties 

of solid catalysts by utilizing the co-adsorption ofNH3 and CO2 on catalysts. 

Dealing with catalytic systems that involve at least one acidlbase catalytic 

step, it is quite important to be able to evaluate nature and amount of surface acidic 

centers. This need becomes particularly important in the case of systems in which 
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both protonic Bmnsted acidity (B acid sites) and aprotic Lewis acidity (L acid sites) 

are simultaneously present in variable proportion'S!, It is long time now that the 

identification of the type of acidity present at the surface of oxidic systems of catalytic 

interest is carried out routinely by the IR spectroscopic study of the 

adsorptionldesorption of pyridine (py) at temperatures ranging between ambient 

temperature (RT) and some 423 K. This is so because it has been long recognized 

that, in the complex mid-IR spectrum of adsorbed pyridine, there are two bands, 

centered at ~1540 cm'! (broad, and of m-intensity) and at ~1445 cm-I (sharp, and ofs­

intensity) that are analytical of B-bound py species ([py-B]) and of L-bound py 

species ([py-L]), respectively 152. Zaki et a1. 153 reported in situ FTIR spectra of 

pyridine adsorbed on SiOr AI20 3, Ti02, Zr02 and Ce02' Granados et al.!54 used 

infrared spectrum of chemisorbed pyridine to characterize phosphated ceria samples. 

They could observe only one band due to molecularly adsorbed pyridine and no 

infrared bands of pyridine chemisorbed on Bronsted acid sites were visible. They 

concluded that Ce([V) ions show similar acid strength on the surfaces or pure ceria 

and of phosphated samples. The integrated molar absorption coefficients of the 

infrared bands characteristic of adsorbed lutidine (2,6-dimethylpyridine) were 

determined for the purpose of quantifying the acid sites of solid catalysts by 

Onfroy et al. 155_ 

1.8 Test Reactions for Acidity 

The conversion of cumene IS a model reaction for identifying the 

LewislBronsted acid site ratio of a catalyst: cumene is cracked to benzene and propene 

over Bronsted acid sites, whereas dehydrogenation to a-methylstyrene occurs over 

Lewis acid sites, The relative amounts of benzene and a-methylstyrene in the product 

mixture can therefore be a good indication of the types of acidities possessed by 

catalyst 156. 
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Kooli et al. [57 used cumene cracking to compare titania pillared clays using 

mommorillonite, saponite and rectorite hosts. High cumene conversion and 

significant activity of saponite sample reflected the higher Bronsted acidity seen for 

these materials. Various rare earth phosphates were characterized by catalytic 

activities on cracking/dehydrogenation reaction of cumene158
• Lanthanum and 

samarium polyphosphates gave low selectivity of cumene to benzene and propene 

which showed that these catalysts had poor Bronsted acid sites. High selectivity of 

cumene cracking products, benzene and propene over Ce, Pr, Nd, Yb and Y 

poly phosphates showed that there are rich Bronsted acid sites over these catalysts. 

Nanosized sulfated Ti02 obtained by sol-gel hydrothermal route showed high activity 

for cumene cracking indicating the presence of medium and strong Lewis acid sites I5
? 

Gedeon et al. 160 reported that AfSBA materials showed a high and durable activity in 

cumene cracking. The cracking products were only benzene and propene, indicating 

that the acti ve sites are of Bronsted type. 

Alcohol decomposition reaction has been widely studied because it is a simple 

model reaction to determine the functionality of an oxide catalyst. Dehydration 

activity is linked to the acidic property and dehydrogenation activity to the combined 

effect of both acidic and basic properties of the catalyst. Cyclohexanol decomposition 

reaction is considered as universal test reaction for acid-base properties of solid 

catalysts. Besides, in the dehydration reaction, cyclohexene is produced, a liquid 

compound easier to handle, instead of gaseous alkene obtained in the reaction of 

several aliphatic alcohols alternatively used in this respect161
. Furthermore stronger 

acid sites may also be detected in this probe reaction, by the formation of methyl 

cyclopentenes through the consecutive (or secondary) reaction ofcyclohexenel62
. 

Jothiramalingam et al. 163 found that cerium incorporated OMS-2 catalysts 

favor the dehydrogenation of cyclohexanol due to the presence of basic sites in the 
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cerium incorporated OMS-2 catalysts. Bautista et a1. 164 studied the influence of acid­

base properties of catalysts in the gas-phase dehydration-dehydrogenation of 

cyclohexanol on amorphous AIP04 and several inorganic solids. They concluded that 

this reaction can be used as a reaction model for the characterization of solid acid-base 

catalysts, but taking into account that dehydration reaction is carried out not only in 

acid sites but also in basic ones, and that cyclohexanone obtained throughout 

dehydrogenation reaction requires an additional redox ability not necessarily 

associated to basic sites. Sugunan et al. 165 correlated cyclohexanol conversion to total 

acidity for vanadia supported ceria promoted with rise husk silica. Mishra et al. 166 

reported that addition of ceria into ZnO matrix generates new acidic sites along with 

increased number of basic sites which correlates with the catalytic activity obtained 

for cyclohexanol dehydrogenation. 

1.9 Reactions Selected for the Present Study 

1.9.1 Ethylbenzene Oxidation 

Oxidation is a fundamental transformation in organic synthesis. The selective 

oxidation of hydrocarbons is one of the main processes since the reaction products are 

either vital themselves or intermediates in numerous industrial organic chemicals. 

The oxidation products of ethylbenzene are widely employed as intermediates in 

organic, steroid, and resin synthesis. However selective oxidation of hydrocarbons is 

still a challenge to scientific community as they are currently oxidized by 

environmentally detrimental chromates and permanganates in stoichiometric 

arnounts167-169. These processes also lead several problems like difficulty separation, 

recovery and recycling of catalysts after reaction as well as the disposal of wastes, 

deactivation complications etc., which makes them highly unattractive. Owing to the 

limitations of stoichiometric reagents/homogeneous catalysts, and in the wake of 

increasingly stringent environmental legislation, attention is being focused towards 
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the design and development of greener processes such as heterogeneous catalytic 

oxidation 170. 

Silicate xerogels containing cobalt is found to be especially active for the 

oxidation of alkyl aromatic compounds l7!. Sivasanker et al.172 reported oxidation of 

ethylbenzene over zeolite Y-encapsulated copper tri- and tetraaza macrocyclic 

complexes. Ah03 supported VlOS catalysts have been effectively used for 

acetophenone synthesis from ethylbenzene173
• Using H20 l oxidant Ti, V- and Sn­

containing silicalites with MFI structure found to catalyze ethylbenzene oxidation174
• 

The major products were I-phenyl ethanol and acetophenone arising from the 

oxidation of side chain. Aromatic ring hydroxylation leads to the formation of ortho­

and para-hydroxy ethyl benzene as a minor side reaction. The differences in the 

product selectivities could be explained on the basis of the reaction intermediates. 

Vetrivel et al.!75 examined the catalytic activity of manganese containing MCM-41 

molecular sieves for the liquid phase oxidation of ethyl benzene using t-buty I 

hydroperoxide as oxidant. Both primary and secondary carbons of the side chain of 

ethylbenzene are observed to be acted upon by activated t-butyl hydroperoxide giving 

a-phenylethanol as the major product and acetophenone, benzaldehyde and 

phenylacetaldehyde other products. 

1.9.2 Benzylation of Toluene and o-xylene 

Alkylation of aromatic compounds is an important area of industrial research. 

Benzylated aromatics, a class of alkyl aromatics are very useful intermediates in 

petrochemicals, cosmetics, dyes, pharmaceuticals and may other chemical 

industries 176. Liquid phase alkylation of aromatic compounds, using homogeneous 

acid catalysts such as AlC!" BF3, H2S04 pose several problems, such as difficulty in 

separation and recovery, disposal of spent catalysts, corrosion, high toxicity, etc. 

Development of reusable solid acid catalysts is, therefore, of great practical 
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importance. Choudhary et al. 177 reported highly active, reusable and moisture 

sensitive catalyst obtained from basic Ga-Mg-hydrotalcite anionic clay for Friedel­

Crafts type benzylation and acylation reactions. Sugunan et al. 178,179 investigated 

liquid phase benzylation of toluene and a-xylene over different catalysts. 

Bhaskaran et al. 180,181 reported that rare earth oxides like Ce02 and Pr203 are 

effective for benzylation and benzoylation of a-xylene. They stated that the presence 

of strong as well as weak acid sites on the catalyst surface appears to be very 

important for the feasibility of the reaction. Sugunan et al. 182 studied benzylation of 

toluene over tungsten incorporated pure and sulfated ceria systems producing 

monoalkylated products. 

1.9.3 Methylation of Phenol and o-cresol 

Among alkylation reactions, methylation of phenol has attracted considerable 

attention due to industrial importance of methyl phenols as chemical intermediates in 

the manufacture of pharmaceuticals, agrochemicals, resins, various additives, 

polymerization inhibitors, antioxidants and various other chemicals 183. In particular, 

ortho-alkylated phenols such as a-cresol, 2,6-xylenol and trialkyl substituted phenol 

are more important alkyl phenols. The alkylation of phenol with methanol being an 

acid-base catalyzed reaction the product selectivity depends upon the acidity as well 

as the basicity of the catalyst l84
• 

Sato et al. 185 investigated the alkylation of phenol over various oxides of rare 

earth metals and they found that only Ce02 had sufficient activity and selectivity for 

the reaction. They have also reported the ortho-selective methylation and propylation 

of phenol catalyzed by CeOrMg0141.142. They proposed that the ortho-position of 

phenol adsorbed perpendicularly on the weak basic site on Ce02 species is selectively 

alkylated by the alkylating agent which is possibly activated in the form of hydroxyl 
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alkyl radical. A new ternary system based on Sn02 with the addition of cerium 

dioxide and rhodium oxide (Sn-Ce-Rh-O) was applied for the ortho-selective 

methylation of phenol with methanol by Klimkiewicz et al. l86 and they concluded that 

the presence of weak acid sites and comparatively strong basic sites facilitates the 

reaction. 

2.0 Main Objectives of the Present Work 

Looking into the future, one can see many exciting challenges and 

opportunities for developing totally new catalytic technologies. Knowledge of the 

local structure of the catalyst surface and of factors that determine the surface 

structure has played an important role in developing and optimizing supported metal 

oxide systems in heterogeneous catalysis. Characterization of the surface structure of 

supported metal oxides however is complicated since several different structures as 

well as chemical states might coexist in the supported metal oxide systems. 

From the literature sited, it is clear that the surface properties and catalytic 

activity of ceria can be improved by synthesizing appropriate ceria-based composite 

oxides. The thesis is based on the sol-gel preparation, characterization and catalytic 

activity studies of transition metal incorporated (Cr, Mn, Fe, Co, Ni. Cu) ceria and 

ceria-zirconia mixed oxides. The main objectives of the present work are, 

>- To prepare transition metal (Cr, Mn, Fe, Co, Ni and Cu) incorporated ceria 

and ceria-zirconia mixed oxide catalysts through sol-gel route. 

y To investigate the surface properties of the prepared systems by techniques 

such as XRD, EDX, SEM, BET surface area-Pore volume measurements, FT­

IR, FT-Raman, DRS UV-vis, TGADTA and EPR. 

y To examine the surface acidic properties of the catalytic systems usmg 

various independent techniques such as TPD of ammonia, TGA of adsorbed 
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2,6-DMP and test reaction like cumene cracking and cyclohexanol 

decomposition. 

)r To explore the catalytic activity of the systems towards oxidation of 

ethy lbenzene . 

. )r- To test the catalytic activity of the system towards liquid phase benzylation of 

a-xylene and toluene. 

>- To evaluate catalytic perfonnance of the prepared systems in methylation of 

phenol and a-cresol. 
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CHAPTER 2 

MATERIALS AND EXPERIMENTAL METHODS 

Abstract 

For many years, the development and preparation of heterogeneous catalysts 

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

error experiments. The optimum catalyst is the one that provides the necessary 

combination of properties (activity, selectivity, lifetime, ease of regeneration and 

toxicity) at an acceptable cost. The present chapter is focused on the experimental 

procedures for catalyst preparation, characterization and catalytic activity 

measurements. The textural characteristics of the catalysts were characterized using 

XRD, EDX, SEM, BET surface area-pore volume measurements, TGAlDT A, EPR, 

FT-IR, FT-Raman and DR UV-vis. Ammonia-TPD and thermogravimetric desorption 

of 2,6-dimethy I pyridine were done to measure the acidity. Cyc!ohexanol 

decomposition and cumene cracking were used as test reactions to understand surface 

acid-base property. Industrially important phenol methylation, a-cresol methylation, 

oxidation of ethylbenzene, benzylation of toluene and a-xylene were carried out. 
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2.1 Introduction 

The development of novel catalytic materials is a fundamental focal point of 

catalysis research. After catalyst preparation, the next goal is to perform a detailed 

and full characterization of the solid yielded by the specific preparation method used. 

To do this in a systematic way one needs a diverse array of experimental techniques. 

This chapter gives a detailed description about the preparation of catalytic systems 

and the characterization techniques. 

2.2 Materials 

The chemicals used for the preparation of catalyst are given in Table 2.1. 

Table 2.1 Chemical used for catalyst preparation 

SI. No. Chemicals Company 

l. Cerium nitrate Indian Rare Earths Ltd., 

Udyogamandal, Kerala (99.9%) 

2. Zirconium (IV) propoxide Sigma Aldrich Chemicals Pvt. Ltd 

3. Chromium nitrate s.d Fine Chem. Ltd 

4. Manganese nitrate Central Drug House P. Ltd. 

5. Ferric Nitrate Qualigens Fine Chemicals (25 %) 

6. Cobalt Nitrate s.d Fine Chem. Ltd. 

7. Nickel Nitrate s.d Fine Chem. Ltd. 

8. Copper Nitrate s.d Fine Chem. Ltd. 

9. Ammonia s.d Fine Chem. Ltd. 

10. Conc. HN03 s.d Fine Chem. Ltd. 
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2.3 Catalyst Preparation 

2.3.1 Ceria:- Sol-gel Route 

Ceria was prepared vIa colloidal sol-gel route from aqueous inorganic 

precursor Ce(N03)3.6H201. Cerium nitrate was added to 1: 1 NH3 to obtain cerium 

hydroxide, maintaining the final pH-lOo The precipitate was washed to remove 

nitrate ions and redispersed in water following peptisation using HN03 at 80°C. The 

sol obtained was heated at 90°C to obtain the gel. Gel was dried at 110°C for l2h and 

calcined at 500°C for 5h to get pure ceria. 

2.3.2 Transition Metal modified Ceria 

Transition metal (Cr, Mn, Fe, Co, Ni, Cu 2, 5 and 8 wt.%) modified ceria 

were prepared by the addition of corresponding metal nitrate solution to the 

previously prepared ceria sol. The resulting sol was stirred for 4h. Gelation and 

calcination was done as in the case of pure ceria catalyst. 

2.3.3. Zirconia (Zr02):- Sol-gel Route 

Zirconia sol was prepared by adding zirconium propoxide, Zr(OPrn)4, to an 

aqueous solution of nitric acid at a volumetric mixing ratio of 1 HN03: 50H20: 3.7 

Zr(OPrn)/. The resulting mixture was stirred mechanically for 72h to obtain zirocnia 

sol. For preparing pure zirconia, the sol was dried at 110°C for 24h. Then calcined at 

500°C for 5h to obtain zirconia pOWder. 

2.3.4 Ceria-Zirconia 

To prepare ceria-zirconia mixed oxide appropriate quantity of previously 

estimated ceria sol and zirconia sol were mixed and stirred for 4h. Kept overnight for 

ageing, dried at llOoe for l2h to get gel. The gel was calcined at 500°C for 5h to get 

ceria-zirconia mixed oxide catalyst. 



40 Chapter 2 

2.3.5 Transition Metal Modified Ceria-Zirconia 

Transition metal (Cr, Mn, Fe, Co, Ni, Cu) modified ceria zirconia mixed 

oxides were prepared by adding appropriate quantity of corresponding metal nitrate 

solution to the mixed ceria-zirconia sol. Again stirred for 4h and dried at 90°C to get 

the gel. The gel was submitted to overnight night drying at 110°C and the subsequent 

calcination at 500°C gave transition metal modified ceria-zirconia catalyst. 

2.4 Catalyst Notations 

2.2. 

The catalyst notations assigned to the prepared catalysts are listed in Table 

Table 2.2 Notations of the catalysts prepared 

SI. No. 

\. 

2. 

3. 

4. 

5. 

Catalyst Notation 

CeOz Ce 

ZrOz Zr 

Ce02-ZrOZ CeZr 

x%M/CeOz M(x)Ce 

x%MlCeOz-ZrOz M(x)CeZr 

M=Cr, Mn, Fe, Co, Ni and Cu 

X= 2,5 and 8 (M in weight%) 

2.5 Characterization Techniques 

In heterogeneous catalysis, the reaction occurs at the surface. Catalysis and 

catalytic surfaces, hence, need to be characterized by reference to their physical 

properties and by their actual performance as a catalyst. The variety of techniques 

used in this work is given below. 
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2.5.1 Materials 

Chemicals used during physico-chemical characterization of catalysts are 

listed in Table 2.3. 

Table 2.3 Chemicals used for physico-chemica[ characterization 

SI. No. Chemicals 

1. Conc. H2SO.j 

2. Sodium Hydroxide 

3. Oxalic acid 

4. Cyclohexanol 

5. Cumene 

6. 2,6-dimethy Ipyridi ne 

7. Liquid Nitrogen 

8. Magnesium oxide 

2.5.2 Powder X-ray Diffraction 

Company 

s.d Fine Chem. Ltd. 

Merck 

Merck 

Central Drug House P. Ltd. 

Sigma Aldrich Chemicals Pvt. Ltd 

Sigma Aldrich Chemicals Pvt. Ltd. 

Sterling Gases Pvt. Ltd. 

Merck 

X-ray diffraction (XRD) is an extremely important technique in the field of 

material characterization to obtain information on an atomic scale from both 

crystalline and noncrystalline materials. Application of X-ray diffraction to structure 

determination in 1913 (by W. L. Bragg and W. H. Bragg) paved the way of successful 

utilization of this technique to determine the crystal structure of metals and alloys, 

minerals, inorganic compounds, polymers and organic materials intact all crystalline 

materials3
• Subsequently the technique of X-ray diffraction was also applied to derive 

information on the fine structure of materials- crystallite size, lattice strain, chemical 

composition, state of ordering etc. 

The diffraction principle developed by W. L. Bragg is based on diffraction 

from two scattering planes that are separated by the distance d (in A.) and the intercept 
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X-radiation of wavelength A. (in A) at the incident angle 8. Constructive interference 

occurs when the Bragg's law, nA.=2 d sine (where n is the order of diffraction) is 

obeyed. 

The crystallite size was calculated using Scherrer equation, 

L= O.91J~cose 

~= Full width at half maximum (FWHM) of the peak which have maximum intensity. 

Powder X-ray diffraction data were recorded using Rigaku D-Max Ni filtered 

eu Ko. radiation CA. = 1.5418 A) diffractometer equipped with a diffracted beam 

monochromator at a scan rate of 4°/min. 

2.5.3. Energy Dispersive X~ray Analysis 

Energy Dispersive X-ray analysis is referred to as EDS or EDAX analysis. It 

is a technique used for identifYing the elemental composition of the specimen, or an 

area of interest thereof. The EDX analysis system works as an integrated feature of a 

scanning electron microscope (SEM), and cannot operate on its own without the latter. 

During EDX Analysis, the specimen is bombarded with an electron beam inside the 

scanning electron microscope. The bombarding electrons collide with the specimen 

atom's own electrons, knocking some of them off in the process. A position vacated 

by an ejected inner shell electron is eventually occupied by a higher-energy electron 

from an outer shell. To be able to do so, however, the transferring outer electron must 

give up some of its energy by emitting an X-ray. 

