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PREFACE 

Ferrospinels, AllFe204 have attracted much attention due to their remarkable transport, 

magnetic and catalytic properties. The catalytic effectiveness of ferrites for many 

reactions arises because of the; ease with which iron can exchange oxidation state 

between 2 and 3. But, the spinel structure imparts these materials stability to withstand 

extremely reducing conditions. The reduction ofFe3+ to Fe2+ takes place without altering 

the lattice configurations so that, :upon reoxidation, the original state is retained. 

Ferrites are commonly produced by conventional ceramic processes involving high 

temperature ( ~1200°C) solid state reactions between the constituent oxides/carbonates. 

These methods have some inherent drawbacks such as chemical inhomogeinity, coarser 

particle size, poor compositional control, etc. These adversely affect the catalytic 

performance of the ferrites. Recently reported low temperature controlled coprecipitation 

methods have overcome these drawbacks and produced homogeneous and very fine 

ferrites powders with high surface areas. 

Our work is oriented to evaluate the surface properties and catalytic activities of 

ferrospinels containing Co, Ni and Cu prepared by the low temperature route. Various 

physico-chemical methods have been adopted to characterise the systems. The reactions 

carried out are the Friedel-Crafts benzoylation of aromatics and the cyclohexanol 

decomposition. We have attempted the sulphate modification of the ferrites and have 

studied the surface and catalytic properties of the sulphated analogues. 

The work is presented in six chapters, the last chapter giving the summary and 

conclusions of the results presented earlier. Our samples prove as potential catalysts for 

the benzoylation of aromatics , for which truly heterogeneous catalysts are rare. Again , 

the materials show remarkable dehydration/dehydrogenation activities during 

cyclohexanol decomposition. There is plenty of scope for research in this field, especially 

in the development of environmentally benign catalysts for acylation reactions. 



CHAPTER-I 

INTRODUCTION AND LITERATURE SURVEY 
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1.0 INTRODUCTION 

The quality of life is strongly connected to a clean environment. The 

environmental concerns and regulations have increased very much in the public and 

in the governments all over the w(}r1d during the last two decades. Chemical industry 
S 

has been blamed for producing environmentally hazardous substances which cause 

acid rain, a reduction in stratospheric ozone levels and so on. The awareness and 

concern have given impulse for dc:veloping cleaner, more efficient and more selective 

catalysts which play the most important role in chemical industry. Research and 

development in catalysts are targeted to achieve "100% selectivity!" and "zero 

emission!" The replacement of homogenous catalyzed processes having many well­

known drawbacks with heterogeneous ones is becoming more important in chemical 

and life science industry. 

1.1 HETEROGENEOUS CATALYSIS 

There are only very few industrially important homogeneous catalytic processes 

like (i) alkylations and acylations using Lewis acids such as AlCh and BF), (ii) the 

W ACKER process, (iii) the OXO process and (iv) the MONSANTO process [1]. 

Nearly eighty percent of heavy industrial chemicals are obtained by heterogeneous 

catalytic processes. Here the reactants and the catalysts are present in different phases. 

Commonly the catalyst is a solid and the reactants are either gases or liquids. Rarely 

the actual catalyst is a liquid at the reaction temperature, in which case, it must be 

supported on a refractory solid. 

A heterogeneous catalyst acts by providing an alternate reaction path with a 

lower energy of activation. The general steps involved in heterogeneous catalysis are: 

(i) diffusion of the reactants to the surface of the catalyst, (H) chemisorption of the 

reactants on the surface, (iii) reaction at the surface, (iv) desorption of the products 

from the surface and (v) diffusion of the products away from the catalyst. Of these, 

chemisorption on the surface followed by reaction at the surface are the most important 

steps. An effective catalyst must interact with the reactant(s) only just firmly enough to 

cause chemisorption; strong chemisorption often "poisons" the catalyst. 
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Heterogeneous catalytic processes have many advantages over the 

homogeneous ones. The main advantage is that it can be operated continuously In a 

reactor without interruption. Being in different phases, the separation of the final 

reaction mass from the catalyst is quite easy. The heterogeneous catalysts need be used 

only in smaller amounts, are oftFn reusable, are more environmentally benign and 

have little disposable problems in comparison with homogeneous catalysts. 

Most of the solid catalysts are used in three major industries: chemical 

processing, petroleum refining and pollution control. In terms of physical volume, 

catalyst consumption continues to be dominated by petroleum refining. But cost-wise, 

pollution abatement catalysts, being mostly made of costly platinum group metals, 

match the cost of catalysts consumed in petroleum refining [2]. Every segment of the 

catalyst business is growing and the world market for heterogeneous catalyst is 

expected to reach highest peak in the coming years. 

The properties of a good catalyst for industrial use may be divided into two 

categories [3]: 

(i) properties which determine directly catalytic activity and selectivity. Here 

factors such as bulk and surface chemical composition, local 

microstructure and phase composition are important. 

(ii) properties which ensure their successful implementation in the catalytic 

process. Here thermal and mechanical stability, porosity, shape and 

dimension of catalyst particles enter. 

Using a catalytic material in industry often reqUITes a compromise In the 

properties of the catalysts to produce a material, which meets the contradictory 

demands imposed by industrial processes. Experiments show that, in the majority of 

cases, the chemical composition of the catalyst exerts a greater influence on its activity 

than the method of preparation. 

Heterogeneous catalysts are classified into several ways. Based on their 

physico-chemical nature, they can be classified as follows: 
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(1) Metal oxides: Simple metal oxides, mixed metal oxides, supported metal 

oxides and modified metal oxides. 

(2) 

(3) 

(4) 

(5) 

Supported metalslbimetallic catalysts. 

Zeoliteslmolecular si((.ves . 
Clays and hydrotalcit~s 
Solid supported heteropolyacids. 

. 
Reactions on surfaces may be classified in terms of reactant or product classes 

or on the basis of mechanistic similarities [4]. The latter method is more suitable for 

applying the principle of surface science studies and also for "designing" new 

catalysts. The simplest classification is into two main groups: 

(1) acid-base (ionic) reactions 

Catalytic cracking, hydration, dehydration, hydrolysis, isomerisation and a 

host of other· reactions pertain to this type. Acid-base property of a 

heterogeneous surface is the important factor in determining the catalytic 

efficiencies for these types of reactions. In acid-catalysed reactions, 

reactants act as bases toward catalysts which act as acids and in base­

catalysed reactions, vice-versa. 

(2) Oxidation-reduction (electronic) reactions: 

Reactions pertaining to this type are those of oxidation, reduction, 

hydrogenation, dehydrogenation, decomposition of unstable oxygen 

containing compounds and others. The reactions are catalysed by solid 

possessing free or easily excited electrons i.e. metals and semiconductors. 

Metal catalysts can be supported or unsupported and are primarily used for 

hydrogenations, isomerisations and oxidative dehydrogenations. Semiconductor oxides 

are most commonly used in oxidations. These are materials in which the metallic 

species is relatively easily cycled between two valence states and are exemplified by 

the transition metal oxides. These are simple or complex oxides which can act as acids 

or bases as well as redox catalysts. 
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1.1.1 Solid acid-base concept in heterogeneous catalysis. 

Tanabe [5] defined a solid Jicid as one on which the colour of a basic indicator 

changes concomitant with its cherhisoprtion. Following both the Br,pt1sted and Lewis 

definitions, a solid acid shows a tendency to donate a proton or to accept an electron 

pair, whereas a solid base tends t<,> accept a proton or to donate an electron pair. An . 
exhaustive list of various solid acids and bases is tabulated by Tanabe [5]. This list of 

solid acids includes various naturally occurring clay minerals, zeolites, the well- known 

solid acid namely silica-alumina, various metal oxides, sulphides, sulphates, phosphates 

and halides. A list of solid superacids i.e. acids stronger than 100% sulphuric acid or 

having the Hammett acidity function, Ho less than -11.9, is also given. This includes 

Nafion, ZSM - 5 zeolite and sulphate-modified zirconia, titania and ferric oxide. 

However, the classification of solids into solid acids and solid bases may, in several 

cases, not be meaningful due to large heterogeneity of solid surfaces. The best example 

is alumina which is a typical amphoter. 

A complete description of acidic and basic properties on solid surfaces requires 

the determination of the number, strength, type and distribution of the acid and base 

sites. The exposed cations and anions on oxide surface have long been described as 

acid-base pair sites. 