The amount of energy released by the transferring electron depends on which 

shell it is transferring from, as well as which shell it is transferring to. Furthermore, 

the atom of every element releases X-rays with unique amounts of energy during the 

transferring process. Thus, by measuring the amounts of energy present in the X-rays 

being released by a specimen during electron beam bombardment, the identity of the 
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atom from which the X-ray was emitted can be established. The output of an EDX 

analysis is an EDX spectrum. The EDX spectrum is just a plot of how frequently an 

X-ray is received for each energy level. An EDX spectrum normally displays peaks 

corresponding to the energy levels for which the most X-rays had been received. 

Each of these peaks is unique to an atom, and therefore corresponds to a single 

element. The higher a peak in a spectrum, the more concentrated the element is in the 

specimen. An EDX spectrum plot not only identifies the element corresponding to 

each of its peaks, but the type of X-ray to which it corresponds as well. For example, 

a peak corresponding to the amount of energy possessed by X-rays emitted by an 

electron in the L-shell going down to the K-shell is identified as a K-Alpha peak. The 

peak corresponding to X-rays emitted by M-shell electrons going to the K-sheU is 

identified as a K-Beta peak. 

The chemical compositions of catalysts were obtained from Stereoscan 440 

Cambridge, UK energy dispersive X-ray analyzer used in conjunction with SEM. 

2.5.4 Surface area and Pore volume measurements 

The most common method of measuring surface area and one used routinely 

in most catalyst studies is that developed by Brunauer, Emmett and Teller4
• In 

essence, the Langmuir adsorption isotherm is extended to multilayer adsorption. As 

in the Langmuir approach, for the first layer the rate of evaporation is considered to be 

equal to the rate of condensation, and the heat of adsorption is taken to be independent 

of coverage. For layers beyond the first, the rate of adsorption is taken to be 

proportional to the fraction of the lowest layer still vacant. The rate of desorption is 

taken to be proportional to the amount present in that layer. The heat of adsorption for 

all layers except the first layer is assumed to be equal to the heat of liquefaction of the 

adsorbed gas. Summation over an infinite number of adsorbed layers gives the final 

expression as follows: 
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PN (Po- P) = INmC + (C-l )P/(CV m Po) 

where V= Volume of gas adsorbed at pressure P 

Vm= Volume of gas adsorbed in monolayer, same units as V 

Po= Saturation pressure of adsorbate gas at the experimental temperature. 

C= a constant related exponentially to the heats of adsorption and liquefaction 

of the gas. 

A graph of PN(Po-P) versus P/Po should give a straight line, the slope and 

intercept of which can be used to evaluate V m and C. The surface area of the catalyst 

can be calculated from Vm if the average area occupied by an adsorbed molecule is 

known. 

Liquid nitrogen is a readily available coolant, and nitrogen is usually used as 

the adsorbate since it is relatively cheap and readily available in high purity. The 

surface area is then calculated using: 

SBET = V mAmNaN mol 

where; 

Na: Avogadro's number (6.0238x I 023
), V mol: molar volume of absorbate gas at 

STP (22.41mo("l) and Am: Cross sectional area of ads or bed gas (Am (N2) = 0.162 nm1). 

When nitrogen is the adsorbing gas, this reduces to: 

SBET = 4.353 V m 

BET surface areas and pore volume values of the catalysts were acquired by 

nitrogen adsorption and subsequent desorption at liquid nitrogen temperature (77K) 

with a Micromeritics Flow Prep-060 Gemini 2360 instrument. 

2.5.5 Scanning Electron Microscopy 

The fundamental principles of Scanning Electron Microscopy (SEM) were 

discovered in the 1930s. Generally speaking, the signals from the interaction between 
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electrons and sample are used to obtain the information of the sample, either 

topographical, or compositional, or elemental, or structural images, depending on 

which signal is used. The scanning electron microscope generates a beam of electrons 

in a vacuum. That beam is collimated by electromagnetic condenser lenses, focused 

by an objective lens, and scanned across the surface of the sample by electromagnetic 

deflection coils. The primary imaging method is by collecting secondary electrons 

that are released by the sample. The secondary electrons are detected by a 

scintillation material that produces t1ashes of light from the electrons. The light 

flashes are then detected and amplified by a photomultiplier tube. By correlating the 

sample scan position with the resulting signal, an image can be formed that is 

strikingly similar to what would be seen through an optical microscope. The 

illumination and shadowing shows a quite natural looking surface topography. 

SEM pictures were obtained on Cambridge Oxford 7060 scanning electron 

microscope connected to a 4-quadrant backscattered electron detector under a 

resolution of 1.38 e V coated with a layer of gold to minimum charge effects. 

2.5.6 Thermogravimetric Analysis 

A generally accepted definition of thermal analysis is: "A group of 

techniques in which a physical property of a substance and/or its reaction products is 

measured as a function of temperature whilst the substance is subjected to controlled 

temperature programme". Thermogravimetric analysis (TGA) provides a quantitative 

measurement of any weight changes associated with thermally induced transitions5
• 

For example, TG can record directly the loss in weight as a function of temperature or 

time for transitions involve dehydration or decomposition. Thermogravimetric curves 

are characteristic of a given compound or material due to the unique sequence of 

physical transitions and chemical reactions that occur over definite temperature range. 

Changes in weight results from physical and chemical bonds forming and breaking at 
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elevated temperatures. These processes may evolve volatile products or fonn reaction 

products that result in a change in weight of the sample2
• 

Differential thermal analysis (DTA) is a technique in which the difference in 

temperature between a substance and a reference material is measured as a function of 

temperature while the substance and reference material are subjected to a controlled 

temperature program. Thermogravimetry, a valuable tool in its own right, is perhaps 

most useful when it complements differential thermal analysis studies, virtually all 

weight change processes absorb or release energy and are thus measurable by DT A, 

but all energy change processes are accompanied by changes in weight. This 

difference in two techniques enables a clear distinction to be made between physical 

and chemical changes when samples are subjected to both DTA and TGA. 

TGAfDT A analysis were done on a Perk in Elmer Pyris Diamond 

therrnogravimetric/differential thermal analyzer instrument under nitrogen atmosphere 

at heating rate of 20°CI min from room temperature to 800°C with samples mounted 

on an alumina sample holder. 

2.5.7 FT-Infrared Spectroscopy 

Infrared (IR) spectroscopy undoubtedly represents one of the most important 

tools in catalysis research7
.
8

. It is the most widely used, and usually most effective, 

spectroscopic method for characterization of the surface chemistry of heterogeneous 

catalysts. Vibrational spectroscopy has become a very powerful tool for 

characterizing the molecular structures of these supported metal oxides. Infrared 

spectroscopy has been used to study the interactions of the surface metal oxide species 

with the surface hydroxyls of the support. It can also be used to measure the 

distribution of surface Bronsted and Lewis acid sites by adsorption of pyridine. The 

number of surface sites on these catalysts can also be estimated by measuring the 
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amount of chemisorbed CO2• IR can also be used to detect the terminal metal-oxygen 

stretches (M=O) on supported metal oxides. 

Infrared spectra were recorded with KBr pellets on an ASS SOMEM (MS 

Series) FT-IR spectrometer model in the range 400-4000 cm-I. 

2.5.8 UV-vis Diffuse Reflectance Spectroscopy 

In surface chemistry, the UV-Vis spectroscopic method is usually used in its 

diffuse reflection modification. The radiation reflected from a powdered crystalline 

surface consists of two components, i.e. (i) that reflected from the surface without any 

transmission (mirror or specular reflection), and (ii) that absorbed into the material 

and which then reappears at the surface after multiple scattering. Modem 

spectrometers minimize the first component, and the term 'reflectance' is thus used 

for diffusely reflected radiation9
. Since only a part of the diffuse radiation is returned 

to the detector, measurement of the diffused intensity is difficult. For this purpose, a 

special integrative sphere, coated inside with a highly reflecting layer, such as MgO or 

8aS04, is used. Such a sphere increases the part of the diffused intensity that reaches 

the detector (30-50%). Spectra are recorded 'in ratio' with a sample which has similar 

diffusion characteristics to the sample under investigation, but without any absorption 

losses. The evaluation of the intensities of diffuse reflectance spectra is based on the 

theory of Kubelka and Munk. 

DR UV -vis spectroscopy may be used to determine the local symmetry and 

oxidation state of a transition metal, and thus it is a sensitive probe for the type of site 

in which such an ion exists. The applicability of this method is not limited to 

transition-metal-containing systems. It can be also used to measure the electronic 

spectra of adsorbed molecules and to obtain direct information about the excited and 

ground states of such species. 
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OR UV-vis spectra were taken in the range 200-800 nm on an Ocean Optics, 

Inc. SO 2000, Fiber Optic Spectrometer with a charged coupled device detector. The 

spectra were recorded at room temperature using MgO as a reference. Prior to 

measurement, the samples were pretreated for Ih at the calcination temperature. 

2.5.9 FT-Raman Spectroscopy 

Raman spectroscopy (FT-Raman) can provide molecular-level structural 

information about the nature of the active surface sites, especially in highly dispersed 

catalyst systems, and the surface reaction intermediates. Surface metal oxide species 

typically vibrate in the 100-1100 cm'l region. Common oxide supports, such as 

alumina and amorphous silica, absorb strongly below approximately 1000 cm'l. 

Consequently, the IR bands of the surface metal oxide species are usually masked by 

the strong IR bands of the oxide support. In contrast, the Raman bands of these 

oxides support are weak or Raman inacti ve in the same region. Because of this, 

Raman spectroscopy is preferred over IR spectroscopy for measuring the vibrational 

spectra of supported metal oxides. Since the Raman spectrum of each molecular 

structure is unique, Raman spectroscopy can discriminate between different molecular 

structures of the supported metal oxides 10. 

For the Raman spectra measurements the catalysts calcined at 773K were 

introduced into a metallic sample holder. FT-Raman spectra were collected on Bruker 

FRA 106 FT-Raman Accessory and the RES 100 FT-Raman spectrometer. 

2.5.10 Electron Paramagnetic Resonance Spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy has long been 

recognized as a powerful tool for the catalytic chemist, as the high sensitivity of the 

techniques permits the detection of low concentrations of active sites, even under in 

situ conditions. EPR techniques are widely used to study paramagnetic centers on 
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various solid surfaces. These centres may be surface defects, inorganic or organic 

radicals, metal cations or supported metal complexes and clusters. Each of these 

paramagnetic species will produce a characteristic EPR profile with well defined spin­

Hamiltonian parameters. However the magnetic properties, stability and reactivity of 

these centres can vary dramatically depending on the nature of the support. In some 

case, radicals, which are stable on one surface will be transient on another, while 

variations in the EPR spectra of these radicals may be observed simply by altering the 

pretreatment conditions of the support. EPR techniques provide a deeper 

understanding of catalyst preparation, the nature of surface-active sites and the types 

of reaction intermediates as well as details of the catalytic reaction mechanisms 14
• 

When the molecules of solid exhibits paramagnetism, transitions can be induced 

between spin states by applying magnetic filed and then supplying electromagnetic 

energy, usually in the microwave frequencies. The resulting EPR spectra provide 

information about the material. 

The EPR measurements were determined on a V ARIAN E-line Century 

Series instrument at X-band at liquid nitrogen temperature. 

2.6 Surface Acidity measurements 

2.6.1 Temperature Programmed Desorption of Ammonia 

Temperature programmed desorption of basic molecules such as ammonia 

(TPD-NH3), pyridine, n-butylamine, etc. is frequently used to characterize the acid 

strength as well as acid amount on a solid surface. However, ammonia and n­

butylamine in which hydrogen atoms are attached to the nitrogen atom have a 

tendency to dissociate (e. g., NH3~NH2'+ H~) and adsorb on both acidic and basic 

sites depending on the kinds of solids and the adsorption condition. Methods utilizing 

adsorption and desorption of gaseous bases have the advantage that the acid amount 
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for a solid at high temperatures, or under its actual working conditions as a catalyst, 

can be detennined ll
. 

Prior to the experiment, the catalysts were activated inside the reactor at 

3000 e for 30 min with continuous flow of nitrogen. After cooling to the room 

temperature, a specific volume of ammonia was injected in the absence of the carrier 

gas and allowed to attain equilibrium. Excess physisorbed ammonia was removed by 

the flow of nitrogen. Then the temperature program is done from room temperature to 

6000 e in a stepwise manner. The ammonia desorbed at each interval of lOOoe was 

collected in a known volume of dilute sulfuric acid and estimated volumetrically by 

titration with standardized NaOH. 

2.6.2 Thermodesorption of 2,6-dimethyl pyridine 

The thermodesorption of study of 2,6-dimethyl pyridine (2,6-DMP) adsorbed 

catalyst samples to get an idea about Bronsted acid sites present on the catalyst 

surface. 2,6-dimethyl pyridine ads orbs strongly on Bronsted acid sites and forms 

weak bonds with Lewis acid sites. The 2,6-dimethyl pyridine weakly bound to the 

Lewis acid sites get desorbed below 300°C. Hence thennodesorption study of 2,6-

dimethyl pyridine adsorbed sample beyond 3000 e can give the measure of Bronsted 

acid sites. The samples were activated at 500°C for Ih and kept in a dessicator 

saturated with 2,6-dimethyl pyridine for 48 h. Further subjected to TG analysis at a 

heating rate of 20°C/min. in nitrogen atmosphere. The percentage of weight loss in 

the temperature region 300-600°Cis divided in to weak (300-400°C), medium (400-

500°C) and strong (500-600°C) acid sites. 

2.6.3 Cumene Cracking 

Cumene cracking has been used extensively as a test reaction to investigate 

the characteristics of any newly developed catalyst. Bronsted acid sites catalyse 



Materials and Experimental Methods 51 

cracking of cumene to Benzene and propylene and Lewis acid sites catalyze 

dehydrogenation to a-methylstyrene. The relative amounts of benzene and a­

methylstyrene in the product mixture can therefore be a good indication of the types 

of acidities possessed by catalyst!2. All the prepared catalysts were subjected to 

cumene cracking in vapor phase at optimized reaction conditions. 

2.6.4 Cyclobexanol Decomposition 

Cyclohexanol decomposition was carried out to study the acid-base properties 

of the catalyst systems. Being amphoteric in nature, cyclohexanol can interact with 

both the acidic and basic sites on the catalyst surface resulting in dehydration and 

dehydrogenation reactions. Dehydration activity is linked to the acidic property and 

dehydrogenation acti vity to the combined effect of both acidic and basic properties of 

the catalyst!3. Vapour phase cyclohexanol decomposition was done using the 

prepared catalysts under optimized conditions. 

2.7 Catalytic Activity 

The chemicals used for catalytic activity studies are presented in the following 

Table 2.4. 

Table 2.4 Chemicals used for catalytic activity studies 

SI. No. Chemicals Company 

I. Toluene s.d Fine Chem. Ltd. 

2. a-xylene s.d Fine Chem. Ltd. 

3. Benzy I chloride s.d Fine Chem. Ltd. 

4. Phenol Merck 

5. a-cresol Merck 

6. methanol s.d Fine Chem. Ltd. 

7. Ethy Ibenzene s.d Fine Chem. Ltd. 
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8. Tert-butyl hydroperoxide Sigma Aldrich Chemicals Pvt. Ltd 

9. Acetonitrile Qualigens Fine Chemicals (99%) 

10. Acetone Qualigens Fine Chemicals (99%) 

11. Acetic acid Qualigens Fine Chemicals (99%) 

12. Dichloromethane Qualigens Fine Chemicals (99%) 

2.7.1 Ethylbenzene Oxidation 

Ethyl benzene oxidation was conducted in a 50mL Glass round bottom flask 

placed in a thermostated oil bath fitted with a magnetic stirrer and water cooled 

condenser. In a typical oxidation, required quantity of ethyl benzene, solvent and 

catalyst were taken in the R. B and after attaining the reaction temperature tertiary 

butyl hydroperoxide was added in drops. The products were identified by GC-MS 

and conversion and product selectivity were monitored using a Chemito 8610 GC 

using a FlD detector and an SE-30 column. 

2.7.2 Benzylation of Toluene and o-xylene 

Liquid phase benzylation of toluene and o-xylene was carried using benzyl 

chloride as the benzylating agent. The reactants in the required mole ratio and definite 

amount of the catalyst were taken in a SOmL double necked round bottom flask and 

refluxed in an oil bath using water condenser. The temperature of the oil bath was 

adjusted according to the requirement of the reaction studied and kept constant by 

means of a dirnmerstat. The reaction mixture was stirred magnetically and the 

products were analyzed using a Chemito 8610 GC using a FID detector and an SE-30 

column. 

2.7.3 Methylation of Phenol and o-cresol 

Methylation was carried out in a vertical down flow glass reactor. All the 

reactions were carried out using O.S g charge of the catalyst. Prior to the reaction the 
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catalysts were activated in the muffle furnace for 1 hat 500°C.The catalyst was packed 

between the layers of quartz wool, and the upper portion of the reactor was filled with 

glass beads, which served as pre-heaters for the reactants. The reactor was placed 

inside a temperature-controlled furnace with a thermocouple placed at the centre of 

the catalyst bed for measuring the reaction temperature. In a typical reaction, a 

mixture of phenol or cresol and methanol in required molar ratio was fed into the 

reactor at pre-determined flow rate through a syringe pump at a particular reaction 

temperature. The products were condensed and collected in an ice trap. The products 

were identified by GC-MS and were analyzed by a Chemito 8610 GC using a FlD 

detector and an OV -17 column. The conversion was expressed in terms of o-cresol 

reacted and the product selectivity was obtained as the amount of the particular 

product divided by the total amount of products multiplied by 100. 

Gas chromatographic analysis conditions are given in Table 2.6. 

Table 2.6 GC analysis conditions of various reactions 

Temperature (0C) 

Reaction Column 
Injector Detector Programme of Analysis 

Cumene cracking BP-l 230 230 llOoC-Isothermal 

Cyclohexanol Carbowax 200 200 90°C-Isothermal 
decomposition 
EthyIbenzene SE-30 250 250 120°C-3 min-20o/min-
oxidation no°c 
Toluene/a-xylene SE-30 230 230 80°C-2 min-3°/min-230°C 
benzylation 
Pheno 1/ o-c res 0 I OV-17 250 250 80°C-2 min-lOo/min-
meth:i': lation 280°C 
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CHAPTER) 

PHYSICO-CHEYlICAL CHARACTERIZATION 

Abstract 

Catalyst characterization is a lively and highly relevant discipline in catalysis. 

There are many ways to obtain information on the physico chemical properties of 

materials. Characterization of the prepared catalysts were done by different techniques 

such as X-ray diffraction analysis, surface area and pore volume measurements, energy 

dispersive X-ray analysis, scanning electron microscopy, infrared spectroscopy, UV­

visible diffuse reflectance spectroscopy, FT-Raman spectroscopy, electron paramagnetic 

resonance spectroscopy. The acidity of the catalyst were measured by TPD of ammonia 

and thermogravimetric desorption of 2,6-dimethyl pyridine. Surface acidic properties 

were studied by two test reactions, cyclohexanol decomposition and cumene cracking. 
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3.1 Introduction 

In heterogeneous catalysis, the reaction occurs at the surface. Catalytic 

surfaces need to be characterized with reference to their physical properties and their 

actual performance as catalyst. The most important physical properties are those 

relating to the surface because catalyst performance is determined by surface 

parameters. A detailed investigation on the structural and surface characterization of 

the catalyst was carried out and the results are discussed in the present chapter. 

3.2 Physical Characterization 

3.2.1 X-ray Diffraction Analysis 

X-ray diffraction (XRD) analysis was used to determine the phase 

composition and to estimate the crystallite size of the powders. 