Several acidic properties originate from local surface defects. Thus the exposed 

metal cations which are coordinatively unsaturated (CUS) act as Lewis acid sites 

accepting electrons from adsorbed molecules. The strength of these acid sites depends 

on the charge and size of the cations. By the hard-soft acid-base (HSAB) concept, 

cations of higher charge to radius r~tio are harder. Surface hydroxyl groups originating 

from incomplete dehydration exhibit considerable Br,pt1sted acidity. Electron deficient 

states are also formed by the introduction of foreign cations into the lattice of a solid, 

which, due to different co-ordination number, are not able to compensate for their 

positive charge. The stronger acidity of mixed oxides over the single oxides is due to 

such charge imbalances. Acidic properties can also originate from chemical 
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modifications of a surface like introducing a ligand having a different electronegativity 

than the lattice anions [6]. 

Adsorbed Bq6nsted acids often dissociate on an oxide surface causing 
? 

protonation of the surface oxygerl anions and coordination of the conjugate base of the 

acid to surface cations. This reaction is schematically depicted as 

, 
R H 

R-H + M- 0----. M-O 

The key requirement for such a dissociation of reactants is one of coordination 

vacancies on the surface metal cations (Lewis acid sites) and surface Br~sted basic 

sites to abstract and to bind the protons originating from the adsorbate. Experimental 

evidence suggests that the presence of coordinatively unsaturated (CUS) metal cation 

rather than CUS-type oxide ion is decisive in such adsorption. Steric arguments also 

justify this. The smaller neighbouring cations in the lattice may obstruct access to 

oxide ions less than the larger anions obstruct the cations. Again, the small - sized 

proton has to bind to the relatively unobstructed oxide anion while the bulky organic 

conjugate base anion must bind to the more hindered surface metal ion. Small wonder 

that the co-ordination environment of the surface cation is the critical surface 

characteristic [4]. 

Heterogeneous acid catalysis attracted much attention primarily because of its 

involvement in petroleum refinery. Solid acid catalysts are invariably used in the 

petroleum cracking process which is the largest among the industrial chemical 

processes. Extensive studies unde,rtaken in the 1950s revealed that the essential nature 

of cracking catalysts are acidic. Generation of acidic sites on the solids was 

extensively studied. As a result, amorphous silica-alumina was utilised as a cracking 

catalyst for a long time. Presently zeolites (crystalline alumino silicates) have replaced 

almost all other kinds of catalysts in cracking. 
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In contrast to these extensive studies on heterogeneous acidic catalysts, fewer 

efforts have been given to the study of heterogeneous basic catalysts. The first study of 

heterogeneous basic catalysts, that sodium metal dispersed on alumina acted as 

effective catalyst for double bond migration of alkenes, was reported by Pines et al. [7]. 
i 

The various types of heterogeneous basic catalysts are [8]: 

(1) Single component metal oxides: - oxides of alkali, alkaline earth and rare 

earth metals, Th02, zr02, ZnO and Ti02 . . 
(2) Zeolites:- alkali ion- exchanged and alkali ion- added zeolites. 

(3) Supported alkali metal ions: - alkali metal ions supported on alumin~ 

silica or alkaline earth oxide. 

(4) Clay minerals:- hydrotalcite, chrysotite, sepiolite. 

(5) Non-oxides:- KF supported on alumina, lanthanide imide and nitride on 

zeolite. 

Except for non-oxide catalysts, the basic sites are believed to be surface oxygen 

atoms. These oxygen atoms would be able to interact attractively with a proton. 

Some important solid base catalysed reactions are: double bond migration 

reactions of unsaturated compounds, alcohol dehydrogenation to aldehydes or ketones, 

. hydrogenation of olefins, amination of conjugated dienes, Meerwein - Ponndorf -

VerIey (MPV) reduction, side chain alkylation of aromatics, aldol condensation etc. etc. 

1.1.2 Methods of Preparation 

The goal of a catalyst manufacturer is to produce and reproduce a commercial 

product which can be used as a stable, active and selective catalyst. Subtle changes in 

the preparative details may result in dramatic alteration in the properties of the final 

catalyst. In spite of numerous studies, the preparation of heterogeneous catalysts with 

specific properties is still regarded as an art, often kept as a secret by the catalyst 

manufacturer. However, many preparative routes are sought so as to give catalysts 

with sufficient surface area, good porosity and suitable mechanical strength. 

Schwarz et al. [3] divide the preparation of almost all catalysts into two main 

routes: (i) methods in which the catalytically active phase,is generated as a ·new solid 

phase by either precipitation or a decomposition reaction. This involves 'blending" of 
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proper reagents from a liquid or solid medium and (ii) methods in which the active 

phase is introduced and fixed onto a pre-existing solid by suitable impregnation 

methods. This involves "mounting" of the catalytically active material on a pre­

existing support. 
~ 

S 
Between these extremes lie methods which are best characterised as solid 

transformations and includes dispersion of metals into thin films or colloids. Along the 

"blending" route, the most oommon preparation methods are precipitation, co­

precipitation, gelation, complexation, crystallization and ceramic methods. 

The most common method for preparation of bulk oxide catalysts is the 

(co)precipitation of a precursor phase, usually hydroxides or carbonates, followed by 

filtration, washing and calcination of the product leading to the oxidic phase. The 

creation of the precursor solid phase from the liquid medium results from two 

elementary processes which occur simultaneously or sequentially: (1) nucleation i.e., 

formation of the smallest elementary particles of the new phase (2) growth or 

agglomeration of the particles. Factors such as pH, temperature, presence of impurities, 

nature of reagents etc. are important in determining the morphology, texture and the 

structure of the precipitates, e.g., under conditions of super-saturation, the rate of 

nucleation is much faster than rate of crystal growth and leads to numerous yet very 

small particles. The chemical and physical properties of particles kept in contact with 

the mother liquor may change due to secondary processes. This <aging' or 'ripening' 

leads to an increase in particle size of precipitates and agglomeration of colloidal 

particles. A better method of mixing the components is achieved by the continuous 

homogeneous precipitation where the precipitating agent, usually Olf ions, is slowly 

and continuously generated by a controlled hydrolysis process such as hydrolysis of 

urea. 

The co-precipitation method used to synthesize multi-component systems does 

not often give homogeneous precipitates due to differences in the solubility between the 

components. Under conditions of slow precipitation rate or poor mixing, co­

precipitation is selective and the coprecipitate is heterogeneous in composition. 
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A more unifonn precipitate is obtained if the metal solution is quickly added to the base 

with continuous stirring. 

In contrast to the (co )precjpitation route, the sol-gel method (gelation) is a 

homogeneous process which results in a continuous transformation of a solution into a 

hydrated solid precursor (hydrogel). Sol-gel methods allow the control of texture, 

composition and homogeneity ofth,e finished solids. The nanoscale chemistry involved 
• 

in sol-gel method is a straightforward way to prepare highly divided materials. The 

method involves the hydrolysis and gelling (by the controlled addition of water) of 

metal alkoxides or other reactive compounds in alcoholic solutions. The resulting open 

structure in which the primary units are held together by chemical or dipole forces is 

imbibed by the solvent. This structure is transformed to the solid phase by high­

pressure heating whereby the liquid contained in the gel changes to supercritical 

vapours. Drying this under supercritical conditions gives aerogels where the solid does 

not collapse and retains the open structure. These aerogels have high porosity, large 

surface area, extremely low thermal conductivity and very good textural and structural 

stability. 

Crystallisation has found wide applications in the preparation of homogeneous 

microporous crystalline solids in which the active phase is distributed uniformly. Such 

materials are designated as molecular sieves and includes the various zeolites 

(crystalline aluminosilicates), ALPOs (aluminophosphates) etc. A typical zeolite 

synthesis involves mixing together alkali, sources of alumina and silica, water and other 

components in appropriate proportions. The resulting gel is subjected to elevated 

temperatures in autoClaves for crystallisation, which usually occurs in a time span of 

several hours to weeks. Zeolite synthesis is, more or less, an art. 

The complexation method makes use of chemical reactions which transform 

slowly and without physical discontinuity the homogeneous solution of catalyst 

precursors into a homogeneous, amorphous phase with either glassy, jelly-like or 

foamy appearance. This precursor is then dried and decomposed to yield better 

intermixed and more highly dispersed oxides than those prepared by the usual 

precipitation route. To obtain smooth gelation, the catalyst precursors are complexed 
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or chelated with multifunctional organic reagents, yielding three-dimensional organic 

network with the metallic component entrapped in this structure. Metallic elements are 

added as water-soluble salts and various a-hydroxy acids ( e.g. citric acid) are used as 

complexing agents. 

In the high temperature ceramic method, the mixed oxide phase results from 

heating intimately mixed powders at temperatures high enough to allow interdiffusion 

and solid state reactions. Precutsor compounds, such as carbonates and oxalates, that 

decompose at lower temperature, have also been used instead of the corresponding 

oxides. This method has the advantage of the extreme simplicity and its use is essential 

for preparing single phase mixed oxides such as perovskites and spinels. A major 

shortcoming of the ceramic method is the lack of homogeneity of the materials 

prepared because the solid state reactions between the precursor oxides occur with very 

slow rates. Again, the high temperature (about 1300 K) required to complete solid 

state reactions leads to drastic decrease in surface area of the resulting material by 

sintering. 

1.1.3 Transition metal oxides as catalysts 

Not only do the transition metals themselves possess high catalytic activity, but 

also do their alloys and compounds with non-metals like oxides, sulphides etc. 

Generally transition metal oxides are active catalysts for oxidation-reduction processes. 

But these systems also exhibit acido-basic properties, being capable of soprtion of acids 

and/or bases as well as of catalysing some acidic reactions such as dehydration of 

alcohols, isomerisation of hydrocarbons etc. Usually transition metal oxides are 

components in catalysts used for reactions such as oxidation, oxidative and non­

oxidative dehydrogenation, reduction, ammoxidation, metathesis (production of long 

chain alkenes) and water gas shift reaction (production of hydrogen). The variable 

valence of the constituent metal ions enables the oxide to act as a sort of "electron 

bank." Much work was done by the research group at the Ford Motor Co. (USA) upon 

chemisorption of CO2, CO and NO probes on the first row transition metals oxide 

catalysts within the framework of NO plus CO removal from the exhaust gases of car 

engines [9]. Again, much work was devoted to the semiconductor aspects of these 

systems and to the interpretation of simple reactions in terms of the boundary-layer 
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theory or similar concepts [10]. Many transition metal oxides have n-type or p -type 

semiconductor properties. On heating in air, n-type oxides lose oxygen. The loss of 

oxygen by an n-type oxide is made possible by the availability of a lower oxidation 

state of the metal ion as in TiO:z. V'J/)s, crO), CuO or Fe:z03. The adsorption of oxygen 

onto a p-type oxide is made possible by the availability of a higher oxidation state for 

the cation as in CU:zO, Cr:z03, CoO and NiO [11]. The adsorbed oxygen on a p-type 

oxide is more active than the lattic~ oxygen of an n-type oxide. Hence' n-type oxides 
, 

are used for selective oxidation of hydrocarbons, as oxidation on p-type oxides often 

gives only carbon dioxide and water. 

Often transition metal oxides act as a precursor for other catalysts. An example 

is the doping of molybedenum sulphide with cobalt (II) oxide on an alumina support to 

make a commercial hydrodesulphurisation (lIDS) catalyst [12]. 

Transition metal oxides also have acid-base properties. Auroux et al. [13] 

studied the adsoprtion of ammonia and carbon dioxide on various oxides 

microcalorimetrically and concluded that transition metal oxides are either acidic (A­

type) or amphoteric (A-B type). Numerous works were done to correlate the acid-base 

properties of mixed transition metal oxides with the catalytic activity/selectivity in 

selective oxidation of hydrocarbons [14-17]. In spite of numerous works no general 

correlation between acido-basic properties and performance in oxidation reaction has 

been so far formulated [18]. 

Titania and zirconia have attracted much attention because these are good 

supports for metal catalysts and also change to superacids on combining with a small 

amount of sulphate. TiO:z is classed as weakly acidic while zrO:z as acid-base 

bifunctional [5]. V20 S, Nb:zOs and,Ta:zOs are typical solid acid catalysts. Oxides of 

Cr, Mo and W are seldom used as single oxides but are used as mixed oxides with 

alumina and silica for dehydrogenation, hydrogenation and skeletal isomerisation of 

hydrocarbons. 

Ferric oxide is regarded as weakly acidic and basic and is practically used for 

oxidation or dehydrogenation reactions as single oxides promoted by alkalies or as 
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mixed oxides. Typical examples are dehydrogenation of ethylbenzene (Fe203-K), 

water gas shift reaction (Fe203-Cr203), ammoxidation of propylene (Fe203-S~05) and 

dehydrogenation of methanol(Fe203-Mo03) [19 a]. Tanabe [19 b] found that Fe203 

prepared from ferric alum is very acidic and active for several reactions. Again Fe203 

obtained by heat-treating of Fesb4 showed maximum acidity and catalytic activity at 

the calcination temperature of 700°C for several reactions [20-24]. 

CoO and C0304 are the drdinary oxides of cobalt and C0304 is one of the most 

active single metal oxides for oxidation reaction [5]. 

Non-stoichiometric nickel oxide has high catalytic activity for deep oxidation. 

NiD mixed with solid acids such as Si02 [25], Si02-Ah03 [26] and NiS04 [27] are 

active for dimerisation of olefms. 

Copper oxides CuD and CU20 are semiconductors and effective for redox-type 

reactions such as oxidation or dehydrogenation. Many copper-based catalysts such as 

CuD-ZnO [28], Cu-ZnO-Ah03 [29] and Cu~-CoO [30] have been reported to be 

effective for dehydrogenation of cyclohexanol to cyclohexanone. 

Transition metal oxides as binary or ternary complex oxides with definite 

crystal structure show greater structural stability and catalytic activity. Thus single 

phase complex oxides of fonnula AB03 having the perovskite structure and the 

general formula AB204 having the spinel structure have been widely studied for their 

surface properties and catalytic activities. In the present investigation , iron based 

spine! oxides of cobalt, nickel and copper are chosen. 

1.1.4 Sulphate-modified oxides as catalysts 

It is well-known that surface modification of metal oxides with anions, 

especially _ sulphate ions, often enhances their acidities and catalytic activities. 

Sulphation of metal oxides has been most widely studied because some of these are 

found to be superacidic. The discovery of solid superacids free of halogens can be 

traced to the study of the effect of anions on the preparation of Ti02 [31]. Further 

studies, especially by the researchers of Hokkaido University, reveal that, among the 
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various sulphate modified oxides, only sulphated zr02, TiOz, HIDz and FeZ03 or their 

binary mixtures and metal promoted sulphated zrOz showed superacidity [32]. 

Superacids are important catalysts for skeletal isomerisation of n-alkanes and 

alkylation of aliphatics by otefins to produce high octane gasoline components in 
~ 

petroleum industry. Researchers hive long been seeking to replace liquid superacids 

with less corrosive solid superacids and hence there is a great interest in the study of 

sulphate modified oxides. More than 200 papers and patents on solid superacids 

(mainly, soi-;zrOz and its mbdified ones) have been reported since 1990. 

Nevertheless, not many industrial processes have yet been developed using sulphated 

metal oxides as catalysts mainly due to catalyst deactivation and low selectivity caused 

by the strong acidity [33]. 

The standard procedure of sulphation is the impregnation of the metallic 

hydroxide or oxide by soaking these with a definite amount of IN H1S04 or dilute 

ammonium sulphate solution for a few hours followed by filtration (without washing ), 

drying and calcination. Instead of filtration • evaporation of the solvent to get a dried 

mass, followed by calcination is also adopted [34]. Generally ( not always), sulphation 

increases the surface area of the catalyst. This is attributed to the inhibition of sintering 

and the delay in the transition from amorphous to crystalline phase during calcination 

[32,35]. 

Many theories are put forward to explain superacidity, but the exact nature of 

surface acidity in sulphate-modified oxides remains controversial [36]. Some authors 

[37,38] report that sulphated zirconia has strong Lewis acidity arising from 

coordinatively unsaturated Zr4
+ centres, whose positive charge is enhanced by the 

inductive effect of the neighbouring S = 0 groups. Some other authors [39,40] report 

the co-presence of both Lewis (cationic) and Br~sted (protonic) acidities responsible 

for the peculiar catalytic features of sulphate-doped zrOz. NMR study of acid sites on 

sulphated zirconia using trimethylphosphine as a probe, supports the latter view [41]. 

IR studies of adsorbed pyridine show the presence of both Lewis and Br~sted sites on 

sulphated oxides. The nature of acid sites (Lewis or Br~sted) on sulphated zirconia 

depends critically on the water content , which, in turn, depends on the history of 

pretreatment of the sample. The water content of a working catalyst can also be 

affected by moisture present in feedstocks and by water produced during the reaction 

[42]. 
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The following models ,1 - V, are proposed for the structure of surface sulphate 

on sulphate-modified zirconia.(Fig. 1.1.1) 

o 
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Fig. 1.1.1. Various models proposed for sulphate-modified zirconia. 

Model I and II are proposed by Tanabe and coworkers [32,35] for the sulphate 

modified zirconia in the absence of and in the presence of moisture respectively. 