Figure 3.1 shows the XRD patterns of ceria, zirconia and ceria-zirconia. The 

diffraction pattern of ceria shows reflections characteristic of cubic phase with fluorite 

structure. The four typical peaks were observed at 26 ;::; 28.5, 33.0, 47.5, 56.5 (0), 

corresponding to the planes of (Ill), (200), (220) and (311) respectively (space group 

Fm3m)1. For pure zirconia, tetragonal phase is dominant with a small amount of 

monoclinic phase as evident from the diffraction pattern2
,3, The phase diagram for 

Ce02-lrD2 system reported in the literature depicts three major phases, i.e" cubic, 

tetragonal, and monoclinic. The tetragonal phase is further divided into stable t and 

metastable t' and t" structures~·5. Sanchez Escribano et a1. 6 reported that the symmetry 

of solid solution phases or the presence of minor amounts of tetragonal phases in the 

Ce-rich materials cannot be determined with certainty using XRD. 



Phvsico-chemical Characteri=ation 

10 20 30 40 

29/degree. 

50 60 

Figure 3.1 XRD patterns ofCe, Zr and CeZr 

57 

70 

The XRD pattern of ceria-zirconia mixed oxide contains peaks similar to pure 

ceria confirming the formation of cubic solid solution and stabilization of fluorite 

structure by zirconia substitution7
• The high 28 shoulders in the pattern reveal the 

presence of a minor zirconia rich phase. The shift of the peaks towards higher 28 

values is due to the small ionic radius of Zr4
+ (0.84 A) in comparison with that of Ce4

+ 

(0.97 A)8. 

Diffractograms of chromium, manganese, iron and cobalt modified catalysts 

are illustrated in figure 3.2. All the catalysts gave almost identical diffractograms. 

According to Viswanath et al., the absence of chromia phase in the diffraction pattern 

for the supported catalysts may be attributed to the fact that chromium species are 

randomly dispersed, disordered, and the crystallite size may be smaller than the 

detection limit9
• Harisson et a!. observed that phase separation of Cr203 is detectable 
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only after calcination at 876K for chromia promoted ceria catalysts 10. The peaks 

corresponding to the MnOx phase are absent in the diffraction patterns. It is reported 

that the replacement of Ce4
+ by Mn3

+ in the fluorite structures is possible by their 

structural similarity 11. The crystallization of MnZ03 takes place only when the Mn 

content> 50%12.l3. Thus for the prepared Mn series the MnOx crystallites are 

efficiently dispersed on the surface of the catalyst. Iron modified series shows peaks 

corresponds to typical fluorite structure. No peaks of iron oxide are detected. 

Decrease in cell parameter is observed after iron moditication due to the incorporation 

of Fe'- (0.67 A) in the structure of Ce0214. No formation of crystalline CoO was 

observed in the case of cobalt modified catalysts. Kraum et a1. 15 reported that among 

Co supported on ceria, zirconia and titania, only on ceria no cobalt oxide crystallites 

are formed. An increase in cobalt dispersion is attributed to the efficient metal-support 

interaction. 
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Figure 3.2 XRD patterns ofCr, Mn, Fe and Co modified ceria catalysts 

For nickel modified catalysts, no nickel compounds are seen at low Ni loading 

(Figure 3.3). 8 wt.% Ni containing catalyst shows NiO reflections at 2e :::. 43.7 and 

62.90 similar to that reported by Li et a1. 16
• In the diffraction patterns of the catalysts 

containing 2 and 5 wt.% copper, no peaks corresponding to crystalline CuO appear. 

In 8 wt. % Cu containing catalysts two peaks corresponding to the crystalline CuO 

were observed (2e::::: 35.4, 38.80) 17. 
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XRD patterns of chromium, manganese, iron and cobalt modified ceria­

zirconia catalysts (Figure 3.4) resembles that of fluorite structure. No peaks 

corresponding to incorporated metal oxide are found. This suggests efficient 

dispersion of metal oxides on the ceria-zirconia support. Reflections due to crystalline 

CuO and NiO phase is found in the case of 8 wt.% copper and nickel loaded ceria­

zirconia catalysts (Figure 3.5). But the intensity of metal oxide reflections is low 

compared to the corresponding metal modified ceria catalysts suggesting that ceria­

zirconia support is more efficient in dispersing incorporated metal rather than pure 

ceria. 
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The average crystallite size was estimated from the peak broadening using 

Scherrer equation and is tabulated as in Table 3.1. Cr and Mn modified ceria catalysts 

have crystallite size comparable to pure ceria. Fe, Co and Ni modification of ceria and 

ceria-zirconia results a decrease in crystaHite size. 

Table 3.1 Crystallite size of catalysts 

Catalyst Crystallite Catalyst Crystallite 

size (nm) size (run) 

Ce 10.3 Zr 10.2 

Cr(2)Ce I1.S CeZr 8.0 

Cr(S)Ce 10.9 Cr(2)CeZr 8.S 

Cr(8)Ce 11.2 Cr(5)CeZr 8.3 

Mn(2)Ce 10.8 Cr(8)CeZr 9.S 

Mn(S)Ce 1O.S Mn(2)CeZr 8.3 

Mn(8)Ce 10.3 Mn(S)CeZr 9.1 

Fe(2)Ce 6.9 Mn(8)CeZr 9.2 

Fe(S)Ce 4.S Fe(2)CeZr 5.2 

Fe(8)Ce 7.1 Fe(S)CeZr 7.6 

Co(2)Ce S.O Fe(8)CeZr 7.3 

Co(S)Ce 3.2 Co(2)CeZr 6.9 

Co(8)Ce 9.8 Co(S)CeZr 7.5 

Ni(2)Ce 7.1 Co(8)CeZr 7.5 

Ni(S)Ce 6.9 Ni(2)CeZr 8.3 

Ni(8)Ce 6.7 Ni(5)CeZr 8.2 

Cu(2)Ce 6.2 Ni(8)CeZr 8.5 

Cu(S)Ce 5.9 Cu(2)CeZr 7.8 

Cu(8)Ce 5.9 Cu(5)CeZr 8.3 

Cu(8)CeZr 9.9 
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3.2.2 Energy Dispersive X-ray Analysis 

The catalyst composition obtained from energy dispersive X-ray analysis 

(EDX) of metal modified ceria catalysts are presented in Table 3.2. It is observed that 

the experimental atom percentage is close to the expected (theoretical) values. It can 

be concluded that the sol-gel method is effective for the preparation of metal modified 

ceria catalysts with required composition. 

Table 3.3 give the composition of metal modified ceria-zirconia mixed oxide 

catalysts. The expected Ce/Zr ratio is 50:50 and the experimentally obtained ratio is 

51. 9: 48.1. In the case of Cr, Mn and Fe doped catalysts the Ce/Zr atom ratio is ~ 1 as 

theoretically expected. But for Co, Ni and Cu the ratio shows deviation from unity. 

Martinez-Arias et a1. investigated the preparation of ceria-zirconia mixed oxides with 

Ce/Zr ratio 1. They found the presence of Ce-rich layer at the external surface and 

predicted some degree of heterogeneity in the sample5
• 
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Table 3.2 Elemental composition of metal modified ceria catalysts 

Composition (atom %) 

Catalyst Ce Metal 

Theo. Exp. Theo. Exp. 

Ce LOO 100 

Cr(2)Ce 93.8 92.9 6.2 7.1 

Cr(5)Ce 85.8 85.6 14.2 14.4 

Cr(8)Ce 79.1 77.0 20.9 23.0 

Mn(2)Ce 94.1 91.6 5.9 8.4 

Mn(5)Ce 86.5 81.3 13.5 18.7 

Mn(8)Ce 80.0 76.1 20.0 23.9 

Fe(2)Ce 94.2 95.7 5.8 4.3 

Fe(5)Ce 86.7 86.9 13.3 13.0 

Fe(8)Ce 80.2 77.7 19.8 22.3 

Co(2)Ce 94.5 95.3 5.5 4.7 

Co(5)Ce 87.3 85.2 12.7 14.8 

Co(8)Ce 81.1 76.3 18.9 23.7 

Ni(2)Ce 94.5 94.5 5.5 5.5 

Ni(5)Ce 87.2 86.2 12.8 13.8 

Ni(8)Ce 81.0 80.2 19.0 19.8 

Cu(2)Ce 94.9 91.3 5.1 8.7 

Cu(5)Ce 88.1 89.8 11.9 10.2 

Cu(8)Ce 82.2 80.9 17.8 19.1 
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Table 3.3 Elemental composition of metal modified ceria-zirconia catalysts 

Composition (atom %) 

Catalyst Ce Zr Metal 

Theo. Exp. Theo. Exp. Theo. Exp. 

Zr 100 100 

CeZr 50.0 51.9 50.0 48.1 

Cr(2)CeZr 47.3 48.9 47.3 43.3 5.4 7.8 

Cr(5)CeZr 43.8 42.8 43.8 4\.0 12.4 16.2 

Cr(8)CeZr 40.7 39.7 40.7 39.6 18.4 20.7 

Mn(2)CeZr 47.5 47.2 47.5 46.2 5.0 6.6 

Mn(5)CeZr 44.1 42.8 44.1 41.2 1 \.8 16.0 

Mn(8)CeZr 41.2 39.8 41.2 40.1 17.6 20.1 

Fe(2)CeZr 47.5 47.7 47.5 46.3 5.0 6.0 

Fe(5)CeZr 44.2 42.8 44.2 44.9 11.6 12.3 

Fe(8)CeZr 41.3 42.0 41.3 40.5 17.4 17.5 

Co(2)CeZr 47.6 50.0 47.6 45.2 4.8 4.8 

Co(S)CeZr 44.4 47.4 44.4 40.5 11.1 12.0 

Co(8)CeZr 41.7 44.6 41.7 38.4 16.6 17.0 

Ni(2)CeZr 47.6 50.3 47.6 44.7 4.8 5.0 

Ni(S)CeZr 44.4 46.3 44.4 41.2 11.2 12.S 

Ni(8)CeZr 41.6 39.5 41.6 37.7 16.8 22.8 

Cu(2)CeZr 47.8 44.9 47.8 47.3 4.4 7.7 

Cu(S)CeZr 44.8 44.6 44.8 39.6 10.4 15.8 

Cu(8)CeZr 42.2 42.3 42.2 39.5 15.6 18.2 

3.2.3 Surface area and pore volume measurements 

The BET surface area and pore volume measurement (SSET) results of 

different transition metal modified ceria catalysts are presented in Table 3.4. On 
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incorporating Cr, Mn and Fe, the surface area is found to be enhanced with 

enhancement in pore volume. In the case of chromium modified systems, the surface 

area increases up to 5 wt.% metal content and then decreases. For Mo and Fe 

modified systems, the highest surface area is obtained for 2 wt.% metal containing 

systems. Further increase in metal content results a decrease in surface area. 

Considering the surface area values of Co, Ni and Cu systems, an opposite trend is 

observed. Even though there is reduction in surface area on incorporating these 

metals compared to pure ceria, among the metal modified systems surface area 

increases with increase in metal content. Neri et al. 14 reported that on addition of iron 

to ceria an increase in surface area is observed. Addition of iron favors the creation of 

structural defects. The formation of structural defects in turn favors the increase of 

surface area. Akashi et al.13 reported that Cr, Mo, Fe, Co and Ni modified ceria 

prepared through amorphous citrate process have high surface area compared to pure 

ceria. Mn content of about 20-90 mol% does not affect the specific surface area of 

CeOrMnO" catalyst. But with the same preparation method Sato et al. found that 

addition of Fe, Co and Ni to ceria cause a decrease in surface areal8
. It is found that 

ditIerent methods of preparation lead to ceria catalysts with different surface 

characteristics 19. Viswanath et al.9 reported that for ceria supported chromium 

catalyst by impregnation, the deposition of chromium species on the Ce02 support 

caused a decrease in specific surface area and is attributed to the plugging of pores on 

the support by chromia phase. The BET surface area of CUO,/Ce02 catalysts prepared 

by inert gas condensation technique is found to be independent of the copper content 

and is primarily influenced by the particle morphology20. 

The specific surface area of metal modified ceria-zirconia catalysts are given 

in Table 3.5. Here also the surface area values are comparatively higher for the Cr, 

Mn and Fe modified catalysts. Ni and Cu modified catalysts have surface area 

comparable to ceria-zirconia catalysts. On Co modification there is slight decrease in 
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surface area. Srinivas et aL2l found that for hydrothermally synthesized NiO-Ce02-

zr02 catalyst the surface area increased with increase in Ni content up to 20 wt% and 

then decreased. Wang et aL22 reported that for Cuo-zrOz nano powders the surface 

area is seen initially to increase with the increase in Cu content with a maximum for 

30% copper, and decrease for copper content of 50%. The increase of surface area 

with the increase of Cu content is expected to be due to the contribution of Cu species. 

Table 3.4 Surface area and pore volume of metal modified ceria catalysts 

Surface area (m2g. l) Pore volume 

Catalyst BET Langmuir (*10·6 m3) 

Ce 61 93 0.050 

Cr(2)Ce 59 90 0.066 

Cr(5)Ce 63 97 0.066 

Cr(8)Ce 58 89 0.067 

Mn(2)Ce 69 105 0.068 

Mn(5)Ce 67 104 0.065 

Mn(8)Ce 58 89 0.064 

Fe(2)Ce 69 105 0.064 

Fe(5)Ce 59 89 0.062 

Fe(8)Ce 55 83 0.063 

Co(2)Ce 35 54 0.028 

Co(5)Ce 37 55 0.033 

Co(8)Ce 42 64 0.034 

Ni(2)Ce 43 65 0.035 

Ni(5)Ce 44 67 0.033 

Ni(8)Ce 55 82 0.044 

Cu(2)Ce 53 86 0.040 

Cu(5)Ce 59 89 0.041 

Cu(8)Ce 59 89 0.040 
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Table 3.5 Surface area and pore volume of metal modified ceria-zirconia catalysts 

Surface area (m2g- 1
) 

Catalyst BET Langmuir Pore volume 

(* 1 0-6
) 

Zr 22 32 0.040 

CeZr 42 63 0.072 

Cr(2)CeZr 61 145 0.090 

Cr(5)CeZr 68 161 0_083 

Cr(8)CeZr 76 180 0_076 

Mn(2)CeZr 43 103 0_088 

Mn(5)CeZr 59 144 0.089 

Mn(8)CeZr 65 155 0.097 

Fe(2)CeZr 44 66 0.072 

Fe(5)CeZr 48 72 0_072 

Fe(8)CeZr 54 81 0.093 

Co(2)CeZr 38 57 0_067 

Co(5)CeZr 37 56 0.062 

Co(8)CeZr 39 58 0_059 

Ni(2)CeZr 41 63 0.066 

Ni(5)CeZr 40 61 0_056 

Ni(8)CeZr 44 66 0.073 

Cu(2)CeZr 41 61 0.654 

Cu(5)CeZr 42 63 0.060 

Cu(8)CeZr 44 67 0_056 

From the BET surface area results it can be proposed that the surface area of 

doped ceria catalysts strongly depend on the nature and loading of the promoter. 
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Unlike that of impregnation method, the plugging of pores is not evident for Cr, Mn 

and Fe modified systems. The sol-gel method is effective for the preparation of 

supported metal catalysts since it produces homogenous materials with highly 

dispersed metals on the support. 

3.2.4 Scanning Electron Microscopy 

Figures 3.6 and 3.7 contain scanning electron microscopic (SEM) pictures of 

some representative catalysts. Similar surface morphology is observed in all cases. 
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Figure 3.6 SEM pictures ofCe, CeZr and Fe modified ceria catalysts 

Figure 3.7 SEM pictures ofCr modified ceria-zirconia catalysts 
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3.2.5 Thermogravimetric Analysis 

The dried gels were analyzed by thermogravimetry (TGNDT A) in nitrogen 

with a heating rate of 20°C/min. Figure 3.8 shows the TGNDTA curves of Ce, Zr 

and CeZr. According to Zou et al.23 the dried ceria sample may consist of three 

portions of materials: (1) crystalline ceria, Ce02, (2) crystalline ceria with structural 

water, Ce02.2H20, and (3) amorphous cerium hydroxide, Ce(OHk The endothermic 

peak (figure 3.8) in 50-105°C could be due to crystallization of the amorphous portion 

in the sample, Ce(OH)4 to crystalline Ce02. The small endothermic peak at about 

442°C can be attributed to the loss of structural water molecules. These results 

suggest that dried ceria sample is a mixture of three materials, Ce(OH)4, Ce02 and 

Ce02.2H20. The prominent exothermic peak at 350°C can be attributed to change in 

oxidation state of cerium from Ce3
+ to Ce4

+ 24. 

The sample Zr shows an endothermic peak around lOO°C that corresponding 

to desorption of physically adsorbed waters. The thermogram corresponding to ceria­

zirconia mixed oxide shows an endothermic peak at about 237°C attributed to the 

formation of ceria-zirconia solid solution with cubic structure26. An exotherm 

exhibited by zr02 at 479°C can be proposed as being due to a phase transition from an 

amorphous into a crystalline form. 
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Figure 3.8 TGAJDT A profiles of Ce, Zr and CeZr 

To study the effect of metal content, thermogravimetric analysis of iron 

modified ceria and ceria-zirconia catalysts was carried out and the therrnograms are 

given in Figure 3.9. There is no significant difference between the therrnograms of 

catalysts containing various metal contents. 
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Figure 3.9 TGAlDTA profiles of Fe modified ceria and ceria-zirconia catalysts 

TGAlDTA profiles of Co, Ni and Cu modified systems are presented in 

Figure 3.10. The DTA protile as a whole resembles a broad exotherm, results from 

the removal of hydrated water, organic and nitrate residual and solid solution 

formation. 
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Figure 3.10 TGAIDTA profiles of representative catalysts 

From the TGAlDT A profiles of the representative catalysts it is clear that the 

weight loss due to dehydration and decomposition of the residual organics and nitrates 

finished below 450°C. Hence the catalysts which are calcined at 500°C contain only 

metal oxides without any impurity. Up to 800°C no further weight loss is observed 

which confinns the thennal stability of prepared catalysts. 

3.2.6 UV-vis-NIR Diffuse Reflectance Spectra 

The surface structure of the prepared catalysts was investigated by UV-vis­

NTR diffuse reflectance spectroscopy (DR trV-vis), This technique is based on the 

reflection of light in the ultraviolet (10-420 nm), visible (420-700 nm) and near 

infrared (700-2500 nm) regions by a powder sample. From the spectra information on 

surface coordination and different oxidation states of metal ions can be obtained27
, 
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Figure 3.11 OR UV-vis spectra ofCe, Zr and CeZr 

The DR UV-vis spectra of ceria, zirconia and ceria-zirconia mixed oxide 

catalysts are given in Figure 3.11. Crystalline Ce02 has a band gap of 3.1 eVand 

absorbs strongly in the UV region with the absorption threshold near 400 run. The 

absorption bands at 256 and 294 nm are attributed to 02·-tCe3
.,. and 02'-tCe4

+- charge 

transfer transitions27
. The spectra of zr02 contain absorption at 215 nm which is 

attributed to monoclinic zirconia7
• In the case of ceria-zirconia mixed oxide two 

bands are observed at 257 and 340 run. The band at 257 nm is similar to that of ceria 

corresponding to 02'-tCe3
+ transition in the solid solution, The band around 340 run 

may consist of interband and 02'-tZrH transitions of substituted fluorite lattice28, 

The OR UV-vis spectra of chromium modi tied catalysts (Figure 3.12) show a 

band around 360 nm corresponding to the tetrahedral chromate transitions (0-Cr6
-

charge transfer transitions), corresponding to chromium (VI) 9.29. The band around 

470 nm, assigned to Cr6
- present in supported chromate is also observed30

, The band 

around 590 nm corresponds to octahedrally coordinated Cr'- state due to A2g-t Tlg 



76 Chapter3 

transitions,l. It is also suggested that the band at 600 nm could be due to the presence 

of CrOT and Crh ions, which could interact through dHd electron exchange. 