Models ill, IV and V are proposed by Lavalley and co workers [38,43,44] for the same 

catalyst. Model ill corresponds to low sulphate loading, IV to high sulphate loading 

and V to low sulphate loading in presence of moisture. In model V, it appears as if 

Zr02 is modified by bisulphate sp,ecies (HS04 j. In fact, the existence of HSO,,· on 

sulphated zirconia has been proved both experimentally [45] and theoretically [46]. 

The presence of superacidity may be tested by the catalytic activity for low 

temperature isomerisation of n-butane to isobutane reaction, which is catalysed only 

by superacids. Again, IR spectra of superacidic sulphated oxides typically give a 
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single strong band near 1380 cm-I, in addition to a number of weak bands in the range, 

900-1100 cm-I [38]. 

SUlphated oxides are also found to be effective for acylation reactions [47-50]. 

These are also potential catalysts fOi hydrocracking of hydrocarbon polymer wastes to 
i 

C4 - C20 liquids with gasoline components exceeding 75% [51]. The surface electron-

donor properties and catalytic activities of sulphate modified zirconia [52], samaria 

[53] and stannic oxide [54] have also been investigated. 
, 

Since SOl-lFe203 has superacidic properties and the present work involves 

investigation of spinel ferrites of Co, Ni and Cll, we took it as an interesting extension 

work to study the effect of sulphation on these ferrospinels. Literature survey reveals 

that sulphation studies of spinel-type mixed oxide catalysts have not been so far 

attempted. 

1.2 SPINEL STRUCTURE 

Spinels fonn a large class of compounds whose crystal structure is related to 

that of the mineral spinel itself, MgAh04. The general formula of spinels is AB20 4• 

The structure can be described in terms of cubic close packing (ccp) of the anions, 

bound together by suitably placed interstitial cations. Most of the spinels are oxides, 

some are sulphides, selenides or tellurides and a few are halides. Again the charge 

distribution of cations can be 2-3 as in MgA}z04, 2-4 as in M~Ti04 and 1-6 as in 

Na2W04 [55]. Of these, 2-3 oxidic spinels are the commercially most important. 

The unit cell of spinel structure consists of 8 formula units and hence is 

represented as AgB I60n. The space group of a spinel is Fd3m. The ccp of 32 oxygen 

anions will have 64 tetrahedral (T) voids and 32 octahedral (0) voids. Of these, only 8 

T-voids and 16 O-voids are occupied by cations in an ordered way. These are called 

A-sites and B-sites because A cations occupy T -sites and B cations, O-sites. The unit 

cell of spine! structure is shown in Fig 1.2.1. Here the structure is shown in such a way 

that the A cations fonn a supercage fcc unit cell. The cube is divided into 8 octants. 

The structure within the octants can be imagined as containing A04 and B40 4 structural 

units in alternate octants [56]. Fig.1.2.2 shows the arrangement of A04 and B40 4 units 

in two neighbouring octants in the unit cell. The atoms are in three sets of special 



15 

positions and some typical fractional coordinates of the atoms are (0,0,0) for ~ 

( 5/8,5/8,5/8 ) for B and (3/8,3/8,3/8) for oxygen. The location of oxygen is an 

adjustable parameter in the spinal structure and is called the oxygen parameter, u. It 

has a value 0.375 in the ideal structure. This parameter characterises the difference in 

the expansion of tetrahedral ruf1 octrahedral sites in order to accommodate larger 

cations. In the ideal ccp structure of oxide ions, T -sites can accommodate cations with 

radii ~0.30 AO and the O-sites, cations with radii ~ 0.55 AO [57]. But the cations in the 

spinels are usually larger than these and hence the T - and O-sites have to expand in the 

[111] direction (Le. along the body diagonals of the unit cell) to accommodate the 

cations. If the expansion of T- and 0- sites occurs in the same ratio, u is still 0.375. 

But usually T-sites expand to a larger extent than the O-sites to produce a non-ideal 

structure having u> 0.375. 

Fig 1.2.3 represents the immediate neighbours of an anion ill the spinel 

structure. Each anion is surrounded by one A and three B cations. If' a' denotes the 

unit cell edge length, the AX distance is a(u-Y4).y3, the BX distance is a(5/8 - u), the 

angle AXB is 125° and the angle BXB is 90°, for small deviations from the ideal 

structure. This means that the BB distance .y2a14 is considerably shorter than the AA 

distance .y3a14. As u equals 3/8 for the ideal spine1 structure ,we get AX distance as 

.y3a18 and BX distance, al4 [58] 

1.2.1 Normal and inverse spinels 

The spinel is called "normal" if A cations occupy T -sites and B cations, 0-

sites. But Barth and Posenjak [59] pointed out a second possibility in which half of 

the B cations occupy the T-sites and all the A cations together with the other half of 

the B cations occupy the O-sites. When this is the cation distribution, it is known as an 

inverse spinel. In between these extreams, it is possible to have various degrees of 

randomization where both types of sites are occupied partly by A cations and partly by 

B cations. These are known as random spinels. (Table 1.2.1). The cation distribution 

may be described by a parameter A, defined as the fraction ofB atoms in T-sites. For 

a normal spinel A = 0, for an inverse spinel A = 0.5 and for a completely random spinel, 

A = 113 [60]. 



Fig. 1.2.1. The unit cell ofan ideal spinel structure. Hatched circles indicate A cations, 

unhatched circles indicate B cations and large unhatched circles indicate oxygen anions . 
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FIG. 1.2.2 Unit cell of the ideal spinel structure FIG. 1.2.3 The nearest neighbours of 

The position of the ions in only two octants shown. anion in the spinel structure. X: ANION~ 

The dashed circles belong to other octants. A: A-SITE CATION; B: B-SITE 

Large circles: ANIONS; small hatched circles: B-SITE CATION~ a: cell edge. 

CATIONS; small unhatched circles: A-SITE CATIONS. 
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Table 1.2.1. Examples of some normal and inverse spinels. 

Type Structure Examples 

Normal (A) Tet [Bz] Oct 0 4 ZnFez04. MgCr204 

Inverse lE) Tet [AB] Oct 04 NiFe204. CoFe204 
t 

Random (0< x< 1) (AxBI.x) Tet [AI.x Bl+x]Oct 04 ~eZ04. FeMnz0 4 

1.2.2 Individual site preference of some cations 

The distribution of cations in the available T - ·and O-holes depends on a 

number of factors of which the following are important. 

(i) Cation size 

A greater stability on the lattice is expected if the smaller B cation occupies the 

smaller T -site. Thus, if the .radius of B cation «that. of A. cation,. the. tendency is 

towards inverse spine!. But the polarisation effect often outweighs this. Large AZ+ 

ions have less polarising influence on oxide ions than the small B3+ ions and hence 

B3+ ions in octahedral sites stabilise the structure due to this higher degree of 

po1arisation, favouring normal spinel structure [61]. 

(ii) Madelung constant 

Taking chemical bonding in spinels as purely ionic, the main part of the lattice 

energy is contributed by the Coulomb energy and Born repulsive energy. The 

Madelung constant (M) of the, spine! structure has been calculated by Verwey, De Boer 

and Van Santen [62] as a function of the oxygen parameter u and the charge 

distribution among the A- and B- sites. Their results are represented in Fig. 1.2.4 

where M is plotted as a function ofu for different values of the average ionic charge on 

A-sites ,qA. From this figure it is clear that, for electrostatic reasons, it is favourable to 

have either large ions (high u) with low charge or small ions (low u) with high charge 

on A - sites. The Madelung constant of inverse 2-3 spinel is hardly affected by the 

oxygen parameter. 

The second energy term is Born repulsion. It is difficult to take this energy term 

into account due to lack of compressibility data. But, on geometric considerations, it is 
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concluded that, in normal spinels, the relatively small tripositive ions on B-sites cause 

anion-anion contact, resulting in a less favourable stacking and a larger edge length. 

The unit cell edges ofnonnal2-3 spinels are about 0.8% [63] larger than those of the 

corresponding inverse spinels. 

14$t------------~--, 

0.375 0.381 0.387 
~u 

Fig. 1.2.4 The Medulung constant M ( in e2/a units ) of the spinel structure as a 

function of the oxygen parameter u for different values of the average ionic charge on 

A sites,qA 

Dunitz and Orgel [64] and simultaneously McClare [65] have calculated site 

preference energies of transition metal ions in oxides using crystal field theory (CFT). 
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The crystal field stabilisation energies (CFSE) are given in units of Aa and L\t in Table 

1.2.2 and in the units kJ mort in Table 1.2.3 respectively, for various d-electron 

configurations [ 66]. 

~ 

Table 1.2.2 Crystal Field Stabilisation Energies calculated for different 'd'. 

systems 

. 
Crystal Field Stabilisation Energy 

Configuration 
Octahedral field Tetrahedral field 

d l and d 6 0.4 ~ 0 0.6 ~t 

dZ and d 7 0.8 ~ 0 1.2 ~t 

d3 and d 11 1.2 ~ 0 0.8 ~t 

d4 and d Y 0.6~ 0 0.4~t 

d~ and d lU 0 0 

Table 1.2.3 Crystal Field Stabilisation Energies (kJ mor1)estimated for transition 

metal oxides, from spectroscopic values of ~ 0 and ~t (Data from Dunitz and 

Orgel) 

Ion Octahedral Tetrahedral Excess Octahedral 

stabilization stabilization stabilization 

Te+ d l 87.4 58.5 28.9 

Vj + dl 160.1 106.6 53.5 

Crj + dj 224.5 66.9 157.6 

Mn3+ d4 135.4 40.1 95.3 

Fe3+,Mn1+ d:> 0 0 0 

Fel + dO 49.7 33.0 16.7 

Coz+ d7 92.8 61.9 30.9 

Nfz+ dll 122.1 35.9 86.2 

Cul + d'l 90.3 26.8 63.5 
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These data show that d5 and dlo configurations have no site preference while d3 

and dB have very large octahedral site preference. Ions with d4 and d9 configuration can 

be stabilised additionally by Jahn-Teller distortions. If the regular Oh symmetry 

octahedra of surrounding anions is elongated or compressed in the c direction to give 
~ 

D4h symmetry, the doublet (eg) aid triplet (t2g) levels split. The splitting of the doublet 

is larger. It is clear that, in the case of elongation, the dz2 orbital is stabilised compared 

to the dx2•y2 orbital. So metal ions with d4 and d9 configuration have an extra 

stabilisation equal to half the splitting of the doublet. Fe[CuFe]04 and Zn[Mnll04 are 

examples of tetragonally distorted spine Is with cia> 1 (c and a are the unit cell edges 

along the z and x directions). 

Partial covalent bonding using hybrid orbitals can influence site preference of 

cations. d 10 ions show a marked tetrahedral site preference as they can use Sp3 orbitals 

to form covalent bonds with the p-orbital of oxide ion. Examples are Zn2
+ and Cd2

+ 

ions. ZnFe204 and CdFe204 are the only known normal ferrospinels. 

Blasse [67] derived site preference of cations on the basis of the Molecular 

Orbital Theory (equivalent to the Ligand Field Theory) which takes into account both 

covalency and crystal field stabilisation energy simultaneously. According to Blasse's 

approach, d3 ions have the strongest O-site preference while d5
, d6 

• d7 ,d9 
, or dIG ions 

prefer T-sites. dO,d1 ,d2 ,d4 and dB ions do not show any pronounced site preference. 

When the various factors as mentioned above are counterbalancing there can be 

a completely random arrangement of metal ions among the eight T -sites and sixteen 0-

sites. 

1.2.3 Ferrospinels 

Spinel oxides containing iron are called ferrospinels. The interesting electrical 

and magnetic properties of these compounds are governed critically by their chemical 

composition. Hence preparation of ferrite composites, with specific properties has 

gained much importance. Simple ferrospinels (AIIFe204) as well as mixed ferrospinels 

(AIl
t•x BIlx Fe204) are known.. 
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1.2.4 Magnetic and Electrical properties of ferrites 

Historically ferrites attracted the attention of physicists and technologists since 

they are magnetic semiconductors. F errites exhibit ferrimagnetic behaviour and are 

widely used as magnetic materials ill various electronic devices. Due to occupancy of 
l 

cations in two crystallographically different sites (i.e. octahedral B and tetrahedral A 

sites) three kinds of magnetic interactions are possible between the metallic IOns, 

through the intermediate 0 2
- iOllS, by superexchange mechanism, namely, A-A 

interactions, B-B interactions and A - B interactions. These interaction energies are 

negative and induce an antiparallel orientation. Calculations show that A-B 

interactions are the strongest and hence, for inverse spinels, the resultant magnetic 

moment is that of the divalent metal ion in B sites. This can be explained by taking 

magnetite (Fe304) as a specific example. It has the inverse spinel cation distributio~ 

(Fe3~ [Fe2+ Fe3] oct 0 4. The spins of A site and B site Fe3+ ions mutually cancel due 

to negative A-B interaction and the resultant moment is only due to the F~2+ ions in the 

B sites. But in ZnFe204, a normal spine~ there can be neither A-B nor A-A interaction 

as Zn2+ is a non- magnetic ion. Therefore, the only prevalent interaction is B-B 

between Fe3
+ ions, which is antiferromagnetic [68]. The other normal ferrite CdFe204 

also exhibits similar behaviour. 

Spinel ferrites in general are semiconductors with conductivity ranging between 

102 and 10-11 ohm-1cm·1
• The low electrical conductivity compared to conventional 

metallic magnetic materials is responsible for their wide use at microwave frequencies. 

Ni-Zn ferrites have been found to be one of the most versatile ferrites for general use. 

This microwave behaviour of Ni-Zn ferrites strongly depends on their composition 

[69]. Co-Zn ferrites [70] and lithium ferrites [71] were also extensively studied in 

technological fields. 

1.2.5 Spinels as Catalysts 

Spinels show interesting catalytic properties. In these compounds the properties 

are controlled by the nature of the ions, their charge and site distribution among the T­

and 0 - sites. The catalytic activity of spinels containing transition metal ions is 

influenced both by the redox properties and the acid-base properties of these ions 

.Correlation between catalytic activities and the electric or magnetic properties of 
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spinels is often found; this is a direct consequence of the dependence of both properties 

on cation distribution among the T ~ and O~ sites. Beaufils and Barbaux [72] have 

shown, from surface neutron differential diffraction (SDD) studies, that the surfaces of 

ideal nonnal spine Is consist of a mixture of (Ill) and (110) planes. In the case of a 

distorted spine 1 like 'Y ~ alumina,jit is suggested that nearly 80% of the exposed faces 

are of the (110) type. Probing the surface of solids has become more accurate after 

introducing Low Energy Ion Scattering (LEIS) technique in catalytic field. The most 

characteristic feature of this technique is that the peaks in the spectra result from 

scattering by topmost atomic layer only. Jacobs et al. [73], in a recent work, applied 

this technique to evaluate spinel surface composition. Their work clearly revealed that 

octahedral sites are exposed ahnost exclusively at the surface of spinel oxide powders 

and the catalytic activity of many such systems is mainly due to octahedral cations. 

Similar conclusions have been made earlier with regard to oxidation reactions [74]. 

The fact that tetrahedral sites are not active could originate form stronger metal~oxygen 

bonds due to the lower valency and coordination number. 

Catalytic activities of spinels have been well-established for reactions like 

oxidative dehydrogenation of hydrocarbons, hydrodesulphurisation of petroleum 

crudes, treatment of automobile exhaust gases, oxidation of carbon monoxide, 

hydrogen and methane etc. Unlike single oxides, spinel~type binary and ternary oxides 

show extra structural stability, greater activity and reusability as catalysts. Among the 

spinel compounds, ferrites have been used as effective catalysts for a number of 

industrially important reactions as mentioned above. The catalytic effectiveness of 

ferrites arises because of the ease with which iron can exchange its oxidation state 

between 2 and 3. Another important attribute, from the commercial standpoint, is their 

stability under extremely reducing conditions, which is due to the spinel structure. 

Thus reduction of Fe3+ to Fe2+ takes place without altering the lattice configurations 

so that upon reoxidation, the original state is retained [75]. 

Spinel ferrites are well-known as effective catalysts for the oxidative 

dehydrogenation (OXD) of hydrocarbons containing 4 to 6 carbon atoms. The first 

use of magnesium ferrite for this purpose was reported in a patent granted to Bajars, 

Croee and Gabliks [76]. Zine-chromium-ferrite showed high conversion and 
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selectivity for the OXD of butene to butadiene [77]. Massoth and Scapiello [7S] 

probed the catalyst function in the above case by measuring catalyst weight loss in a 

reducing atmosphere of either hydrogen or butene in a flow type microbalance reactor 

and also proposed a mechanism fqr the reaction. They found that the spinel ferrites 

were less reducible than Fe203 in'hydrogen and underwent only surface reduction in 

butene maintaining the chemical ~.md structural stability of the bulk. The same reaction 

was also investigated over MgFe2q4 catalyst using deuterium. and 14C labelled isotopic 
, 

tracers to unravel its kinetics and mechanism [79]. The results showed that the 

reaction was zero order in oxygen and first order in butene at low partial pressure of 

butene and that a modified Massoth·Scarpiello mechanism was operative. 