According to Khaddar-Zine et a1 32
. the identification of chromate and dichromate 

species are difficult, since Cr4
1' (3d2

) and Cr5+(3d1
) in octahedral symmetry, produce 

transitions at almost identical values to propose unequivocal identification of the 

existing chromium species. 
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Figure 3.12 DR UV-vis spectra of representative ceria catalysts 

Mn modified ceria catalyst shows an intense band centered around 800 nm, 

which indicates the presence of Mn(TI) in tetrahedral coordination and this band is due 

to ligand to metal charge transfer involving transition metal sites33
• A band observed 

around 500 nm is assigned to 6 AIg~ 4T1g crystal field transition. The broad band 

around 380 nm is attributed to 02·~Mn3~ charge transfer transitions superimposed on 

5BIg~5Eg crystal field d~d transition3~. Introduction of iron into ceria and ceria~ 

zirconia results in the appearance of very broad band in the range of350-550 nm. This 

band is assigned to symmetrical spin-forbidden d-d transitions of Fe3
+ 31. Bachari et 

al.35 observed for iron containing mesoporous si[icas, a very broad band appeared with 
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a maximum around 350 nm which is the characteristic of iron oxide. Cobalt modified 

ceria-zirconia catalyst shows a band around 580 nm corresponding to cobalt in the 

octahedral environment and is assigned to the sT2g'·~5Eg transitionsl . For copper 

modified catalysts the band observed in the region between 600-800 run can be 

attributed to d-d transitions of Cu with octahedral environment in CU031
• 
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Figure 3.13 DR UV-vis spectra of representative ceria-zirconia catalysts 

The near infrared portion of diffuse reflectance spectrum covers the overtones 

and combination bands of fundamental stretching frequencies of surface molecular 

groups such as H20 and -OH. The bands observed at 1443 and 1941 nm in the NIR 

region of all the catalysts are due to the first overtone of hydroxyl groups (2VO-H) and 

combination band corresponding to hydroxyl stretching and bending vibrations 

respectively (Figures 3.14 and 3.15). On modification \vith transition metal, the 

intensity of band at 1443 nm decreases owing to consumption of -OH groups as a 

result of dehydroxylation occurring between the active metal oxide and the support 

phase9
. Only cobalt modified catalysts show an increase in the intensity in the 

hydroxyl region. 
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Figure 3.14 OR UV-vis NIR spectra ofCe, Zr and CeZr 
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Figure 3.15 DR UV-vis NIR spectra of representative ceria and ceria-zirconia catalysts 

3.2.7 FT-Infrared Spectra 

The FT-Infrared (FT-IR) spectra of representative catalysts are shown in 

Figure 3.l6. The broad absorption band located in the area from 3200 to 3600 cm- 1 

approximately corresponds to the O-H stretching vibration, and the one located in the 

area from 450 to 700 cm-I to the Ce02 stretching vibration_ The absorption peaks at 

1600 and 1340 cm- 1 correspond to H20 bending vibration and Ce-OH stretching 

vibration respectivety36. The spectra of iron modified catalysts resemble that of pure 

ceria. 
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Figure 3.16 FT-IR spectra of ceria and Fe modified ceria 

3.2.8 FT-Raman Spectra 

The FT-Raman spectrum of pure ceria in Figure 3.17 show only one peak at 

478 cm- 1 which corresponds to the fundamental F2g symmetry, which can be regarded 

as a symmetric O-Ce-O stretching as reported by Sanchez et a16
• For Zirconia sample, 

peaks are observed at 164,285,334,484,627,662 cm- l correspond to the theoretical 

bands predicted for tetragonal zirconia. The presence of small peak at 198 cm-1 

reveals the presence of monoclinic zirconia. The Ceria-zirconia mixed oxide shows 

only one peak at 483 cm- l characteristic of cubic fluorite-like structure. 
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Figure 3.17 FT -Raman spectra of Ce, Zr and CeZr. 

3.2.9 Electron Paramagnetic Resonance Spectra 

81 

The electron paramagnetic resonance (EPR) spectra obtained for ceria and 

ceria-zirconia catalysts at 77 K are presented in Figure 3.18. The ceria as well as 

ceria-zirconia spectra show a line at go=: 1.96 which has been assigned to impurity 

related defects (Table 3.6). g factor around 1.94 can be attributed to Ce3
+ with 

removable ligands37
. In addition to the line at g=I.96, the ceria-zirconia sample 

exhibits a strong resonance line, the fine structure of which is poorly resolved. Since 

Zr4
+ cations do not contribute to EPR, this strong line is probably due to the presence 

of Ce3
+ ions and corresponding oxygen vacancies. Such vacancies may trap electrons 

that give rise to the paramagnetic signal. Besides, Ce3
+ ions themselves may 

contribute to the resonance line at g=2.0S. The strong extra line in the ceria-zirconia 

EPR spectrum shows that its electronic structure is substantially different from that of 

undoped ceria. The difference is due to the presence of extra oxygen vacancies in 

oxygen deficient ceria-zirconia50
• 
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Figure 3.18 EPR spectra ofCe and CeZr 

Table 3.6 EPR parameters ofCe and CeZr 

Catalyst 

Ce 

CeZr 

g factor 

1.966, 1.942 

1.966, 1.943,2.05 

Chapter3 

The EPR spectra taken for er modified ceria and ceria-zirconia catalysts are 

shown in Figure 3.19 and the g values are given in the Table 3.7. The spectra of 

chromium modified ceria catalysts contain a broad peak with g values at 1.972 and 

1.94. Studies by Weckhuysen et a1.38
.
39 on Cr(VI)/Si02 and Cr(VI)/Ah03 catalysts 

have shown that three different chromium signals are observable in the EPR 
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depending on the treatment history of the catalysts. These are referred to as the 0-, 'Y-, 

~-signals. The 15- and p-signals are broad and occur in the g.rr ranges 5 and 1.96-2.45 

respectively. The 15- signal results from dispersed Cr'" ions where as ~- signal is 

assigned to the clusters as indicated by broad range of g values. The 'Y- signal is much 

sharper and occurs at g=1.97. The signals obtained in the prese~t study can be 

assigned as ,(-signal in agreement with the report by Harrison et al. 10. The origin of the 

signal can be attributed to the fonnation of mixed valence species. Spitz40 has 

attributed the signal to mixed-valence trimers, Cr(VI}-O-Cr(JII)-O-Cr(VI), with an 

average Cr oxidation state of Cr(V). For chromium modified ceria-zirconia catalysts, 

the J3 signals at 2.07 and 2.20 are attributed to clusters ofCr'" on the catalyst surface. 

~( 
~I 

I -­" IOOG \ 
\ 

(~ 

Cr(S)C'e 

Figure 3.19 EPR spectra ofCr modified Ce and CeZr catalysts 
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Table 3.7 EPR parameters ofCr 

modified Ce and CeZr catalysts 

Catalyst g values 

Cr(2)Ce 1.972, 1.94 

Cr(5)Ce 1.972, 1.94 

Cr(8)Ce 1.972, 1.94 

Cr(2)CeZr 1.966 

Cr(5)CeZr 1.969,2.20,2.07 

Cr(8)CeZr 1.972, 1.94, 2.07 

Chapter3 

Figure 3.20 shows the EPR spectra of Mn modified ceria and ceria-zirconia 

catalysts. The EPR parameters are listed in Table 3.8. Six hyperfine lines centered on 

g "" 2, are observed in all catalysts with an average hyperfine splitting constant A of 

approximately around 90 G. This suggests that Mn in these catalysts is in +2 

oxidation state, because Mn-!~ would have A value of approximately 76 G 11
. Usually 

Mn3
- is EPR silent owing to its large zero field splitting; both Mn4+ and Mn~- can give 

similar EPR spectra. From the EPR results the coordination environment of Mn2+ can 

be assigned as axially distorted octahedrat41
• But the existence of Mn4

+ cannot 

excluded, because the observed Mn2+ signal could be possibly superimpose on Mn4+ 

signaI42
,43. 
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Mn(8)Ce 

Figure 3.20 EPR spectra of Mn modified ee and CeZr catalysts 

Table 3.8 EPR parameters ofMn modified catalysts 

Catalyst g factor A (0) 

Mn(2)Ce 1.984 95 

Mn(5)Ce 2.00) 94 

Mn(8)Ce 2.00) 91 

Mn(2)CeZr 1.99) 92 

Mn(5)CeZr 1.996 90 

Mn(8)CeZr 1.997 90 

,Mn(8)CeZr 

, \ 

'-

85 
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Electron paramagnetic resonance is widely used to study the oxidized and 

reduced states of copper based catalystH .
H

. In general, the EPR signal of copper (II) 

gives information about the nature and symmetries of Cu2
+ ions that can be shown to 

be present as clusters, dimers and monomers in octahedral or tetrahedral symmetries. 

Moreover, the intensity of the EPR signal from isolated CU2~ may be regarded as a 

measure of oxidation degree of the solids. When a progressive reduction of Cu2
+ to 

Cu + or CUD occurs, the intensity of the EPR signal must decrease to zero. The spectra 

of copper modified ceria catalysts show complex hyperfine structures consisting of 

"A" signal due to isolated CU2~ ions on Ce02 and CU2~ in CuO clusters and "0" signal 

attributable to small particles of CuO and a set of "K" signal characteristic of Cu2
+ 

dimers. Similar EPR spectra were reported for Cu-Ce oxides prepared by 

coprecipitation and combustion method48
.
49

• The intensity of "0" signal is found to 

increase with increase in copper loading, which indicates the formation of CuO 

crystallites at high copper loading. The absence of "0" signal in copper modified 

ceria-zirocnia catalyst is due to the absence ofCuO crystallites. 



PhysicQ-chemicai Characterization 87 

A 

CpQ)Cc 
Cu(2)CeZr 
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Figure 3.21 EPR spectra ofCu modified Ce and CeZr catalysts 

Table 3.9 EPR parameters ofCu modified catalysts 

Catalyst g factor 

A 0 K 

Cu(2)Ce 2.027 2. 192 2.283, 1.833 

Cu(5)Ce 2.033 2. 18 1 2.299, 1.833 

Cu(8)Ce 2.037 2.192 2.299, 1.833 

Cu(2)CeZr 2.033 2.229 

Cu(S)CeZr 2.033 2.213, 1.833 

Cu(8)CeZr 2.033 2.213, 1.833 
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3.3 Surface Acidity Measurements 

The acid-base property is one of the most important surface chemical 

properties of metal oxide catalysts51
• The notion of acido-basicity of oxide catalysts 

comprises the type of the centres (Bronsted or Lewis), their concentration and lor 

strength, and hardness and softness in the sense of Pearson HSAB theory. Transition 

metal cations, not fully coordinated on the surface can be considered as Lewis acid 

centres, whereas oxide ions 0 2
., as Lewis bases. The notion of acido-basicity is often 

used as equivalent to electrophilicity-nucleophilicity, acid-base centres being 

considered as electron acceptor and electron donor centres, respectively. 

Due to the great number of reactions catalyzed by acid, basic, or acid-basic 

sites, the detennination of the number, strength, Bronsted or Lewis nature of the 

different acid-basic sites of solid catalysts is very important. The concentration of 

acid centres is usually determined by measuring the amount of adsorbed bases, e.g., 

ammonia, pyridine (for acidic centres), or of acidic compounds (C02, S02) for basic 

centres. The strength of bonding of model acids or bases to the surface, evaluated 

from the heat of their adsorption, the desorption temperature in TPD measurements, or 

a shift of the IR bands of adsorbed model compounds, is usually taken as a measure of 

the acid or basic strength. One can also estimate the strength of acid centres from the 

type of model reactions, assuming the analogy with typical acidic oxides that 

dehydration of alcohols and double-bond isomerization indicate the presence of weak 

acid centres, whereas cracking of hydrocarbons and skeletal isomerization require 

high acid strength. 

3.3.1 Temperature Programmed Desorption-Ammonia 

Temperature programmed desorption of ammonia (TPD-NH3) is a powerful 

tool to examine the acidic nature of metal oxides. In order to investigate the surface 
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acidic properties of the catalysts the temperature programmed desorption of ammonia 

was carried out. The results are presented in Tables 3.10 and 3.1l. 

Table 3.10 Acidity distribution of Ceria based catalysts 

Acidity Distribution (mmolg-!) 

Catalyst Weak Medium Strong Total 

RT-200 (QC) 20 1-400 (QC) 401-600 (QC) RT-600 (QC) 

Ce 0.09 0.03 0.03 0.15 

Cr(2)Ce 0.15 0.04 0.13 0.32 

Cr(5)Ce 0.18 0.12 0.09 0.39 

Cr(8)Ce 0.26 0.12 0.07 0.45 

Mn(2)Ce 0.09 0.08 0.10 0.27 

Mn(5)Ce 0.16 0.11 0.07 0.34 

Mn(8)Ce 0.18 0.12 0.08 0.38 

Fe(2)Ce 0.16 0.12 0.07 0.35 

Fe(5)Ce 0.15 0.14 0.08 0.37 

Fe(8)Ce 0.20 0.15 0.05 OAl 

Co(2)Ce 0.16 0.12 0.08 0.36 

Co(5)Ce 0.20 0.14 0.07 0.41 

Co(8)Ce 0.22 0.14 0.07 0.43 

Ni(2)Ce 0.16 0.12 0.07 0.35 

Ni(5)Ce 0.15 0.13 0.08 0.36 

Ni(8)Ce 0.17 0.13 0.10 0.38 

Cu(2)Ce 0.10 0.08 0.07 0.25 

Cu(5)Ce 0.14 0.07 0.07 0.28 

Cu(8)Ce 0.14 0.08 0.06 0.28 
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Table 3.11 Acidity distribution of Ceria-zirconia based catalysts 

Acidity Distribution (mmolg· l
) 

Catalyst Weak Medium Strong Total 

RI-200 (QC) 20 I -400 COC) 40 I -600 (QC) RT-600 (QC) 

Zr 0.10 0.04 0.03 0.17 

CeZr 0.15 0.05 0.04 0.24 

Cr(2)Ce Zr 0.22 0.15 0.10 0.47 

Cr(5)CeZr 0.24 0.16 0.12 0.52 

Cr(8)CeZr 0.24 0.15 0.12 0.51 

Mn(2)CeZr 0.21 0.17 0.08 0.46 

Mn(5)CeZr 0.19 0.16 0.08 0.43 

Mn(S)CeZr 0.24 0.10 0.10 0.44 

Fe(2)CeZr 0.25 0.10 0.09 0.44 

Fe(5)CeZr 0.24 0.09 0.09 0.42 

Fe(8)CeZr 0.23 0.1 [ 0.12 0.46 

Co(2)CeZr 0.20 0.12 0.07 0.39 

Co(5)CeZr 0.25 0.12 0.10 0.47 

Co(8)CeZr 0.25 O. I [ 0.05 0.41 

Ni(2)CeZr 0.21 0.[ [ 0.09 0.39 

Ni(5)CeZr 0.24 0.12 0.13 0.49 

Ni(8)CeZr 0.18 O. 11 0.07 0.36 

Cu(2)CeZr 0.20 0.12 0.04 0.36 

Cu(5)CeZr 0.19 0.12 0.06 0.37 

Cu(8)CeZr O.IS 0.14 0.05 0.35 

Ceria, being a basic oxide shows lowest acidity. On incorporation of metal 

there is enhancement in acidity. Transition metal incorporated ceria-zirconia systems 

show more acidity than ceria systems. It is generally agreed that the surface acidity of 

ceria catalyst is due to surface Ce4
+ species and OH'>+ species27. The transition metal 



Phvsico-chemical Characterization 91 

modification results in more coordination unsaturated cations and these sites gave 

higher acidity. Ceria-zirconia mixed oxide had acidity greater than that of pure ceria 

and zirconias2
. The incorporation ofzirconia into ceria lattice modifies surface acidic 

properties due to exposed Ce4
+ and zl'" ions. The zirconium ion radius is 0.84 A 

smaller than that of the Ce4
+ ion and it is likely to exhibit acidic nature in solid 

solutions7
• On transition metal moditication there is enhancement in acidity. 

3.3.2 Thermodesorption studies of 2,6-dimethyl pyridine 

It is reported that 2,6-dimethyl pyridine (2,6-DMP) ads orbs strongly on 

Bronsted acid sites and forms weak bonds with Lewis acid sites53
. According to 

Satsuma et a1. 54 the 2,6-DMP weakly bound to Lewis acid sites, get desorbed below 

300°C. Hence the thermodesorption study of 2,6-DMP adsorbed beyond 300°C can 

give a measure of Bronsted acid sites. The results obtained for the thermodesorption 

of 2,6-DMP are given in Tables 3.12 and 3.13. 

From the results it is clear that ceria possesses appreciably good Bronsted 

acidity. Metal modification results in enhancement in Bronsted acidity. Ceria­

zirconia has got acidity less than pure ceria. Cobalt and iron modified ceria systems 

show comparatively high Bronsted acidity. Among ceria-zirconia systems, Cr, Fe and 

Co modified systems gave higher acidity values. 
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Table 3.12 Acidity measurement of ceria based catalysts by thermodesorption of2,6-DMP 

Amount of2.6-0MP desorbed (mg) 

Catalyst Weak Medium Strong Total 

300-400 (0C) 400-500 (cC) 500-600 (0C) 300-600 (cC) 

Ce 0.27 0.08 0.01 0.36 

Cr(2)Ce 0.38 0.06 0.06 0.5 

Cr(5)Ce 0040 0.12 0.01 0.53 

Cr(8)Ce 0.42 0.15 0.02 0.59 

Mn(2)Ce 0.29 0.11 0.04 0.43 

Mn(2)Ce 0.38 0.12 0.02 0.52 

Mn(2)Ce 0.41 0.09 0.04 0.54 

Fe(2)Ce 0.37 0.09 0.04 0.51 

Fe(5)Ce 0040 0.17 0.01 0.58 

Fe(8)Ce 0.36 0041 0.05 0.83 

Co(2)Ce 0.43 0.09 0.01 0.53 

Co(5)Ce 0.35 0.22 0.01 0.58 

Co(8)Ce 0.63 0.22 0.07 0.92 

Ni(2)Ce 0.32 0.12 0.00 0.44 

Ni(5)Ce 0.30 0.10 0.01 0040 

Ni(8)Ce 0040 0041 0.10 0.91 

Cu(2)Ce 0.25 0.05 0.02 0.32 

Cu(5)Ce 0.29 0.04 0.02 0.35 

Cu(8)Ce 0.30 0.04 0.03 0 .. 37 
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Table 3.13 Acidity measurement of ceria-zirconi a based catalysts by thermodesorption of 

2,6-DMP 

Amount of2,6-DMP desorbed 

Catalyst Weak Medium Strong Total 

300-400 (QC) 400-500 (QC) 500-600 (QC) 300-600 Cc) 

Zr 0.11 0.1 0.07 0.28 

CeZr 0.19 0.08 0.05 0.32 

Cr(2)Ce Zr 0.34 0.36 0.08 0.78 

Cr(5)CeZr 0.37 0.40 0.07 0.84 

Cr(8)CeZr O.SO 0.35 0.09 0.94 

Mn(2)CeZr 0.30 0.15 0.07 0.52 

Mn(S)CeZr 0.33 0.16 0.09 0.58 

Mn(8)CeZr 0.33 0.17 0.08 0.59 

Fe(2)CeZr 0.28 0.13 0.03 0.44 

Fe(5)CeZr 0.26 0.11 0.01 0.38 

Fe(8)CeZr 0.24 0.46 0.08 0.78 

Co(2)CeZr 0.38 0.38 0.07 0.82 

Co(5)CeZr 0.36 0.37 0.07 0.8 

Co(8)CeZr 0.38 0.20 11.0 0.69 

Ni(2)CeZr 0.30 0.12 0.05 0.47 

Ni(S)CeZr 0.29 0.11 0.05 0.45 

Ni(8)CeZr 0.39 0.20 0.11 0.70 

Cu(2)CeZr 0.30 0.16 0.04 0.50 

Cu(S)CeZr 0.2S 0.11 0.06 0.42 

Cu(8)CeZr 0.27 0.12 0.06 0.45 
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3.3.3 Cumene Cracking 

The conversion of cumene is a model reaction for identifying the 

Lewis/Bronsted acid site ratio of a catalyst: cumene is cracked to benzene and propene 

over Bronsted acid sites, whereas dehydrogenation to a-methylstyrene occurs over 

Lewis acid sites (Scheme 3.1). The relative amounts of benzene and a-methylstyrene 

in the product mixture can therefore be a good indication of the types of acidities 

possessed by catalyst 55. Mechanism for cumene conversion may be represented as in 

Scheme 3.2. 

a·m~thylstyrene 

6 0 
'~"'~ :;-

Major Product! 