The spinels ACr204 and AFe204 where A = N~ Co or Mn have been found to 

be active for the non-selective oxidation of propylene to C02 and water, the normal Cr 

(llI) spinels being more active than the inverse Fe(ITI) spinels [SO]. 

Decomposition of alcohols is another class of reactions catalysed by oxidic 

spinels. The decomposition of propan-2-01 to acetone was studied over chromite 

spinels of Zn, Co and Cu [SI]. The resuhs showed that CuCr204 was the most 

effective catalyst and the dehydration activity was only meagre. The same 

decomposition was studied over MgAh-xFex04 ( x ~ 0.4 and x ~ 1.3 ) systems [75]. 

Here the catalysts showed both dehydration and dehydrogenation activities for 

x > 0.02. The important conclusion was that, the dehydration as well as the electrical 

and magnetic properties are influenced by a fundamental property of the spinel 

system, namely, the symmetry of the catalytically active Fe3+ site. Dube and Darshane 

investigated the spinel systems, Znl-xCuxMnFe04 ( 0 ~ x ~ 1 ) [S2] and 

C01+x Fe2-2xTix04[83] by various physico-chemical methods and correlated the physical 

properties with their catalytic behaviour in benzyl alcohol decomposition. It was 

found that Cu-rich catalysts were always more active than Zn-rich catalysts and that 

COFe204 was a better catalyst than CO2 Ti04. Cyclohexanol decomposition was also 

studied using ZnxNh-xFe204 (0 ~ x ~ 1) [S4] and Mg).xZnxAh04 ( 0 ~ x ~ 1 ) [S5] 

spinel systems and the results were correlated with structural parameters. 
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Perhaps the most widely studied reaction using spinel catalysts is the catalytic 

selective oxidation of carbon monoxide. Selective removal of carbon monoxide from 

COIH2 mixed gas is a key step for fuel cell or sensor technology. A possible approach 

includes selective catalytic oxidation [86,87]. Among metal oxides, cobalt oxide of 
~ 

the spinel type (C030 4) is the rhost active catalyst for oxidation of CO. The active 

cobalt species for selective oxidation of CO has been found to be C03
+ Oh, after 

investigating the catalytic activities of ZnC0204, COA!z04. CoFe204 of the spinel type 

[87]. The same conclusion has been confirmed by X-ray photoelectron spectroscopy 

(XPS) on cobalt spinel oxides such as ZnxC03•x0 4 ( x ;:::: 0 - 1 ), AlxC03-x0 4 

( x;:::: 1 - 2.5 ) and FexC03-xO 4 (x;:::: 1 - 2.5 ) [88]. 

Maltha et af. [89] investigated the active sites in the spinels Mn30 4 and C030 4 

in the selective reduction of nitrobenzene to nitrosobenzene by substitution of Mn or 

Co ions in T-sites and/or in O-sites by redox inactive ions like Zn and Al. The totally 

substituted spine Is ZnMn20 4 , CoAh04 and ZnC020 4 showed that the Mn and Co ions 

in octahedral positions were responsible for the activity of the reaction. MnAh04 

however showed some activity for the reaction which should be due to surface 

enrichment and/or oxidative transfer of manganese from T - to 0 - sites. The same 

team of researchers studied the cation distribution in the spinels, Znl-xMnxAh04 (0 ~ x 

~ 1 ) by X- ray diffraction and MAS-mviR [90] which gave evidence for oxidative 

transfer of manganese as Mn3
+ into O-sites. The compOlmds showed a defect spinel 

structure containing MnH and cation vacancies, with average valence of Mn close to 

2.8. 

Production of methyl formate (MF) is a synthetically important reaction and is 

usually achieved by the dehydrocoupling of methanol using copper containing 

catalysts. MF was produced in about 50% yield with methanol conversion above 60% 

at 320°C in patent literature [91,92]. Sato et al. [93] prepared CuO - Ah03 systems 

with different Cui AI ratios by the amorphous citrate process and examined their 

catalytic activities for the dehydrocoupling of methanol to methyl formate. CuO­

Ah03 samples calcined at temperatures below 1000°C are partially reduced during the 

catalytic reaction and the selectivity to lvIF decreases with increasing Cu (0) content. 

This is because Cu (0) decomposes MF to methanol and CO above 210°C. On the 

other hand, CuAh04 samples calcined at 1100°C showed the highest activity for the 
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fOrmation of MF at a temperature of 310°C. The Cu (11) species in CuAh04 were 

fOund to be effective sites for the rcaction above 250°C. 

Spinel catalysts also find ~e in higher alcohol synthesis. e.g., a commercial 

Zn/Cr spinel methanol synthesis c!talyst (Englehard Zn - 0312) has been promoted 

with various amounts of K and tested for isobutanol synthesis [94]. An equimolar 

mixture of mcthanol and isobutanol is an ideal feedstock for producing the high octane 

petrol additive, methyl tertiary butyl ether (MTBE). The use of 3 wt % K- containing 

catalysts resulted in the lowest methanol- to- isobutanol mole ratio of 1.5, which is 

close to the desired ratio of 1 for MfBE synthesis. 

Hctcrogcneous decomposition of H20 2 is a convenient alternative method to 

electrolysis of water, for the production and storage of oxygen gas. The usual peroxide 

decomposition catalysts like silver oxide, platinum black etc. are expensive. Various 

ferrospinels have been reported as effective catalysts for H20 2 decomposition [95-99]. 

Spine Is of general formula MxFe).x04 where M = Co, Ni or Cu and 

o ~ x ~ 3 have been found to be very active for peroxide decomposition in alkaline 

media, with the activity following the order, Co>Cu >Ni [96-98]. Sengupta and Lahiri 

[99] investigated the intrinsic catalytic activity of several coprecipitated MnxFe3-x04 

specimens having x varying between 0.5 to 2.5 , towards hydrogen peroxide 

decomposition in neutral media. Mn2.sFeo.s04 has been found to be more active and 

COFe204 as much active as the noble metal catalysts for the above reaction in neutral 

media [99]. 

Liquid phase Friedel -Crafts alkylation of benzene with benzyl chloride has 

been studied using CuCr2_xFex04 spinel catalysts [100]. CuCr204 gave no reaction but 

the yield of the product diphenyImethane increased with iron content in the spine!, 

reaching a maximum with CuFe204. Presence of strong Lewis acid sites as proved by 

DRIFT spectra of adsorbed pyridine on the spinels was suggested as mainly 

responsible for the good catalytic performance. 

The catalytic activity of a senes of ferrites of the general formula 

Zn!'lI.CoxFe204 ( 0 ~ x ~ 1 ), prepared by 'soft' chemical route has been investigated for 
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aniline alkylation reaction using methanol and dimethyl carbonate (DMC) as the 

alkylating agents [101-102]. Methanol showed high N-monoalkylation selectivity 

compared to DMC and the most active and stable catalyst has been found to be 

Zno.sCoo.2Fe204. The above catalysts are also found to be very effective, CoFeZ04 

being the best, for the alkylatioJ of phenol to o-cresol and 2,6-xylenol [103]. The 

kinetic parameters of N-monoalkylation of aniline with methanol over the above 

mentioned catalysts have also been determined [104]. 

In addition to the above mentioned reactions, lot of other reactions are also 

catalysed by spinel type oxides. e.g. Ferrospinels, especially of Co, Ni and Cu, have 

been widely patented as alternate catalysts to noble metals for purification of 

automobile exhausts. Another example is the hydrodesulphurisation of petroleum 

crude with COFez04 and NiFel04 [105]. 

1.3 SURFACE ELECTRON DONOR PROPERTIES 

Study of electron-donor (EO) properties of metal oxides by the adsorption of 

electron acceptors (EA) of varying electron affinity values has been a well-established 

technique. 

It was already known that acidic centres of the Lewis type on active aluminas 

could promote the formation of positive radical ions from aromatic hydrocarbons in 

presence of molecular oxygen [106]. But the first experimental evidence for the 

presence of electron-donor sites on metal oxides was obtained by Flockhart et al. 

[107] by studying the esr spectrum of tetracyanoethylene (TCNE) on alumina. The 

dipolar nature of aluminas has been confirmed by Flockhart et al. [108-109] using the 

electron acceptor perylene and the electron-donor, TCNE. When TCNE was adsorbed 

on the surface, the corresponding anion radical was formed. The electron-donor sites 

were associated with surface hydroxyl groups and with defect centres involving oxide 

ions. Similar studies to determine the number of electron-donor sites were done on 

many single and two-component metal oxides [110-113]. 