6 
Toluene Ethylbr:nzme Styrene 

Mmor Products 

Scheme 3.1 Cumene cracking 
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Scheme 3.2 Mechanism of cumene cracking 

3.3.3.1 Influence of Reaction conditions 

3.3.3.1.1 Effect of Temperatu re 

95 

L 

On increasing reaction temperature from 350 to 500°C there is considerable 

increase in cumene conversion. a-methyl styrene selectivity decreases at high 

temperature due to the formation of styrene at high temperatures. Benzene selectivity 

remains more or less same through out the temperature studied. 



96 

Reaction conditions:- Co(S)CeZr-O.Sg, Flow rate-4mLh· l
, 

Time-2h. 

Figure 3.22 Effect of temperature on cumene cracking 

3.3.3.1.2 Effect of Flow rate 

Chapted 

As the flow rate increases from 2 to 6mL there is decrease in cumene 

conversion due to the decrease in contact time between cumene and catalyst surface. 

a-methyl styrene selectivity increased first and then remains constant. 

-'-Cumene 

40 
-J~ aIpha-methyl styrene 
----f""l--tt .... _ ........ 100 

gO 
~ 30 

! 60 ~ 

" o 20 ·c 
~ 

" ~ 10 

0 .;: 

40 .~ 

-.: 
'" 

20 

6 

Flow rate (mLIh) 

Reaction conditions:- Co(5)CeZr-O.5g, Temperature-450°C, Time-2h. 

Figure 3.23 Effect of flow rate on cumene cracking 
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3.3.3.1.3 Effect of Time-Deactivation 

The catalysts were tested towards deactivation by conducting the experiment 

for 8h. It is found that compared to pure ceria and zirconia, the rate of deactivation is 

less for ceria-zirconia mixed oxide catalyst (Figure 3.24). Time on stream profiles of 

representative transition metal modified ceria and ceria-zirconia catalysts are given in 

Figure 3.25. Chromium modified systems show comparatively less deactivation. Ni 

and Cu systems show very fast deactivation. 

7 

c 
.~ 4 
~ 
~ 3 
c 

'" '-' 2 

___ Ce 
----6--Zr -iJ-CeZr 

6 7 

Time (Ib) 

Reaction conditions:- Temperature-450°C, Flow rate-3mLh- l
. 

Figure 3.24 Effect of time on cumene cracking 
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Figure 3.25 Effect of time on cumene cracking for representative catalysts 

3.3.3.2 Comparison of Catalysts 

Cumene cracking reaction was carried out using all the prepared catalysts at a 

temperature of 450°C, flow rate of 3mLh-1 and time on stream of 2h. The results of 

cumene cracking over transition metal modified ceria and ceria-zirconia catalysts are 

given in Tables 3.14 and 3.l5. On metal modification both the ceria and ceria­

zirconia catalysts show increase in conversion. a-methyl styrene selectivity is about 

90% which indicate the presence of Lewis acid sites on the catalyst surface. 
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Table 3.14 Cumene cracking over metal modified ceria catalysts 

Selectivity (%) 

Catalyst Conversion (wt.%) a-methy 1 styrene Benzene Others 

Ce 4.5 S7.3 7.2 5.6 

Cr(2)Ce 9.2 93.4 2.7 3.9 

Cr(5)Ce 11.2 94.3 1.9 3.8 

Cr(8)Ce 14.5 96 1.2 2.S 

Mn(2)Ce 11.3 91.2 1.4 7.4 

Mn(5)Ce 12 92.7 1.5 5.8 

Mn(S)Ce 14.2 94.2 2.S 3.3 

Fe(2)Ce 10.S 93.6 2.9 3.5 

Fe(S)Ce 12.2 93.9 1.9 4.3 

Fe(S)Ce 14.9 88.9 2.8 8.4 

Co(2)Ce 10.3 88.7 4.3 6.9 

Co(S)Ce 12.8 92.7 2.8 4.S 

Co(S)Ce IS.S 90.8 3.0 6.2 

Ni(2)Ce 10.S 92.8 2.1 S.1 

Ni(S)Ce 8.9 91.9 4.6 3.S 

Ni(S)Ce 12.9 94.2 2.7 3.1 

Cu(2)Ce 8.6 89.3 2.8 7.9 

Cu(5)Ce 10.2 91.5 2.9 S.6 

Cu(S)Ce 12.1 90.9 2.1 6.9 
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Table 3.15 Cumene cracking over metal modified ceria-zirconia catalysts 

Selectivity (%) 

Catalyst Conversion (wt.%) <x-methyl styrene Benzene Others 

Zr 3.0 86.5 7.3 6.2 

CeZr 6.0 80.3 15.3 4.3 

Cr(2)CeZr 16.2 94.3 2.3 3.6 

Cr(5)CeZr 19.1 92.6 3.4 4.0 

Cr(8)CeZr 17.5 92.5 2.6 4.9 

Mn(2)CeZr 16.2 88.3 7.6 4.1 

Mn(5)CeZr 14.3 89.9 4.4 5.8 

Mn(8)CeZr 15.3 87.5 8.9 3.6 

Fe(2)CeZr 15.1 92.6 1.7 5.7 

Fe(5)CeZr 14.6 92.1 1.6 6.3 

Fe(8)CeZr 15.5 89.8 3.6 6.7 

Co(2)CeZr 12.8 94.4 1.6 4.0 

Co(5)CeZr 16.5 91.9 2.6 5.6 

Co(8)CeZr 16.1 91.1 4.3 4.7 

Ni(2)CeZr 14.1 93.3 2.5 4.2 

Ni(5)CeZr 18.8 92.5 3.0 4.5 

Ni(8)CeZr 12.6 88.0 6.4 5.7 

Cu(2)CeZr 11.6 93.3 2.1 4.6 

Cu(5)CeZr 13.2 93.2 2.4 4.4 

Cu(8)CeZr 11.6 91.7 3.5 4.9 

Cumene conversion and total acidity from ammonia TPD measurements show 

good correlation, which confinns the acidity results obtained from desorption 

measurements (Figure 3.26). 
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Figure 3.26 Cumene cracking vs total acidity 

3.3.4 CycJohexanol Decomposition 

Alcohol decomposition reaction has been widely studied because it is a simple 

model reaction to determine the functionality of an oxide catalyst. Dehydration 

activity is linked to the acidic property and dehydrogenation activity to the combined 

effect of both acidic and basic properties of the catalyst. The genera] scheme for 

cyclohexanoL decomposition is given in Scheme 3.3. A proposed mechanism for the 

decomposition of cyclohexanol is depicted in Scheme 3.4. 



lO2 ChapterJ 

c::d-_Off 

__ 

CyclohenDoj CycJohu.oooe Cydohexene 

(Ba.ic site.) (Acidic Sil.') 

Scheme 3.3 CycIohexanol decomposition 

--:~ f:::::Z, 
~ ~ 

M-O-M 

HRH- HJi" HJi" H I 
O-H 

"'0 .....-H f\.+.....-H "'9 
.....-H 

? I 0 P I I 

Scheme 3.4 Mechanism of cyclohexanol decomposition 

3.3.4.1 Influence of Reaction conditions 

3.3.4.1.1 Effect of Temperature 

The results obtained in the decomposition of cyclohexanol at various 

temperatures are represented in Figure 3.27. Cyclohexanol conversion increased with 

increase in temperature. The conversion reached a maximum of 99% at 450°C. 

Cyclohexene selectivity shows an increase with increase in temperature. 
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Reaction conditions:- Ni(8)Ce-0.5g, Flow rate-4mLh- l
, Time-2h. 

Figure 3.27 Effect of temperature on cyclohexanol decomposition 

3.3.4.1.2 Effect of Flow rate 

Figure 3.28 illustrates the effect of flow rate on cyclohexanol conversion and 

selectivity. Initially, there is an increase in conversion as the flow rate increased from 

3 to 4mL. Thereafter the conversion decreased with increase in flow rate. 

Cyclohexene selectivity increases with increase in the flow rate. 
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Reaction conditions:- ~i(8)Ce-0.5g, Temperature- 350 DC, Time-2h. 

Figure 3.28 Effect of flow rate on cyclohexanol decomposition 
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3.3.4.2 Comparison of Catalysts 

The cyclohexanol decomposition activity of the prepared catalysts was carried 

out at a temperature of 350°C and flow rate of 4mLh· 1
• Cyclohexanol conversion and 

selectivity are given in Tables 3.16 and 3.17. 

Table 3.16 Cyclohexanol decomposition over ceria 

based catalysts 

Catalyst Conversion Selectivity (%) 

(wt.%) -ene -one 

Ce 74,7 92.9 6,1 

Cr(2)Ce 90,2 87,2 12.1 

Cr(5)Ce 93.1 89.8 10.2 

Cr(8)Ce 97.9 93.2 6.6 

Mn(2)Ce 82.3 91.3 9.2 

Mn(S)Ce 89,2 94.1 S.8 

Mn(8)Ce 84.3 93.2 6.1 

Fe(2)Ce 76.3 87.5 12.2 

Fe(S)Ce 79.5 87,6 11.6 

Fe(8)Ce 84.4 85.7 14.3 

Co(2)Ce 8l.9 8S.4 14.6 

Co(S)Ce 84.3 79.9 20.0 

Co(8)Ce 92.6 76.6 .,..,,'" _.J • .J 

Ni(2)Ce 97,2 89.8 8,8 

Ni(S)Ce 95,3 93,9 6,0 

Ni(8)Ce 94.3 77.2 18.S 

Cu(2)Ce 84,3 96.3 2.5 

Cu(5)Ce 90.1 96.3 3.7 

Cu(8)Ce 90.2 86.7 S.9 
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Table 3.17 Cyclohexanol decomposition over 

ceria-zirconia based catalysts 

Catalyst Conversion Selectivity (%) 

(wt.%) -ene -one 

Zr 75.5 98.1 1.9 

CeZr 86.6 96.7 3.3 

Cr(2)CeZr 96.2 94.2 5.6 

Cr(S)CeZr 98.9 93. 1 6.7 

Cr(8)CeZr 92.3 89.2 9.7 

Mn(2)CeZr 89.3 94.2 5.5 

Mn(5)CeZr 90.4 96.2 3.7 

Mn(8)CeZr 88.3 98.3 1.3 

Fe(2)CeZr 85.8 93.4 6.S 

Fe(5)CeZr 91.2 96.8 3.2 

Fe(8)CeZr 93.2 80.4 19.3 

Co(2)CeZr 90.2 93.0 9.0 

Co(5)CeZv 94.3 95.3 4.7 

Co(8)CeZr 89.3 82.6 19.8 

Ni(2)CeZr 82.3 98.2 1.6 

Ni(5)CeZr 85.4 90.6 5.9 

Ni(8)CeZr 92.6 81.3 17.7 

Cu(2)CeZr 83.4 99.1 0.9 

Cu(5)CeZr 76.3 94.6 5.3 

Cu(8)CeZr 80.3 96.7 3.2 

On transition metal modification, there is enhancement in cyclohexanol 

conversion for both ceria and ceria-zirconia catalysts. The metal content plays an 

important role in cyclohexanol decomposition reaction. 
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Cyclohexanol decomposition activity of the prepared catalysts was correlated

with the weak and medium acid centres on the catalyst surface (Figure 3.29).
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Figure 3.29 Cyclohexanol conversion vs weak+medium acidity

3.4 Conclusions

The powder X-ray diffraction analyses confirm the fluorite structure of

transition metal modified ceria and ceria-zirconia mixed oxides. The composition of

the catalyst obtained from the EDX analysis is close to the theoretical value. From the

BET surface area results it can be proposed that the surface area of doped ceria

,
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catalysts strongly depend on the nature and loading of the promoter. Unlike that of

impregnation method, the plugging of pores is not evident for Cr, Mn and Fe modified

systems. The sol-gel method is effective for the preparation of supported metal

catalysts since it produces homogenous materials with highly dispersed metals on the

support. From the TGAlDTA profiles of the representative catalysts, it is clear that

the weight loss due to dehydration and decomposition of the residual organics and

nitrates is complete below 450°C. Hence the catalysts which are calcined at 500°C

contain only metal oxides without any impurity. Up to 800°C no further weight loss

is observed which confirms the thermal stability of prepared catalysts. From the DR

UV-vis spectra information on surface coordination and different oxidation state of

transition metal ions incorporated can be obtained. In Raman spectra, the Ceria­

zirconia mixed oxides shows only one peak at 483cm-1 characteristic of cubic fluorite­

like structure. EPR spectra revealed the presence of extra oxygen vacancies in ceria­

zirconia catalyst. The various oxidation states of the incorporated metal ions could be

obtained from the EPR analysis. TPD of NH3 and thermogravimetric desorption of

2,6-DMP measurements confirms the enhancement of surface acidity upon

modification with transition metals. Activity towards cumene cracking could be

correlated to total acidity obtained from ammonia TPD. A relation between

cyclohexanol decomposition and weak+medium acidity from ammonia TPD is

established.
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CHAPTER 4 

OXIDATION OF ETHYLBENZENE 

Abstract 

Side-chain oxidation of alkyl aromatics using cleaner peroxide oxidants catalyzed 

by heterogeneous catalysts still attracts interests. Classical synthetic laboratory 

procedures preferably use stoichiometric oxidants such as pennanganate and dichromate 

which are hazardous. Hence, there has been an interest to develop ecofriendly catalysts 

for the oxidation of alkyl aromatics. Heterogeneous catalysts have the advantage, 

compared to their homogeneous counterparts, of facile recovering and recycling. The 

present chapter deals with liquid phase oxidation of ethylbenzene with tert-butyl 

hydroperoxide over the prepared catalysts. Influence of various reaction parameters was 

studied. er and Mn modified catalysts gave good ethylbenzene conversion and 

acetophenone selectivity. 
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4.1 Introduction 

Effective utilization of ethylbenzene, available in the xylene stream of the 

petrochemical industry for more value added products, is an interesting proposition. 

Oxidation of ethylbenzene to the different products can take place in two ways. One 

is the aromatic ring hydroxylation under which the hydroxylation at the para-positon 

is preferred to some extent to the ortho-position. The other is the side chain oxidation 

at primary and secondary carbon atoms. The primary and secondary carbinols fonned 

from the side chain oxidation undergo further oxidation to the respective aldehydes 

and ketones. The pathways of ethylbenzene oxidation are represented in Scheme 4.1. 

The side chain oxidation at the secondary carbon predominates over the primary 

carbon. Acetophenone is one of the key products in the industries. It is used as a 

component of perfumes and as an intermediate for the manufacture of 

pharmaceuticals, resins, alcohols, and tear gas (chloroacetophenone). 

Wang et al. l reported that the polymer supported 4-(2-pyridylazo) resorcinol 

copper complex is an effective catalyst for the oxidation of ethylbenzene by molecular 

oxygen. The main products were I-phenyl ethanol and acetophenone. Mn-MCM41 

molecular sieves were found to be active for the oxidation of ethylbenzene with tert­

butyl hydroperoxide in liquid phase and with air in vapor phase2
•
4

• Choudhary et al.5 

were showed that a stoichiometric KMn04 reagent, commonly employed for 

oxidations, can be transformed into a highly active, stable, easily separable, and 

reusable environmental friendly catalysts for the oxidation of ethylbenzene to 

acetophenone or similar reactions by immobilizing Mn04 1
- anions in highly basic Mg­

AI-hydrotalcite at its anion-exchange sites and the activity could be improved by 

optimizing the catalyst composition parameters. 
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2.Phenyl ethanol Phenyl acetaldehyde 

Scheme 4.1 Oxidation of Ethylbenzene 

Ti-, V-and Sn- containing silicates are found to give acetophenone and 1-

phenyl ethanol as major products and ring hydroxylated aromatics as minor products6
• 

The "neat" and zeolite Y -encapsulated copper tri- and tetraza macrocyc\ic complexes 

exhibit efficient catalytic activity in the regioselective oxidation of ethylbenzene using 

TBHP7. Framework substituted MeAPO-lls are found to be active for ethylbenzene 

oxidations. Alumina-supported vanadia catalysts favor the formation of acetophenone 

and benzaldehyde9
• Baek et al. 10 investigated the promotional effect of CO2 in the 

liquid phase oxidation of ethylbenzene to acetophenone with ColMnfBr catalyst 

system. CO2 assisted oxidation resulted in an enhancement in ethylbenzene 

conversion and high acetophenone selectivity. Oxidation of ethylbenzene with air 

catalyzed by fJ.-oxo dimeric metalloporphyrins yields acetophenone and 1-

phenylethanol ll . Cobalt containing silicate was found to be especially active and 

selective for the oxidation of alkyl aromatics with TBHP12. Muzart et alY studied the 

chromium (VI) oxide catalyzed oxidations of a1cohols and activated methylenes by 
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aqueous tert-butyl hydroxide usmg benzotrifluoride as solvent. The oxidation of 

alkylaromatics with hydrogen peroxide in the presence of several manganese (III) 

porphyrins was studied, under mild conditions using ammonium acetate as co­

catalyse4
. Torbio et al. l5 used barium compounds as catalyst for liquid-phase 

oxidation of ethylbenzene with molecular oxygen yielding ethylbenzene 

hydroperoxide as the major product with small amounts of acetophenone and 1-

phenylethanol. 

Ethylbenzene oxidation was conducted in a 50mL glass round bottom flask 

placed in a thermostated oil bath fitted with a magnetic stirrer and water cooled 

condenser. In a typical oxidation, required quantity of ethyl benzene, solvent and 

catalyst were taken in the R. B flask and after attaining the reaction temperature 

tertiary butyl hydro peroxide was added in drops. The products were identified by 

GC-MS and conversion and product selectivity were monitored using a Chemito 8610 

GC with FID detector and SE-3~ column. 

4.2 Influence of Reaction conditions 

4.2.1 Effect of Oxidant 

Oxidation of ethylbenzene was conducted using tert-butyl hydroperoxide 

(TB HP) and hydrogen peroxide (H20 2) as oxidants. No conversion was observed in 

presence of H20 2. According to Sheldon et al. 16 metal ions which catalyze oxygen 

transfer reactions with H20 2 or R02H are divided into two types based on the active 

intermediate: a peroxometal or an oxometal complex. Transition elements with dO 

configuration, like Mo(VI), W(VI), V(V), Ti(lV) follow peroxometal pathways and 

late or first row transition metals like Cr(VI), V(V), Mn(V), Ru(VI), Ru(VIlI), 

Os(VIII) employ oxometal pathways. The prepared catalysts contain elements from 

first row transition metals and they are likely to follow oxometal pathway with TBHP 

as oxidant. 
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4.2.2 Effect of Temperature 

Ethylbenzene conversion is investigated as a function of temperature at room 

temperature, 60, 70, 80 and 90°C and the results are s given in Figure 4.1. With the 

increasing of the temperature form RT to 70°C, the conversion was increasing, but 

when the temperature increased from 70 to 90°C, the conversion was decreasing 

continuously. Conversion and acetophenone selectivity at 70°C is found to be more 

as compared to that at 60°C. This increase is attributed to the higher activation of 

TBHP at 70°C. Further increase in temperature causes decrease in ethyl benzene 

conversion and l-phenyl ethanol selectivity which can be explained as due to the 

decomposition of t-butylhydroperoxide2
• 
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Reaction conditions:- Cr(5)CeZr- 0.1 g, Acetonitri[e- IOmL, 

EB:TBHP- 1:3, Time- 12h. 

Figure 4.1 Effect of temperature on ethylbenzene oxidation 

4.2.3 Effect of Catalyst weight 

The results of oxidation of ethyl benzene in the presence of various amount of 

catalyst are represented in Figure 4.2. When the amount of catalyst increased from 

0.05 to O.lg, the conversion increased from 44 to 84%. Further increase in catalyst 
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amount decreases conversion and then remains constant. This result is in agreement 

with that reported by Wang et al. I. They concluded that the amount of catalyst has the 

best quantity when the amount of substrate is fixed. Otherwise, on increasing or 

decreasing the amount of catalyst, the conversion of the substrate decreases. A sim ilar 

observation is found in the case of ethylbenzene autoxidation in the presence of 

variable amounts of barium oxide15
• 
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Reaction conditions:- Cr(5)CeZr, Acetonitrile- lOmL, 

EB:TBHP- 1:3, Temperature- 70a C, Time- 12h 

Figure 4.2 Effect of catalyst weight on ethylbenzene oxidation 

4.2.4 Effect of Ethylbenzene to TBHP mole ratio 

Effect of reactant to oxidant mole ratio on conversion and product selectivity 

is studied and the results are given in Figure 4.3. The ratios were changed by keeping 

the amount of ethylbenzene constant. The conversion raised from 20 to 86 wt% as the 

TBHP/EB ratio increased from 0.5 to 5. The selectivity to acetophenone is increased 

with the increase in molar ratio. 
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Temperature- 70°C, Time-12h. 

Figure 4.3 Effect ofEB:TBHP ratio on ethylbenzene oxidation 

4.2.5 Effect of Solvent 

117 

The effect of various solvents such as chlorobenzene, benzene, acetonitrile 

and methanol used in the oxidation of ethylbenzene is illustrated in Figure 4.4. The 

role of solvent on the reaction is very complex, especially on product distribution. 

Chlorobenzene has a negative influence on the reaction. Acetonitrile is found to be the 

best solvent. Kishore Mal et a1.6 studied the influence of various solvents for 

ethylbenzene oxidation. They also found acetonitrile and water as the best solvents 

compared to acetone and tert-butanol, the reasons for the observation being unclear. 

Bhoware et a1. 17 investigated the role of solvent in the oxidation of ethylbenzene over 

Co-HMS catalysts. Among a series of solvents like acetonitrile, dichloromethane, 

acetone and ethyl alcohol, acetonitrile is found to give high conversion. Belifa et al. 18 

observed that the presence of polar solvent makes the vanadia-titania catalyst more 

active for cyclohexane oxidation, due to the efficient removal of oxidation products 

from the active sites of the catalysts by the polar solvent. It is reported that an 
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increase in solvent polarity brought about an enhanced rate of toluene oxidation and a 

better selectivity for benzoic acid l9
. 
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Figure 4.4 Effect of solvent on ethylbenzene oxidation 

4.2.6 Effect of Solvent volume 

The influence of solvent volume in ethylbenzene oxidation is investigated and 

the findings are presented in Figure 4.5. Appreciably high ethyl benzene conversion 

and acetophenone selectivity is obtained in the absence of solvent. When the reaction 

is conducted in presence of solvent (with low solvent volume), ethylbenzene 

conversion is increased to 87%. But on increasing solvent volume, conversion 

decreases suggesting that there is an optimum solvent concentration for maximum 

conversion. For Co-HMS catalyst, it is reported that when solvents are used for the 

oxidation of ethylbenzene, the conversions are less and interestingly, the maximum 

conversion was obtained in the absence of solvent. It is suggested that solvent had 

negative influence over the performance of cobalt containing catalyst, which may 

possibly arise from the blocking of the active catalytic sites by the solvent 

molecules17
• 
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Reaction conditions:- Cr(5)CeZr- O.lg, Solvent-Acetonitrile, 

Temperature-70°C, EB:TBHP- 1:3, Time- 12h. 

Figure 4.5 Effect of solvent volume on ethylbenzene oxidation 

4.2.7 Effect of Time 

119 

Figure 4.6 shows the results of oxidation of ethylbenzene with TBHP with 

respect to reaction time at 70°C. Selective fonnation of acetophenone increases, 

whereas fonnation of I-phenylethanol decreases with reaction time. The selectivity to 

acetophenone increases with increase in time since acetophenone is not a precursor of 

any daughter product. Selectivity to a-phenyl ethanol decreases with time as its 

further converts to acetophenone. The reaction is almost complete after about 24h. 
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Reaction conditions:- Cr(5)CeZr- O.lg, Solvent-Acetonitrile, 

Temperature- 70°C, EB:TBHP- 1 :2. 

Figure 4.6 Effect oftime on ethylbenzene oxidation 
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The influence of reaction time on ethylbenzene conversion at temperatures 60, 

70 and 80°C are represented in Figure 4.7. Ethylbenzene conversion increased with 

time whatever may be the temperature. 
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Reaction conditions:- Cr(5)CeZr- O.lg, Acetonitrile­

lOmL, EB:TBHP- 1:2. 

Figure 4.7 Effect oftime on ethylbenzene oxidation 
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4.2.8 Leaching 

In order to address the issue of leaching, hot filtration studies were performed 

with the two promising metal containing catalysts, Cr and Mn. After Ih of reaction, 

the reaction mixture was filtered hot, and the reaction was continued with the filtrate 

in the absence of any solid catalysro. The results obtained for leaching studies are 

given in Table 4.1. More ethylbenzene oxidation activity is observed in the filtrate for 

all catalysts. Thus it is clear that the catalyst loses traces of Cr, and Mn which 

catalyzed at least part of the reaction in homogeneous phase. Sheldon et al. 16 stated 

that no heterogeneous chromium catalysts have been reported, which have been 

unequivocally stable under liquid-phase oxidation conditions by performing 

appropriate rigorous tests for leaching. 

Table 4.1 Leaching studies over er and Mn modified catalysts 

Catalyst Timelh Ethylbenzene Acetophenone 

conversion (wt.%) selectivity (%) 

Cr(S)Ce 9.7 49.3 

Filtrate 6 11.6 6S.5 

Mn(5)Ce 1 13.2 88.3 

Filtrate 6 IS.3 93.S 

Cr(5)CeZr I 16.3 7S.3 

Filtrate 6 21.3 88.S 

Mn(5)CeZr 14.2 74.4 

Filtrate 6 18.3 83.9 

4.2.9 Reusability 

Catalysts recycling experiments were carried out with repeated uses of 

representative catalysts. For the recycling studies, the catalyst was removed from the 
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reaction mixture after 12h by filtration, washed with acetone, heated at 500°C for 12h, 

and subjected to the next catalytic run, with same molar ratio of the substrate under 

the same reaction conditions. From the Table 4.2, it is clear that, the reuse of the 

catalysts did not appreciably decrease the conversIon of ethylbenzene. The 

acetophenone selectivity remained nearly similar in all recycle experiments. Thus the 

catalysts can be recycled four times without significant loss of activity. 

Table 4.2 Recycling studies of representative catalysts 

Catalyst Cycle 
Ethylbenzene Acetophenone 

conversion (wt.%) selectivity (%) 

72.1 91.S 

2 74.5 88.6 
Cr(S)Ce 

3 73.2 86.S 

4 71.4 8S.3 

36.7 9S.9 

2 40.2 93.3 
Mn(S)Ce 

3 38.2 86.7 

4 3S.7 92.6 

87.8 81.2 

2 84.3 79.2 
Cr(S)CeZr 

3 83.8 76.6 

4 79.4 7S.2 

39.8 8S.9 

2 42.2 92.3 
Mn(5)CeZr 

3 38.3 86.S 

4 36.4 90.2 
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4.3 Comparison of Catalysts 

The prepared catalysts were tested for liquid phase oxidation of ethylbenzene 

and the results are presented in Tables 4.3 and 4.4. 

Table 4.3 Ethylbenzene oxidation over ceria based catalysts 

Catalyst Conversion Selectivity (%) 

(wt.%) Acetophenone I-phenyl ethanol 

Ce 1.7 3.4 92.3 

Cr(2)Ce 31.7 86.0 14.0 

Cr(S)Ce 72.1 91.5 8.S 

Cr(8)Ce 40.9 88.3 11.7 

Mn(2)Ce 32.S 93.9 6.1 

Mn(S)Ce 36.7 9S.9 4.3 

Mn(8)Ce 33.0 93.9 6.1 

Fe(2)Ce 9.6 IS.S 84.4 

Fe(S)Ce 8.1 8.2 83.4 

Fe(8)Ce 7.4 12.6 84.2 

Co(2)Ce 13.8 86.3 3.5 

Co(S)Ce 16.0 81.2 4.6 

Co(8)Ce 16.S 68.S 15.5 

Ni(2)Ce 6.6 7.7 81.3 

Ni(S)Ce 10.2 SO.2 40.8 

Ni(8)Ce 8.2 90.1 9.1 

Cu(2)Ce 27.8 62.1 26.7 

Cu(S)Ce 22.6 69.9 17.3 

Cu(8)Ce 29.1 SS.8 3S.0 

Reaction conditions:-Catalyst-O.lg, Acetonitrile-5mL, Temperature-70°C, 

EB:TBHP-l :3, Time-12h. 
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Table 4. 4 Ethylbenzene oxidation over ceria-zirconia based catalysts 

Selectivity (%) 

Catalyst Conversion Acetophenone I-phenyl 

(wt.%) ethanol 

Zr 2.5 6.9 92.4 

CeZr 5.7 30.2 68.2 

Cr(2)CeZr 31.9 92.3 7.6 

Cr(5)CeZr 87.8 81.2 18.8 

Cr(8)CeZr 85.7 94.8 5.3 

Mn(2)CeZr 23.2 84.2 3.9 

Mn(5)CeZr 39.8 85.9 4.5 

Mn(8)CeZr 45.9 88.4 4.0 

Fe(2)CeZr 6.8 71.8 2.2 

Fe(5)CeZr 6.6 74.9 12.5 

Fe(8)CeZr 6.6 74.7 25.3 

Co(2)CeZr 17.8 84.5 3.5 

Co(5)CeZr 18.3 82.3 4.4 

Co(8)CeZr 17.1 85.2 3.5 

Ni(2)CeZr 11.1 83.2 3.3 

Ni(5)CeZr 5.7 81.2 3.3 

Ni(8)CeZr 5.4 90.8 1.6 

Cu(2)CeZr 16.7 70.4 16.0 

Cu(5)CeZr 43.2 58.9 32.8 

Cu(8)CeZr 26.2 61.9 21.2 

Reaction conditions:-Cata1yst- O.lg, Solvent- 5mL, Temperature- 70°C, 

EB:TBHP- 1:3, Time-12h 
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Pure ceria catalyst gave negligibly small conversion of 1.7% with a-phenyl 

ethanol selectivity of 92.3%. Among different metal modified systems, Cr 

incorporated catalysts show highest conversion with high acetophenone selectivity. 

Mn modified systems also show good conversion with acetophenone selectivity 

>90%. Among Fe, Co, Ni and eu modified systems, comparatively good conversion 

is shown by Cu modified systems. But acetophenone selectivity for Cu systems is 

less compared to Cr and Mn modified systems. 

The results obtained towards ethylbenzene conversion and product selectivity 

for transition metal modified ceria and ceria-zirconia mixed oxide catalysts are 

tabulated in the Table 4.2. Here also the unmodified zr02 gave less conversion, with 

high I-phenylethanol selectivity. CeZr catalyst contributes 5.7% conversion. 

Compared to pure ceria and zirconia, the unmodified ceria-zirocnia catalyst showed 

better conversion and acetophenone selectivity. Chromium modified catalyst showed 

increase in ethylbenzene conversion with increase in chromium content. 5 and 8 wt.% 

chromium containing catalysts showed almost same ethylbenzene conversion. Mn 

modified catalysts gave better conversion at high Mn content. Comparatively good 

conversion is obtained for copper containing catalysts. Iron and nickel modification 

did not result in better catalytic activity compared to ceria-zirconia catalyst. The 

conversion of ethylbenzene and acetophenone selectivity remained constant over Co 

modified catalysts with different cobalt content. 

4.4 Discussion 

From the OR UV-vis analysis of the catalysts, it is clear that Cr exists in 

different oxidation states, ie Cr6~ and Cr3+. The presence of Mn2~ and Mn3+ ions in the 

manganese modified catalyst was also confirmed from the OR UV-vis analysis. EPR 

spectra of chromium modified ceria and ceria-zirconia catalysts reveals the presence 

of mixed-valence trimers, Cr(VI)-O-CrCHI)-O-CrCVJ), with an average Cr oxidation 
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state of Cr(V). Cr modified ceria-zirconia catalysts showed an additional P signals 

which are attributed to the clusters of Cr3+ on the ceria-surface. The presence of Mn2+ 

ions is evident from the EPR spectral analysis of Mn modified ceria and ceria-zirconia 

catalysts. The possibility for the existence of Mn4~ is also considered because the 

observed Mn2
+ signal could be possibly superimposed on Mn4+ signal. It is reported 

that the oxidation of toluene with TBHP in the presence of chromium silicate-\ 

catalyst proceeds through the reversible transformation of Cr3+ and Cr5+ 2[. Parentis et 

al.22 suggested that in presence of TBHP, Cr(III) is oxidized to Cr(VI) in CrlSi02 

catalysts which in turn oxidizes the substrate via redox mechanism. Velu et a1 19
• 

reported that the catalytic activity for toluene oxidation increases with increasing Mn 

content in Mg-AI layered double hydroxides and the Mn2+lMn3
+ ions present in the 

LDH structure show better catalytic performance than a mixture of Mn(OHh and 

MnC03• Imamura et al.23 studied the catalytic activity of Mn/Ce composite oxide in 

the wet oxidation of organic compounds. They concluded that the effect of ceria was 

to produce manganese species with lower valence states (Mn3+, Mn2+), and the 

combination of Mn4
+ with Mn3+ or Mn2+ was assumed to be the cause of the high 

activity of the catalyst. According to Sheldon et al. first row transition elements 

generally employ oxometal pathway which involves two-electron redox reactions of 

the metal ion. The highest catalytic activity is observed for Mn and Cr modified 

catalyst, which can easily undergo redox reactions through oxometal pathways. The 

presence of various oxidation states confirmed by EPR and DR UV-vis also support 

this argument. A general mechanism is shown in Scheme 4.2. 

Scheme 4.2 General mechanism of ethylbenzene oxidation 
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4.5 Conclusions 

The conclusions from the present results can be summarized as follows . 

./' Ethylbenzene oxidation with tert butyl hydroperoxide over transition metal 

modified ceria and ceria-zirconia catalysts gave acetophenone as the major 

product and I-phenyl ethanol as the minor product. 

./ Reaction variables such as temperature, ethylbenzene to TBHP mole ratio, 

catalyst concentration, time and solvent have strong influence on the 

conversion and product selectivity . 

./ Chromium and Manganese modified systems show very good conversion and 

acetophenone selectivity. These catalysts can be a convenient ecofriendly 

substitute for hazardous stoichiometric oxidants . 

./ From the reusability studies, it is confirmed that the catalysts can be 

efficiently reused . 

./ The oxidation is expected to involve a redox mechanism. 
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CHAPTERS 

FRIED EL-CRAFTS BENZYLATION OF TOLUENE AND o-XYLENE 

Abstract 

The present chapter deals with Liquid phase benzylation of toluene and o-xylene 

using benzyl chloride as alkylating agent. Influence of various reaction parameters on 

conversion and selectivity were studied. Lewis acid sites present on the surface of the 

catalysts were correlated with the alkylation activity. Metal incorporation could generate 

Lewis acid sites on the catalyst surface which in turn catalyze the alkylation reaction. 
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5.1 Introduction 

Friedel-crafts alkylation is an important means for attaching alkyl chains to 

aromatic rings. The alkylation is traditionally performed with alkyl halides using 

Lewis acid catalysts such as HF and AlCh or with alcohols using Bronsted acids, 

typically H2S04. However, the homogeneous catalysts are not easily separable after 

the reaction or cause large amounts of acid waste generation'. Development of 

reusable solid acid catalysts having high activity in the Friedel-Crafts reaction is, 

therefore, of great practical importance. Benzyl toluene and isomeric mixtures thereof 

are compounds useful as dielectric liquids for such components as transformers, 

capacitors and cables2. 

Benzylation of benzene and toluene over zeolite catalysts have been reported3. 

Choudhary et a1.4 reported alkylation of benzene by benzyl chloride over zeolite 

partially substituted by Fe or Ga. Iron promoted sulfated zirconia catalysts were 

found to catalyze benzylation of toluene using benzyl chloride5
• AI-promoted sui fated 

super acids were employed for benzoylation of toluene with benzoyl chloride6
. The 

liquid phase benzylation and benzoylation of a-xylene with benzyl chloride to 3,4-

dimethyldiphenylmethane and 3,4-dimethylbenzophenone over rare earth catalysts 

like Ce02 and Pr203 were studied by Bhaskaran et alY. Sugunan et a1. 9 investigated 

selective benzylation of toluene over tungsten promoted ceria catalysts prepared 

through pseudo-template method. 

Bachari et al.'o studied benzylation of benzene and substituted benzene 

employing benzyl chloride as alkylating agent over a series of Cu containing 

mesoporous silica. Correlation between surface properties and benzy lation of clay 

catalysts was done by Pushpalatha el al. ll . Sugunan et al.'2 concluded that Lewis acid 

sites are responsible for benzylation of arenes with benzyl chloride over 

nanocrystalline chromia loaded sulfated titania. Liquid-phase benzylation of a-xylene 
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to 3,4-dimethyl diphenylmethane (3,4-DMDPM) with benzyl chloride has been 

investigated in the presence of various zeolite catalysts I3
. The fonnation of DMDPM 

is explained by an electrophilic attack of the benzyl cation (C6HsCH+2) on the a­

xylene ring whose fonnation is facilitated by acid sites of the zeolite catalysts. Coq et 

al. 14 studied benzylation of toluene by benzyl chloride over protonic zeolites. 

Monobenzylation to benzyltoluenes was the main reaction, usually higher than 90% 

selectivity when a toluenelbenzyl chloride molar ratio of 5 was used. Secondary 

reactions to dibenzyl- and tribenzyltoluenes occurred to various extents depending on 

the reaction conditions and catalysts. Pi\1ared clay catalysts were found to be highly 

active and selective for the benzylation of benzene at room temperature lS
• Ghorpade 

et a1. 16 investigated liquid phase Friedel Crafts alkylation over CuCrz.xFex04 spinel 

catalysts. Choudary et a1. 17 reported Friedel-Crafts Benzylation reaction were solid 

bases are used as starting catalytic materials, namely different crystallites of MgO. 

Liquid phase benzylation of toluene and a-xylene were carried out over the 

prepared catalysts. The general scheme for Friedel crafts benzylation of toluene and 

a-xylene are shown in Scheme 5.1. 

Arene Benzylchloride 

&~ 
CH1V 

Monoalkvlated I 
product' h 

Rl=H. R2=CH3:Toluene RI=R2=CH3:o-Xylene 

Scheme 5.1 Benzylation of toluene and o-xylene 

The reactions were carried out in a closed 50mL glass round bottom flask 

with a reflux condenser. In typical run appropriate amounts of toluene/a-xylene, 

benzyl chloride and catalyst were allowed to react at specitied temperatures under 

magnetic stirring. The reaction mixtures were analyzed periodically using Chemito 
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8610 GC equipped with SE-30 column and FID detector. As toluene/a-xylene was 

taken in excess, the yield of the reaction was expressed as the total percentage of 

benzyl chloride transformed. The product formed was identified as mono alkylated 

and is designated as MAP (Mono Alkylated Product). 

5.2 Influence of Reaction conditions 

5.2.1 Effect of Temperature 

The influence of temperature on benzylation of toluene and a-xylene are 

illustrated in Figures 5.1a and 5.1 b. Up to 70°C, there was no reaction observed in the 

case of toluene benzylation. As the temperature increases the benzyl chloride 

conversion also increases. Selectivity remains 100% to MAP of toluene up to 120°C 

then slight decreases is observed, which could be attributed to the consecutive 

alkylation at high temperatures. 