The above studies were limited to determining the number of electron-donor 

sites only. The first systematic study of determining the strength and distribution of 
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electron-donor sites by adsorption of several electron acceptors over a range of 

. electron affinity values, was done by Meguro and Esumi [114-115]. They studied 

a1umina, titania and zirconia-titania by adsorption of four electron acceptors namely 

7,7,8,8 - tetracyanoquinodimethane~TCNQ), 2,5 - dichloro-p- benzoquinone (DCQ), p­
j 

dinitrobenzene (PDNB) and m-dinitrobenzene (MDNB) whose electron affinity values 

varied from 2.84 to 1.26 eV, using esr spectrometer. 

The electron donor strength of metal oxides can be defined as the conversion 

power of an electron acceptor adsorbed on the surface into its anion radical [115]. If a 

strong EA is adsorbed on the metal oxide, its anion radical is formed at every donor 

site present on the metal oxide surface. On the other hand, if a weak EA is adsorbed, 

the formation of anion radical will be expected only at the strong donor sites. Finally, 

in the case of very weak EA adsorption, the anion radical will not be formed even at 

the strongest donor sites. Therefore, the electron donor strength of a metal oxide can be 

expressed as the limiting electron affinity value at which free anion radical formation 

is not observed at the metal oxide surface. It was concluded that the ED strength of 

alumina and titania is similar and stronger than that of zirconia-titania. 

The metal oxides, after adsorption of EA from acetonitrile solution, developed 

characteristic colours due to the charge transfer (CT) spectra of the adsorbed species. 

These coloured samples showed unresolved esr bands proving the existence of radical 

ions. Radical concentrations were calculated by comparison of the areas obtained by 

double integration of the esr signals of the sample and a standard reference. It was 

found that the limiting radical concentration was proportional to the limiting amount of 

EA adsorbed and these decreased with decrease in the electron affinity values of the 

EA. A plot of logarithm of the limiting radical concentration for a given oxide vs. 

the electron affinity of the EA was linear. This was interpreted in tenns of the 

distribution of strength of the ED sites; the greater the gradient of these plots, the wider 

the distribution. Alumina showed a wider distribution compared to titania or zirconia­

titania. 

ED sites come from two sources: electrons trapped in intrinsic defects (created 

only at high activation temperatures) and the other, surface hydroxyl or oxide ions. The 

ionisation potential of hydroxyl ions is comparatively small (about 2.6 eV in gas 
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phase) and, therefore, a process of the type, Off + A ~ OH + A- , where A is the EA, 

can be included [114]. 

Cordischi et al. [116,117] studied the esr hyperfine splitting parameters of 

adsorbed nitrobenzene radical aBions on several metal oxides activated below 1200 K. 
j 

They found evidence for a dual quality for the ED sites, as consisting of a 

coordinatively unsaturated oxide ion ( Orus2 - ) associated with a nearby Off group 

(Bronsted acid site) whose proton interacts with the radical formed. 

A-...... W . 

(Me n+ = surface cation, A = EA molecule) 

Esumi et al. [118] investigated the ED property of zirconia at various calcining 

temperatures (300 -lOOO°C) by means of adsorption of TCNQ and found that the 

radical concentration decreased with increasing calcining temperatures, reached a 

minimum at 7000C and then increased. The behaviour was interpreted in terms of two 

different ED sites, surface OH' ions at low temperatures and surface oxide ions at high 

temperatures. From the ratio of radical concentration to the amount adsorbed, it was 

proved that surface oxide ions were much stronger ED sites than surface Off ions. 

The same team [119] also studied the adsorption of various EAs on titania and could 

determine that the limit of electron transfer from titania surface to the acceptor ranged 

between 1.77 to 1.26 eV in the electron affinity of the acceptor. 

Adsorption of EAs from non-aqueous solutions onto solid surfaces shows 

various solvent effects. Hosaka and Meguro [120] studied the solvent effect of several 

aromatic solvents on the eT adsorption of TCNQ onto various kinds of oxides. Two 

different types of influence on radical concentrations were noticed - (i) in insulators 

(magnesia, alumina and silica) the radical concentration decreased with decreasing 

ionisation potential of the aromatic solvent and (ii) in n-type semiconductors (zinc 

oxide and titania), no regular relation between ionisation potential of solvents and 

radical concentration was observed. The electron-donor-acceptor interactions on 

alumina and titania were probed by means of TCNQ adsorption from solvents of 
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varying basicities and also acidities and the Drago correlation [121] of the heats of acid 

- base interactions was applied to the results [122,123]. The adsorption oftetrachloro­

p-benzoquinone (chloranil) from basic and acidic solvents was also studied on the 

same metal oxides [124]. The basic solvents used were acetonitrile, ethyl acetate and 

1,4 -dioxane and the acidic solveots were dichloromethane and chloroform. , 

The amount of EA adsorbed decreased with increase of acid-base interactions 

between the basic solvent and EA and also decreased with an increase in acid-base 

interaction between the acidic solvent and electron donor sites of the metal oxides. 

Esumi et al. [125] measured the zeta potentials of metal oxides such as alumina 

and titania by adsorption of TCNQ from organic solvents of varying basicities and 

found that the zeta potentials decreased in the order: acetonitrile> ethyl acetate> 1,4 -

dioxane, the order of increased basic strength of the solvents. 

The acid-base and electron-donor properties of rare earth oxides such as Pr601l 

[126], Ce02 [127], DY203 [128], Y203 [129-130], Sm2 0 3 [131], La203 [132] and 

Nd20 3 [133-134]. and their mixed oxides with alumina were investigated as a function 

of composition and activation temperature. The extent of electron transfer was 

characterised by magnetic measurements. Again, surface properties and catalytic 

activities of mixed oxides such as Ce02-Zr02 [135], Y203-Zr02 [136,137], La203-

ZnO [138] and Ah03-Ce02-DY203 [139] were also investigated. 

1.4 ALCOHOL DECOMPOSITION REACTION 

It has been well-established that the acidic, basic and redox nature of catalysts 

are the most important properties in metal oxide catalysis. Various physico-chemical 

methods of determining acidity and basicity of solids have been reviewed by Kijenski 

and Baiker [6] who also pointed out that every method has one or other limitation. The 

most sensitive probe of catalysts performance will continue to be the rate and 

selectivity of a chemical test reaction. In this context, alcohol decomposition has been 

widely studied because it is a simple method to determine the functionality of an oxide 

catalyst. 

There are two basic modes of reaction during alcohol decomposition - (a) 

dehydration to fonn an olefin and water and (b) dehydrogenation to form an aldehyde 



30 

(in the case of primary alcohols) or a ketone (in the case of secondary alcohol) and 

hydrogen. At higher temperatures, decomposition may involve carbon-carbon bond 

cleavage giving products like CO, C02 etc. At near ambient temperatures, ether can be 

a major product. The most widely ~tudied alcohol decomposition reactions are those of 
I 

isopropanol and of cycIohexanol. ' 

According to the generally accepted concept, dehydration is an acidic reaction 

whereas dehydrogenation activity is due to the combined effect of both acidic and basic 

sites on the system. Isopropanol decomposes to give propene by dehydration and 

acetone by dehydrogenation. From a mechanistic point of view, Ai et al. [14, 140,141] 

assumed that the dehydration of isopropanol is catalysed by an acid site whereas the 

dehydrogenation is catalysed by both acidic and basic sites through a concerted 

mechanism. Consequently, the dehydration rate is regarded as a measure of the acidity 

of the catalyst while the ratio of the dehydrogenation rate to the dehydration rate, as a 

measure of the basicity. However, the widely documented correlation found for 

alcohol dehydration is not so clear for alcohol dehydrogenation [142]. Often redox 

properties of catalysts are responsible for their oxidation activity and may predominate 

over their acid-base properties. According to Krylov [143] dehydrogenation is 

expected to be catalysed by p-type semiconductors and dehydration by n-type 

semiconductors. 

The mechanism of alcohol dehydration can be anyone among El, E2 or ElcB 

as outlined in the following scheme: [144] (Fig. 1.4.1) 

*1 X + C+-C-H~ 

X-C-C -H Xli, .... C-C .... ~ • 

El X-C-C' +W ~ 
C=c + HX 

Fig. 1.4.1. Three possible routes of dehydration reaction. 

]n El, C-OH bond rupture occurs with carbonium ion formation, the latter 

being capable of positional and geometrical isomerisation, all possible alkenes being 
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formed. In E2, the reaction is concerted, single step, with no intennediate fonned. 