100 

80 

! 60 
= o 

___ Bcnzvl chlondc -fi- MAP 

70 ~o 90 100 llO 120 130 

Temper.turel~ 

r 120 

f 100 

f so ~ ! 
I - I It-, r 60 :~ l 
I 'C' 
~ 40 ~ : 

I 
, 20 

Reaction conditions:- Ni(8)CeZr-0.2g, Toluene:Benzyi 

chioride- 10: 1, Time-3h. 

Figure 5.1a Effect of temperature on benzyiation oftoiuene 

Benzylation of a-xylene also reveals temperature dependence identical to that 

of toluene. Here also the possibility for consecutive alkylation at high temperature is 

observed. 
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100 ____ BenzyL chloride --u- MAP 120 

80 
100 

80 t 
60 :f 
40 ~ 

1-
1 60 
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·E 
: 40 
= 
d 

I 20 20 

70 80 90 tOo 110 120 130 

T.mpera~C 

Reaction conditions:- Ni(8)CeZr-O.2g, o-xylene:Benzyl 

chloride- 10: 1,Time-3h. 

Figure S.lb Effect of temperature on benzylation of a-xylene 

5.2.2 Effect of Catalyst weight 

133 

Effect of catalyst concentration on benzylation of toluene and a-xylene was 

studied by varying catalyst weight and keeping the reactant ratio constant and the 

results are represented in Figures 5.2a and 5.2b. As the catalyst concentration 

increases, the benzyl chloride conversion increases significantly for both toluene and 

a-xylene. This shows that the catalysis is truly heterogeneous in nature. On 

increasing the catalyst concentration~ the number of active sites available for the 

reaction increases which favors the easy adsorption and desorption of reactants and 

products and hence increases the catalytic activity. 
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Reaction conditions:- Catalyst- Ni(8)CeZr, Toluene: Benzyl 

chloride- 10: I ,Time-3h, Temperature-I I O°C. 

Figure 5.2 a Effect of catalyst weight on benzylation of toluene 
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Reaction conditions:- Catalyst- Ni(8)CeZr, a-xylene: Benzyl 

chloride- 10: 1 ,Time-3h, Temperature-l lO°e. 

Figure 5.2 b Effect of catalyst weight on benzylation of a-xylene 

5.2.3 Effect of substrate to benzyl chloride mole ratio 

Chapter 5 

The influence of substrate to benzyl chloride ratio on the benzylation reaction 

was investigated by varying the mole ratio, keeping the amount of substrate constant. 

The results are presented in Figures 5.3a and 5.3b. Lower conversion with an increase 
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in substrate to benzyl chloride molar ratio is due to the dilution effect of excess 

substrate. 
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~ 100 

80 95 
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Tolllene:BC mole- I'3tio 

Reaction conditions:- Ni(8)CeZr-O.2g, Time-3h., 

Temperature-110°C. 

Figure 5.3 a Effect oftoluene:BC ratio on benzylation 
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Temperature-110°C. 

Figure 5.3 b Effect of o-xylene:BC ratio on benzylation 
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5.2.4 Effect of Time 

The reaction was carried out for 4h in order to study the effect of time on 

conversion and selectivity. Results are shown in Figures 5.4a and 5.4b. After half an 

hour, the conversion was only 6% for toluene. As the time increases, conversion 

gradually increases. Benzylation of a-xylene also follows the same path. At 4h, 

formations of side products were detected. The continued increase of percentage 

conversion with time for both toluene and o-xylene is indicative of the heterogeneous 

nature of the reaction. 

100 
__ Benzyl ,hloride --er- "lAP 

1120 

80 ~ r 100 

I~ 80 
~ 60 I 

I 

f I 'I ~ 60 40 
~ " 40 . '" '-' 

20 20 

0.5 4 

TimeJh 

Reaction conditions:- Ni(8)CeZr- 0.2g, To!uene:Benzyl 

chloride- 10:!, Temperature-110°C. 

Figure 5.4 a Effect of time on benzylation of toluene 
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5.2.5 Leaching 

Timolb 

Reaction conditions:- Ni(8)CeZr- O.2g, o-xylene: Benzyl 

chloride- IO:I,Temperature- 110°C. 

Figure 5.4 b Effect of time on benzylation of a-xylene 
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To evaluate the heterogeneous nature of the reaction leaching studies were 

conducted. The catalyst was removed from the reaction mixture after 1 h by hot 

filtration. The filtrate is again allowed to react for 2h at the same reaction conditions. 

The results are given in Table 5.1. The conversion is somewhat higher in the filtrate. 

Leaching of small quantity of metal ions may be take place. 

Table 5.1 Effect of metal leaching in Benzylation of Toluene and a-xylene 

Benzyl chloride conversion (wt.%) 

Catalyst Timelh Toluene a-xylene 

Cr(5)Ce 12.3 15.3 

Filtrate 3 14.3 17.3 

Mn(5)Ce 11.2 13.2 

Filtrate 3 12.1 14.3 

Fe(5)Ce 9.7 13.6 

Filtrate 3 12.3 15.7 

Catalyst: 0.2g, Substrate: Benzyl chloride-l 0: 1, Temperature: 110°C 
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5.2.6 Reusability 

For checking reusability, the catalyst was removed from the reaction mixture 

by filtration. It was thoroughly washed with acetone until free of reaction mixture, 

dried in air oven for over night and activated at SOO°C for Sh. The same catalyst was 

again used for carrying out another reaction under similar reaction conditions. Two 

catalysts were tested for reusability and the observations are listed in Table S.2 A 

decrease in conversion is observed, even though it is negligible. The prepared 

catalysts can be effectively regenerated without loss of activity up to fourth cycle. 

Table 5.2 Reusability of the catalysts 

Catalyst Cycle 

Benzyl chloride 

Conversion (wt.%) 

Toluene a-xylene 

46.3 47.6 

2 45.3 46.3 
Cr(5)Ce 

3 42.1 44.9 

4 39.3 40.3 

42.1 45 

2 40 44.8 
Mn(5)Ce 

3 39.2 42.3 

4 32.1 38.3 

Catalyst: O.2g, Substrate: Benzyl chloride-tO: I, Temperature: llOoe 

5.3 Comparison of Catalysts 

After studying the influence of reaction parameters on the benzylation of 

toluene and o-xylene, the reaction condition was selected to get high conversion and 

selectivity. Benzylation of toluene and a-xylene was done using all the prepared 
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catalysts with substrate to benzyl chloride molar ratio of 10:1, reaction temperature of 

110°C and O.2g catalyst and the results are given in Tables 5.3 and 5.4. 

Table 5.3 Benzylation over transition metal modified ceria catalysts 

Toluene a-xylene 

Catalyst Benzyl chloride MAP Benzyl chloride MAP 

Conversion Selectivity Conversion Selectivity 

(wt.%) (%) (wt.%) (%) 

Ce 24 100 29 100 

Cr(2)Ce 45.9 LOO 44.9 LOO 

Cr(5)Ce 46.3 100 47.6 100 

Cr(8)Ce 49.2 100 59.1 98.7 

Mn(2)Ce 40.3 100 43.3 100 

Mn(5)Ce 42.1 100 45.0 100 

Mn(8)Ce 45.6 100 52.2 100 

Fe(2)Ce 44.1 100 48.3 100 

Fe(5)Ce 42.[ 100 49.5 100 

Fe(8)Ce 36.3 100 46.8 98.3 

Co(2)Ce 27.3 100 40.3 100 

Co(5)Ce 32.1 100 41.6 100 

Co(8)Ce 28.9 100 38.9 100 

Ni(2)Ce 34.9 100 39.9 100 

Ni(5)Ce 35.3 100 42.3 LOO 

Ni(8)Ce 39.3 100 46.3 100 

Cu(2)Ce 33.6 100 43.7 100 

Cu(5)Ce 35.7 100 48.6 100 

Cu(8)Ce 37.2 100 46.5 100 

Catalyst: O.2g, Substrate: Benzyl chloride-IO:I, Temperature: 110°C, Time-3h 
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Table 5.4 Benzylation over transition metal modified ceria-zirconia catalysts 

Toluene o-xylene 

Catalyst Benzyl chloride MAP Benzyl chloride MAP 

Conversion Selectivity Conversion Selecti vity 

(wt.%) (%) (wt.%) (%) 

Zr 23.7 100 27.0 100 

CeZr 26.3 100 31.6 100 

Cr(2)CeZr 56.1 100 67.3 100 

Cr(5)CeZr 54.2 100 65.8 100 

Cr(8)CeZr 51.2 100 62.3 98.3 

Mn(2)CeZr 41.9 100 47.3 100 

Mn(5)CeZr 43.2 100 51.2 100 

Mn(8)CeZr 41.3 100 49.3 100 

Fe(2)CeZr 44.6 100 58.3 100 

Fe(5)CeZr 43.2 100 57.3 98.1 

Fe(8)CeZr 41.2 98.6 53.6 97.6 

Co(2)CeZr 46.9 100 58.2 100 

Co(5)CeZr 38.6 100 48.6 100 

Co(8)CeZr 38.1 98.9 47.3 97.6 

Ni(2)CeZr 44.3 100 55.7 100 

Ni(5)CeZr 42.8 100 52.3 100 

Ni(8)CeZr 38.5 100 49.3 100 

Cu(2)CeZr 40.2 100 51.6 100 

Cu(5)CeZr 39.2 100 53.0 100 

Cu(8)CeZr 39.0 100 51.0 100 

Catalyst: O.2g, Substrate: Benzyl chloride-IO: I, Temperature: I IO°C, Time-3h 
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Pure metal oxides gave low conversions than the metal modified ones. 

Catalytic activity of various metal incorporated systems varies not much with 

variation in metal content. Cr, Mn and Fe incorporated systems gave comparatively 

good conversions. Transition metal modified ceria-zirconia systems show better 

conversion than corresponding transition metal loaded ceria systems. Mono alkylated 

product selectivity remains approximately 100% for almost all catalysts. 

All prepared catalysts shows high selectivity to a.-methyl styrene during 

cumene cracking reactions which indicates the availability of Lewis acid sites over the 

catalysts. The involvement of Lewis acid sites in carbocation generation is well 

established. Good correlation is obtained with benzyl chloride conversion in toluene 

benzylation and a.-methyl styrene selectivity (Figure 5.5). 

4S 

; 
i 1S 

.~ 

; 15 
V 
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___ Benzyl chloIUc -ts--alpha rrcthyl5ty~nc 

Figure 5.5 Alkylation vs a-methyl styrene selectivity 

A Friedel-Crafts alkylation is an aromatic substitution reaction in which the 

carbocation is formed by complexation of alkyl halide with the catalyst. The 

carbocation generated attacks the aromatic species for alkylation. Formation of 

carbocation is thus an important step in the reaction mechanism. According to 

Ghorpade et a1. 16 the lower conversion of individual metal oxides may be due to the 

higher activation energy and lower strength of Lewis acid sites. A possible 

mechanism for benzylation of aromatic substrates is given in Scheme 5.2. 

Scheme 5.2 Mechanism of benzyl at ion of aromatics 
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5.4 Conclusions 

The following conclusions can be drawn from the present study . 

./ Transition metal modification of ceria and ceria-zirconia could result in better 

catalysts for benzylation oftoluene and a-xylene . 

./ Benzyl chloride conversion depends strongly on reaction variables like 

temperature, substrate to benzylchoride mole ratio, catalyst concentration and 

reaction time . 

./ The selectivity to monoalkylated products remains approximately 100% over 

all the catalysts . 

./ Generation of Lewis acid sites on metal modification leads to better catalytic 

activity. A possible mechanism involving Lewis acid site is proposed. 
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CHAPTER 6 

METHYLA TION OF PHENOL AND o-CRESOL 

Abstract 

The methylation of phenol and a-cresol was investigated over transition metal 

modified ceria and ceria-zirconia mixed oxide catalysts. Influence of various reaction 

parameters like reaction temperature, feed composition, flow rate and durability of the 

catalysts during methylation were investigated. a-cresol and 2,6-xylenol are formed as the 

main products for the methylation of phenol and 2,6-xylenol as the main product for the 

methylation of a-cresol. The catalytic activity is correlated with the acidic properties. 
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6.1 Introduction 

Alkylation of phenol with methanol is an industrially important reaction. 

Products such as a-cresol and 2.6-xylenols are used as chemical intennediates for the 

synthesis ofa variety of fine chemicals, phannaceuticals, peptides and plastics l.2. The 

stringent specifications and demand for high purity to use them in drugs and 

phannaceuticals necessitate the synthesis of these compounds selectively. In recent 

times, the vapor phase alkylation of phenol with methanol over various solid catalysts, 

without causing any environmental impact, is considered to be a promising route for 

the synthesis of these compounds selectively. Cresols, xylenols, ring-methylated 

products and anisole, oxygen methylated products, are produced by alkylation of 

phenol with methanol. The fonnation of products is given in Scheme 6.1. The 

products fanned in the direct methylation of a-cresol are given Scheme 6.2. 

CH,OH-

OH 

~CH, 
U Q &

H 

+ I '<:: + I 

o-cresol 

anisole 

h h 
CH, 

m~~~OI p-cr •• ol 

H'Ctr

H 

CH, 
+ I 

h 

216-xylenol 

H,C~CH' 
+Y 

CH, 
2,4.6.trimethyl phenol 

Scheme 6.1 Methylation of phenol 
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&e ~ -..::: CH, H,c '<:::: CH, 

I + I 
~ .0 

2.methyl an;,ole CH, 2,4,6·trimelhyl phenol 

Scheme 6.2 Methylation of o-cresol 
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A variety heterogeneous catalyst has been investigated for the methylation of 

phenol. Malshe et a13
. carried out selective C-methylation of phenol to o-cresol and 2, 

6-xylenol over borate zirconia solid acid catalyst. The large number of weak and 

medium acid sites favored C-alkylation and the preferential o-alkylation is attributed 

to the perpendicular orientation of phenol aromatic ring on catalyst surface. Effect of 

substitution of Fe3
- ICr3

+ on the alkylation of phenol with methanol over magnesium­

aluminium hydrotalcite was studied by Velu et a14
• The alkylation reaction was found 

to proceed exclusively at C-centres to give a-cresol as the major product. Alkali 

supported Si02 samples are employed as good catalyst for the O-alkylation of phenol 

and it is observed that the deactivation rate decreases with increase in basicity of the 

catalyst5
• Reddy et a\.6 evaluated phenol alkylation activity of molybdenum oxide 

supported on NaY zeolite and observed that the acid sites are playing an important 

role in determination of the activity of the catalysts and selectivity for the formation of 

C- or 0- alkylated products. 

Co and Ni based ferrospinels were effectively used as catalyst for methylation 

ofphenoC. The catalytic activity and product selectivity depend on the C02-lNi2
+ ratio 

in the spine I matrix and also on the surface acid-base properties of the system. The 

strong acid sites are required for secondary alkylation to yield 2,6-xylenol, whereas 
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only weaker acid sites are needed for the formation of primary alkylation to yield 0-

cresol. Choi et a1. 8 investigated alkylation of phenol over magnesium oxide catalyst 

modified with the addition of small amount of vanadium, manganese and sodium. 

They observed that addition of small amount of do pants into the magnesium oxide 

gave better activity and selectivity to 2,6-xylenol than the pure MgO catalyst. Rare 

earth promoted sulfated tin oxide catalyst has been used for alkylation of phenol and it 

is noted that sulfate modification resulted in a large variation in product selectivity 

and reaction pathway due to the creation strong acid sites, which alters the nature of 

adsorption of phenol on the catalyst surface9
• Gandhe et allo. investigated alkylation 

of phenol over an active rutile titania catalyst and the high ortho-selectivity of the 

synthesized rutile sample is attributed to the unique presence of weak. basic sites. Al­

MCM-41 was shown to be a promising catalyst for the methylation of phenol". 0-

alkylation of phenol was favored in presence of alkali metal loaded zeolites and is 

observed that reactivity of the catalyst increased with the basicity of loaded metal12
• 

Selective O-alkylation of cresol with methanol by Cs loaded silica which is a base 

catalyst was reported by Rajaram et alY. Jyothi et a1 14
• reported the formation of2,6-

xylenol by the selective methylation of anisole over rare earth promoted Sn02 

catalysts. The higher selectivity was ascribed to the weak acid sites and 

comparitively strong basic sites. Vapour phase isopropylation of 0-, m- and p-cresol 

over alumina catalysts was also reported IS. 

Sato et al. from their examination for alkylation of phenol with methanol over 

various oxides of rare earth metals found that only ceria has sufficient activity and 

selectivity for the reaction 16. Selective ortho methylation of phenol with methanol 

over CeOrMgO catalysts was reported. The mechanism speculated is that the ortho 

position of phenol adsorbed perpendicularly on the basic site on Ce02 species is 

selectively alkylated by methanol which is possibly activated in the form of formyl/ 
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hydroxy methyl group rather than methyl cation17
• Klimkiewicz et at. used Sn-Ce-Rh­

o monophase system as ortho-selective catalyst for phenol alkylation 18
• 

Methylation was carried out in a vertical down flow glass reactor. All the 

reactions were carried out using O.S g charge of the catalyst. Prior to the reaction the 

catalysts were activated in the muffle furnace for 1 h at SOO°c. The catalyst was 

packed between the layers of quartz wool, and the upper portion of the reactor was 

filled with glass beads, which served as pre-heaters for the reactants. The reactor was 

placed inside a temperature-controlled furnace with a thermocouple placed at the 

centre of the catalyst bed for measuring the reaction temperature. In a typical 

reaction, a mixture of phenol or cresol and methanol in required molar ratio was fed 

into the reactor at pre-determined flow rate through a syringe pump at a particular 

reaction temperature. The products were condensed and collected in an ice trap. The 

products were identified by GC-MS and were analyzed by a Chemito 8610 GC using 

a FlD detector and an OV -17 column. The conversion was expressed in terms of 

phenol/a-cresol reacted and the product selectivity was obtained as the amount of the 

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

6.2 Influence of Reaction conditions 

6.2.1 Effect of Temperature 

Studies on the effect of temperature of methylation of phenol were carried out 

over Ni(2)Ce catalyst in the temperature range 4S0-S00°c. The conversion of phenol 

and selectivities to o-cresol, 2,6-xy[eno[ and anisole are shown in Figure 6.1 a. 

Conversion of phenol and selectivity to 2,6-xy[enol increased with increase in 

temperature while selectivity to o-cresol decreased. Anisole selectivity remained 

almost constant independent of the reaction temperature. 
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Reaction conditions:- Ni(2)Ce-0.5g, Flow rate-4mLh'!, 

Phenol:methanol-l:4, TOS-2h. 

Figure 6.1a Effect of temperature on methylation of phenol 
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The effect of temperature on cresol conversion is depicted in Figure 6.1 b. The 

increase in reaction temperature increases o-cresol conversion, then attains a steady 

state and then decreases in agreement with the general trend for alky lation 11. The less 

conversion at low temperature can be attributed to the molecular association that 

reduces adsorption and dissociation on the actives sits19
• 2, 6-xylenol selectivity 

decreased with increase in temperature due to the possible formation of higher 

alkylated product at high temperature. The decrease in conversion at high temperature 

can be attributed to the coke formation at active sites. 

Reaction conditions:- Ni(S)CeZr-O.Sg, Flow rate-4mLh- l
, 

o-cresol:methanol-l:4, TOS-2h. 

Figure 6.1h Effect of temperature on cresol conversion 
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Selectivity towards 2, 6-xylenol is found to be increased with increase in flow rate as 

the probability for consecutive methylation is less. 

04 

...---~-~---~----+ K6 

FlQ'Wlo"rltemlJb. 

Reaction conditions:- Ni(5)CeZr-O.5g. o-cresol : methanol- 1:4, 

Temperature-400°C, TOS-2h. 

Figure 6.2b Effect of flow rate on a-cresol conversion 

6.2.3 Effect of Methanol to Substrate mole ratio 

Figure 6.3a shows the effect of feed composition on phenol conversion and 

selectivities. The total conversion of phenol increased with an increase in amount of 

methanol in the feed. The selectivity of 2,6-xylenol shows identical trend. o-cresol 

selectivity decreased with increase in methanol content. 

l'tIctbaDul : PbellOl 

Reaction conditions:- Ni(2)Ce-O.5g. Temperature- 500°C 

Flow rate-5mLh,l, TOS-2h. 

Figure 6.3a Effect of methanol: phenol mole ratio methylation 
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Effect of change in methanol: a-cresol mole ratio on conversion and 

selectivity is shown in Figure 6.3b. The conversion of o-cresol is increased form 3 to 

15 due to the availability of additional methyl groups for the reaction3
• Decrease in 

2,6-xylenol selectivity at higher mole ratio is due to the possibility for consecutive 

methy lation. 

10 15 

Metbanol:~~r'tSoJ 

Reaction conditions:- Ni(5)CeZr-0.5g, Flow rate-5mLh· l
, 

Temperature-400°C, TOS-2h. 

Figure 6.3b Effect of methanol:o-cresol mole ratio on methylation 

6.2.4 Effect of Time-Deactivation 

The time on stream studies using representative catalysts for methylation of 

phenol and a-cresol was done by carrying out the reaction continuously for 8h. 

Results are shown in Figures 6.4a, 6.4b, 6.5a and 6.5b. Rate of deactivation for pure 

Ce is more compared to CeZr. Copper systems show very fast deactivation. The 

principal cause of deactivation has mostly been the build up of a layer of 

pseudographitic carbon referred to as coke or carbonaceous residues 16. 
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Figure 6.4b Effect of time over representative catalysts for methylation of phenol 
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Reaction conditions:- Temperature-400°C, o-cresol : methanol- 1 :5, Flow rate-4mLh- 1 

Figure 6.Sb Effect of time over representative catalysts for methylation of o-cresol 

6.3 Comparison of Catalysts 

Table 6.1 summarizes the catalytic results towards methylation of phenol over 

transition metal modified ceria catalysts. Pure ceria catalyst gave 44% phenol 

conversion and 90% o-selectivity. Among metal doped ceria catalysts chromium and 

manganese modi tied catalyst gave comparatively good conversion and ortho­

selectivity. Selectivity to anisole remained <6% over ceria catalysts. About 55% 

phenol conversion is obtained over iron modified systems, but ortho selectivity is 

<50%. eu modified systems gave comparatively less conversion with about 80% 

ortho selectivity. 
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Table 6.1 Methylation of phenol over ceria based catalysts 

Selectivity (%) 

Catalyst Conversion a-cresol 2,6- Anisole Others' Ortho 

(wt.%) xylenol selectivity 

Ce 34.0 65.6 24.0 5.6 4.8 89.6 

Cr(2)Ce 47.0 62.2 26.8 4.0 7.0 89.0 

Cr(5)Ce 53.6 59.2 32.2 3.2 5.4 91.4 

Cr(8)Ce 56.2 51.2 38.6 3.4 6.8 89.8 

Mn(2)Ce 45.2 68.2 21.8 2.9 7.1 90.0 

Mn(5)Ce 48.3 62.7 26.9 2.1 8.3 89.6 

Mn(8)Ce 49.5 48.2 38.2 1.9 11.7 86.4 

Fe(2)Ce 55.8 36.6 12.9 4.2 46.3 49.5 

Fe(5)Ce 55.4 29.0 8.7 4.0 58.3 37.7 

Fe(8)Ce 54.1 33.5 9.6 2.2 54.7 43.1 

Co(2)Ce 42.1 63.9 22.9 3.6 9.6 86.8 

Co(5)Ce 5l.7 49.8 26.1 4.3 19.8 75.9 

Co(8)Ce 53.1 54.6 29.2 2.7 13.5 83.8 

Ni(2)Ce 37.7 68.3 23.0 6.4 2.3 91.3 

Ni(5)Ce 36.2 68.6 23.2 3.1 5.1 91.8 

Ni(8)Ce 46.4 59.2 24.2 4.1 12.5 83.4 

Cu(2)Ce 24.8 7l.5 22.4 3.7 2.4 93.9 

Cu(5)Ce 32.9 65.0 22.6 4.2 8.2 87.6 

Cu(8)Ce 35.4 67.8 26.5 3.4 2.3 94.3 

• Other products are p-cresol, 2,4-xylenol, 2,4,6-trimethyl phenol and benzene. 

Reaction conditions:- Catalyst-O.5 g, Temperature-500°C, Flow rate-4 mlh'[, 

phenol:methanol- 1 :5, Time- 2h. 

Phenol conversion and product distribution of transition metal modified ceria-

zirconia catalysts are tabulated in Table 6.2. Cr and Mn modified catalysts gave high 
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conversions and about 90% a-selectivity. 63% phenol conversion is obtained over 

iron modified ceria-zirconia catalyst with 54% o-selectivity. 

Table 6.2 Methylation of phenol over ceria-zirconia based catalysts 

Catalyst Conversion Selectivity (%) 

(wt.%) a-cresol 2,6-xylenol Anisole Others' Ortho 
selectivi!i: 

Zr 36.3 58.2 29.1 3.1 9.6 87.3 

CeZr 43.2 59.2 26.9 7.9 6.0 86.1 

Cr(2)CeZr 52.5 69.8 22.2 2.9 5.1 92.0 

Cr(5)CeZr 55.3 66.2 24.1 2.7 7.0 90.3 

Cr(S)CeZr 59.0 59.1 30.2 3.2 7.5 89.3 

Mn(2)CeZr 48.3 70.3 24.2 1.8 3.7 94.5 

Mn(5)CeZr 52.6 63.9 29.1 2.1 4.9 93.0 

Mn(8)CeZr 57.3 59.8 33.2 3.1 3.9 93.0 

Fe(2)CeZr 64.2 36.7 IS.O 3.2 42.1 54.7 

Fe(5)CeZr 47.4 44.4 12.5 2.9 40.2 56.9 

Fe(8)CeZr S2.0 48.0 16.6 1.8 33.6 64.6 

Co(2)CeZr S9.3 46.9 31.7 3.6 17.8 78.6 

Co(S)CeZr 54.1 44.3 28.S 3.4 23.8 72.8 

Co(8)CeZr 53.0 49.9 37.S 2.9 9.7 87.4 

Ni(2)CeZr 34.8 61.6 15.6 2.7 20.1 77.2 

Ni(S)CeZr 32.9 67.0 25.9 2.4 4.7 92.9 

Ni(8)CeZr 46.2 56.3 18.8 2.4 22.S 75.1 

Cu(2)CeZr 46.8 60.8 18.S 2.9 17.8 79.3 

Cu(S)CeZr 29.8 65.2 IS.1 3.4 16.3 80.3 

Cu(8)CeZr 31.S 66.0 26.0 3.9 8.1 88.0 

a Other products are p-cresol, 2,4-xylenol, 2,4,6-trimethyl phenol, benzene 

Reaction conditions:- Catalyst-O.S g, Temperature-SOO°C, Flow rate-4 mlh'l, 

phenol:methanol- 1:5, Time- 2h. 
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The results of alkylation using a-cresol as the reactant instead of phenol are 

shown in table 6.3 and 6.4. All the catalysts found to give 2,6-xylenol as the major 

product with about 90% selectivity. Unlike in the case of methylation of phenol, 0-

cresol methylation over iron catalysts show good o-cresol selectivity. 

Table 6.3 Methylation of o-cresol over ceria based catalysts 

Selectivity (%) 

Catalyst Conversion 2,6-xylenol 2,4-xylenol and 2,4,6-

(wt%) trimethy lphenol 

Ce 28.1 95.4 4.6 

Cr(2)Ce 42.9 92.0 8.0 

Cr(5)Ce 44.6 93.0 7.0 

Cr(8)Ce 48.3 98.6 1.4 

Mn(2)Ce 36.2 97.6 2.4 

Mn(5)Ce 39.1 93.2 6.8 

Mn(8)Ce 43.2 90.1 9.9 

Fe(2)Ce 47.1 95.S 4.5 

Fe(S)Ce 44.8 91.3 8.7 

Fe(8)Ce 34.5 98.8 I.2 

Co(2)Ce 32.0 98.2 1.8 

Co(S)Ce 33.6 97.8 2.2 

Co(8)Ce 40.S 96.2 3.8 

Ni(2)Ce 3S.9 97.3 2.7 

Ni(5)Ce 35.1 9S.1 4.9 

Ni(8)Ce 46.4 93.0 7.0 

Cu(2)Ce 42.4 97.8 2.2 

Cu(5)Ce 42.2 91.8 8.2 

Cu(8)Ce 33.6 98.2 1.8 
Reaction conditions:- Catalyst-O.5 g, Temperature-400°C, Flow rate-5 mlh't, 

o-cresol:Methanol- 1:7, Time- 2h. 
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Table 6.4 Methylation of o-cresol over ceria-zirconia based catalysts 

Selectivity (%) 

Catalyst Conversion 2,6-xylenol 2,4-xylenol and 2.4,6-

('Nt.%) trimethylphenol 

Zr 40.6 82.9 17.1 

CeZr 46.6 89.0 10.2 

Cr(2)CeZr 56.0 92.6 7.4 

Cr(5)CeZr 60.0 94.3 5.7 

Cr(8)CeZr 63.5 93.9 6.1 

Mn(2)CeZr 53.0 89.4 10.6 

Mn(5)CeZr 56.5 91.2 8.6 

Mn(8)CeZr 59.3 94.1 5.9 

Fe(2)CeZr 42.2 96.8 3.2 

Fe(5)CeZr 52.2 89.4 10.6 

Fe(8)CeZr 47.9 92.1 7.9 

Co(2)CeZr 42.1 92.6 7.4 

Co(5)CeZv 46.8 95.3 4.7 

Co(8)CeZr 40.1 94.7 5.3 

Ni(2)CeZr 46.2 93.3 6.7 

Ni(5)CeZr 52.5 95.1 4.9 

Ni(8)CeZr 37.2 83.2 16.9 

Cu(2)CeZr 43.2 90.1 9.9 

Cu(5)CeZr 50.1 87.8 12.2 

Cu(8)CeZr 55.6 90.7 9.3 

Reaction conditions:- Catalyst-O.S g. Temperature-400°C, Flow rate-S mlh'l, 

o-cresol:methanol- 1 :7, Time- 2h. 

The alkylation phenol with methanol being and acid-base catalyzed reaction; 

the product selectivity depends on the acidity as well as the basicity of the catalyst. 
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Reddy et a\.21 correlated the catalytic activity of copper manganese mixed oxide 

spinels with structure, as well as with acid-base properties. When we consider metal 

oxide catalysts, the Lewis acidity can be attributed to metal ions, whereas the basicity 

can be attributed to the presence of oxide anions on the surface of the metal oxide. 

The distribution of metal and oxide ions depends on the composition of the catalysts. 

When transition metal ions incorporated into ceria or ceria-zirconia, more 

coordinatively unsaturated metal ions are produced on the surface which leads to the 

formation of more Lewis acid sites. According to Tanabe et al22
, in the adsorption of 

the phenol on the catalyst surface, geometric factors play a fundamental role in 

affecting selectivity. The reactant phenol gets adsorbed on the catalyst surface 

perpendicularly or horizontally depending on the acidity of the catalyst. Santacesaria 

et al.23 studied the effect of acidity of various catalysts on the activity and selectivities 

in phenol alkylation. They proposed perpendicular orientation of phenol over y­

alumina containing strong Lewis acid sites. Over Nafion-H containing Bronsted acid 

sites, they proposed two mechanisms, 1) a dual mechanism, in which an acid sties 

strongly bound to the oxygen of methanol forms methyl carbocation, while another 

acid sties directly interacts with the aromatic ring; and 2) a Rideal mechanism 

according to which the reaction occurs between the molecules of the adsorbed 

alkylating agent and the aromatic molecules from the vapour phase. Sato et al.]7 

speculated that in the methylation of phenol, the redox property of the Ce02 species is 

concerned with methanol activation and methanol is activated on the Ce02 species as 

a form of formyl or hydroxy methyl group rather than methyl cation of acidic sites. 

From the ammonia TPD measurements, it is visible that the acidity IS 

enhanced upon metal incorporation. More than 80% cc-methyl styrene selectivity is 

observed during cumene cracking for all the catalysts. This indicates the presence of 

sufficient number of Lewis acid sites on the catalyst surface. These Lewis sites are 

constituted by the coordinatively unsaturated Ce4+, Zr4
+ and transition metal ions. 
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From different characterization techniques like EPR and UV- Vis DRS, it is clear that 

incorporated metal ions exists in different oxidation states, e.g., chromium in Cr(III), 

Cr(V) and er (VI) with different coordination environments imparting redox nature to 

the catalyst systems. On incorporating zirconium and other transition metals into 

ceria lattice, the generation of exposed 0 2
. results leading to enhancement in basic 

properties of the catalysts. It is observed that dehydration of cyclohexanol to 

cyclohexene occurs on the surface acid sites while dehydrogenation to cyciohexanone 

is facilitated by basic sites originating from the lattice oxygen ions24
. The results of 

cyclohexanol decomposition reaction clearly indicate the formation of cyclohexanone 

over all catalysts. This indicates the availability of basic sites on the surface. The 

thermodesorption studies of 2,6-dimethyl pyridine adsorbed samples the presence of 

Bronsted acid sites. The density of the Bronsted acid sites is comparatively less as 

evident from the benzene selectivity in cumene cracking reaction. Thus different 

types of acid sites are observed over the prepared catalysts. Phenol can orient both 

vertically and horizontally on the catalyst surface. Perpendicular adsorption is more 

preferred since number of Bronsted acid sites is comparatively less which can also 

confinned from the high ortho selectivity. The possible orientations of phenol over 

the catalyst surface are given in Schemes 6.3 and 6.4. 

Q 1I111~tnll.1 1I1I1I~Utl~ + 6: -- ""'; ",,,~,;,,, --
ACid site BasIc Site #' Acid !lite Basic site 

OH OH 

lY":D 
Acid site 

IUIIIJIUII 

Ba~ic: !litt 

Activated 
Complex 

Scheme 6.3 Perpendicular orientation ofaromatic ring on the 

catalyst surface 
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6:. ~ ~--) OH ~ AlIposihle 
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Scheme 6.4 Parallel orientation of aromatic ring on the catalyst surface 

Since methy lation of phenols can be influenced by nature and strength of acid 

sites and basic sites and also by redox properties of the prepared systems, a one to one 

correlation of catalytic activity to any of these properties is rather impossible. 

However, a correlation between total acidity from ammonia TPD and conversion of 

phenol (o-cresol) is attempted. The profiles reveal the dependence of catalytic activity 

on acidity (Figures 6.6a and 6.6b). 
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Figure 6.6a Phenol conversion Vs Acidity from NH3-TPD 
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6.4 Conclusions 

The following conclusions can be drawn from the present study. 

,/ Methylation of phenol and o-cresol over transition metal modified ceria and 

ceria-zirconia mixed oxides shows good catalytic activity and high ortho 

selectivity . 

,/ The influence of various reaction parameters was studied and it is found that 

the product selectivity can be varied by selecting different reaction conditions. 

,/ Catalytic activity of the catalysts strongly depends on the total acidity. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Abstract 

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

important reactions in an environmentally friendly way. The present work focuses on the 

modification of structural and surface properties of ceria and ceria-zirconia catalysts by 

the incorporation of transition metals. The applications of these catalysts in industrially 

important reactions like ethylbenzene oxidation, alkylation of aromatics are also 

investigated. This chapter reviews the summary of the work detailed in the preceding 

chapters. The important conclusions obtained from the studies are also presented. 
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7.1 Summary 

Chapter 1 deals with a general introduction on catalysis and metal oxides. A 

brief literature review on catalysis by transition metal modified ceria and ceria­

zirconia mixed oxides is also included. The chapter also includes a brief outline on 

the reactions selected for the catalytic activity studies. 

Chapter 2 contains a detailed description about the materials used and 

preparation method employed for the present investigation. A brief description of 

various instrumental techniques used for characterization is also given. 

Chapter 3 focuses on the physicochemical characterization of the prepared 

systems. The catalyst composition was found out from energy dispersive X-ray 

analysis. The structural characterization of transition metal modified ceria and ceria­

zirconia catalysts were done by different techniques like X-Ray diffraction analysis, 

Surface area and pore volume measurements, Scanning electron microscopy, Infrared 

spectroscopy, Electron paramagnetic resonance spectroscopy and Thermogravimetric 

analysis. The surface acidity measurements were done by temperature programmed 

desorption of ammonia and thennodesorption of2,6-dimethyl pyridine. CycIohexanol 

decomposition and cumene cracking were employed as test reaction to evaluate 

surface properties. 

Chapter 4 discusses the catalytic activity of the prepared systems towards 

ethylbenzene oxidation. Tertiary butyl hydroperoxide was used as the oxidant. The 

influence of reaction variables such as catalyst concentration, temperature, solvent, 

time on stream, solvent volume and substrate to oxidant mole ratio were studied. 

Leaching studies and reusability ofthe representative catalysts were done. 

In chapter 5 the catalytic activity of the systems towards liquid-phase 

benzylation of toluene and o-xylene is discussed. The influence of reaction parameters 
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are studied in detail. A possible mechanism involving Lewis acid sites of the catalysts 

is suggested. 

Chapter 6 deals with methylation of phenol and o-cresol using the prepared 

catalysts. The effect of temperature, flow rate, methanol:phenollo-cresol mole ratio 

on conversion and product selectivity was examined. Deactivation profiles of 

representative catalysts were obtained by doing reaction for Sh. 

Chapter 7 presents the summary, conclusion and future outlook for the present 

thesis work. 

7.2 Conclusions 

The general conclusions that can be drawn from the present investigations are 

the following. 

Sol-gel method is effective for the preparation of transition metal modified 

ceria and ceria-zirconia mixed oxide since it produces catalyst with highly dispersed 

incorporated metal. Unlike that of impregnation method plugging of pores is not 

prominent for sol-gel derived catalyst materials. This prevents loss of surface area on 

metal modification as evident for BET surface area measurements. 

The powder X-ray diffraction analysis confirms the cubic structure of 

transition metal modified ceria and ceria-zirconia catalysts. The thermal stability is 

evident from TGAIDTA analysis. DR UV-vis spectra provide information on the 

coordination environment of the incorporated metal. EPR analysis ofCr, Mn and Cu 

modified ceria and a ceria-zirconia catalyst reveals the presence of different oxidation 

states of incorporated metal. 

Temperature programmed desorption of ammonia and thermogravimetric 

desorption of 2,6-dimethyl pyridine confirms the enhancement of acidity on metal 
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incorporation. High a-methyl styrene selectivity in cumene cracking reaction implies 

the presence of comparatively more number of Lewis acid sites with some amount of 

Bronsted acid sites. The formation of cyclohexanone during cyclohexanol 

decomposition confirms the presence of basic sites on the catalyst surface. 

Mn and Cr modified catalysts show better activity towards ethylbenzene 

oxidation. A redox mechanism through oxometal pathway is suggested. 

All the catalysts were found to be active towards benzylation of toluene and 

a-xylene. The selectivity towards monoalkylated products remains almost 100%. The 

catalytic activity is correlated with the Lewis acidity of the prepared systems. 

The activity of the catalysts towards methylation of phenols depends on the 

strength acid sites as well as the redox properties of the catalysts. A strong 

dependence of methylation activity on the total acidity is illustrated. 

7.3 Future Outlook 

The present investigation clearly shows the improvement of structural and 

surface properties of ceria by the addition of transition metal. Cr and Mn modified 

catalysts can be further employed for the oxidation of different aromatic substrates. 

The application of the catalyst as three-way catalyst in environmental exhaust 

emission control can be also investigated. 
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