Saytzef alkene orientation occurs from 2-01s, i.e. there are more alk-2-enes than alk-l­

enes. In ElcB, C-H bond repture occurs via the most acidic proton. Hofmann 

orientation of alkenes occurs, i.e. alk-l-enes predominate and there is a tendency for 
~ 

dehydrogenation to occur. The above categories are not clear cut and quite often 

intermediate situations can occur. The nature of alcohol is of importance and the order 

of ease of dehydration is tertiary> secondary> primary. Tertiary alcohols tend to react 

by the El mechanism due to the higher stability of tertiary carboruum ion. 

Gervasini and Auroux [13] made a 'direct' measurement of acidity and 

basicity of a large series of metal oxides microcalorimetrically by adsorption of probe 

molecules NH3 and C02. The same authors [145] made an 'indirect' measurement of 

acidity and basicity of the same series of oxides from the selectivities of isopropanol 

decomposition and attempted to correlate these with the 'direct' values. A relationship 

was found between the strength of the acid sites microcalorimetrically evaluated and 

the activation energy for the dehydration reaction. But there was no correlation 

between the strength of acid or basic sites or both of them and dehydrogenation 

parameters. 

By using temperature-programmed de sorption-mass spectrometry (TPD-MS) 

technique with pyridine (py), 2-6 dimethylpyridine (DMPY) and C02, the 

decomposition of I-phenylethanol and 2-propanol have been studied over several oxide 

catalysts and the results correlated with acid-base properties [142]. It is known that 

DMPY is selectively adsorbed on Br~sted sites, but not on Lewis sites whereas PY is 

adsorbed on both Brq)fisted and Lewis sites. As expected, the dehydration activity was 

appreciably correlated to Brq)fisted acidity and total acidity. Bezouhanova et al. [146] 

recommend dehydration activity of cyclohexanol decomposition as a simple method of 

determining Br~sted acid sites on a catalyst surface. 

The results of cyclohexanol decomposition have also been interpreted similar 

to the case of isopropanol. Dehydration of cyclohexanol gives cyclohexene while 

dehydrogenation gives cyclohexanone. The cyclohexene activity is related to the 
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surface acidity and the ratio of cyclohexanone to cyc10hexene activity to the surface 

basicity [ 147] . 

Most of the research work seeking to relate dehydration/dehydrogenation 

activity with surface acid - base properties has involved mixed rather than single 

oxides as the former provides a mean~ of varying acidity through composition changes. 

Iron oxide possesses inherent dehydrogenation properties but it was reported that in the 

.presence of Ah03 these properties are lost and it becomes a dehydration catalyst [148]. 

Decomposition of isopropanol was carried out on the solid solution system 

MgAh-xFex04 by Narasimhan et al. [75]. The system exhibited both dehydration and 

dehydrogenation activities. It was predicted that Fe3
+ sites act as the active sites for the 

adsorption of alcohol while the Fe3
+ site may be reduced to Fe2

+ during adsorption and 

subsequent reaction. However, it regains the Fe3
+ state by diffusing the electron to an 

adjacent Fe3
+ ion. In a similar way Gal_xFexCuMn04 spinel system has been studied 

for the decomposition of 1- octanol by Dube et al. [149]. They observed that increase 

ofFe3
+ ions at the A site increased the oetyl alcohol decomposition rate. According 

to them, when Fe3
+ replaces Ga3

+ ions, the number of active centres for the adsorption 

of alcohol molecule increases due to the hopping of A site ion between +2 'and +3 

states. 

Cyclohexanol decomposition has been investigated over the catalyst system 

Mgl-xZnxAh04 (0::; x::; 1) [150] and also over ZnxNh-xFe204 [151]. Costa et af. [152] 

by means of deuterium labelling experiments, have shown that the gas-phase 

dehydration of cyc1ohexanol over a solid zirconium phosphate catalyst, involves a 

long-lived carbocation intermediate and that the reaction proceeds via the El 

mechanistic route. 

1.5 FRIEDEL - CRAFTS ACYLATION REACTIONS 

Acylations and alkylations using Lewis acid catalysts such as AlCh, FeCh etc. 

and Br~sted acid catalysts such as CF3S03H, FS03H etc. are important in organic 

synthesis and the chemical industry. Acylations are involved in the manufacture of 

weed killers, dye intermediates etc. while alkylations are involved in manufacturing 

such important chemicals as p-xylene, ethylbenzene, cumene etc. However, these 

homogeneous catalytic processes have several disadvantages like the use of large 
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amounts of catalysts, unwanted isomerisations, corrosion of the reactors, environmental 

pollution by acidic waste water and spent catalysts, difficulty of catalytic recovery and 

so on. To eliminate these disadvantages, the use of soid acid catalysts have been 

attempted. Considerable body of literature exists concerning alkylation using solid 

acid catalysts. But, relatively fe,W reports exist regarding heterogeneous acylation 

reactions. 

Solid acids such as heteropolyacids [153], activated iron sulphate [154] and iron 

oxide [155] have been attempted for acylations~ but it was found that these catalysts 

dissolved into the reaction mixture during reaction and did not act as true 

heterogeneous catalysts. 

The first report of a truly heterogenious catalyst for acylation was probably due 

to Tanabe [47], who demonstrated that sulphated zirconia was an efficient catalyst for 

the acylation of chlorobenzene with o-chlorobenzoyl chloride. Hino and Arata [48] 

found the solid superacid, sulphated zirconia, to act as a true and active heterogeneous 

catalyst for the acetylation and benzoylation of toluene with acetic and benzoic acids 

and benzoic anhydride. The isomer distribution of the methylbenzophenones was para 

> ortho » meta, similar to the case with homogeneous acylations or aIkylations. The 

authors suggested that the adsorption site of the catalyst could be a strong Lewis acid 

site at Zr4+ created by the inductive effect of S = 0 or a Br?nsted site formed by the 

adsorption of water on Zr4+. The same team of researchers [49] reported that alumina 

sulphated by 2.5 M H2S04 followed by calcination functioned as a true and very 

active heterogeneous catalyst for benzoylation of toluene with benzoyl chloride or 

benzoic anhydride. The same reaction was found to be catalysed by several superacidic 

sulphated oxides and metal oxide-supported W03 [156]. In most cases, the reaction 

showed a continual increase of yield with time, proving them to be heterogeneously 

catalytic. In the cases of SOJFe203 and W03/ Fe203, however, the reaction failed to 

proceed further after 30-60 minutes, with benzoyl chloride as the acylating agent. In 

the latter two cases, the deep brown colour of the reaction mixture was indicative of the 

dissolution of FC203 as FeCh. which caused homogeneous catalysis. The catalytic 

performance of AI-promoted sulphated zirconia and sulphated titania for benzoylation 

of toluene with benzoyl chloride has been investigated [157]. A superacidic 
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perfluororesin sulphonic acid (Nafion-H) has been reported to be catalytically active 

for several types of acylation reactions [158]. 

Benzoylation of toluene [159] and selective benzoylation of o-xylene to 3,4-
~ 

dimethylbenzophenone [160] have been reported over zeolite catalysts. 

Acylation of aromatics was studied using rare earth (Sc,La,Nd) ion-exchanged 

KlO montmorillonite clay as the catalyst [161]. The reaction rate was found to 

increase with substrates containing electron-donating groups. Thus benzoylation of 

anisole took place giving high yield of products while benzene failed to react. 

Electron-donating groups stabilise the benzoyl cation intermediate, PhCO+ 

Laszlo and Mathy [162] found that transitional metal-exchanged KI0 

montmorillonite clay was quite effective for Friedel - Crafts alkylation of aromatics~ 

Zr4+ and Ti4+, in general, giving the best results. 

The liquid phase Friedel-Crafts benzylation of benzene has been investigated 

using CuCr2-xFex04 spinel catalysts [163]. DRIFT spectra of adsorbed pyridine 

showed the presence of both Lewis and Br;nsted acidic sites on the surface of the 

spinels. The number of Lewis acid sites increased as the iron content of the system 

increased. Conductivity measurements showed that all the catalysts are 

semiconductors, with the activation energy (band gap) decreasing with the iron content. 

CuFe204 gave the highest yield of products. The Lewis acidity of the catalysts, coupled 

with the low value of activation energy has been suggested as mainly responsible for 

the good catalytic performance. Due to the generally unreliable kinetic behaviour of 

Friedel-Crafts systems, very few kinetic rate studies of alkylations and acylations were 

ever undertaken for the homogeneous systems [164], let alone for the heterogeneous 

ones. 

It is presumed that the heterogeneous Friedel-Crafts reaction proceeds through 

the carbocation or the acyl cation as the intermediate. In the case of superacidic 

catalysts, the Br;rtsted acid site can be the active site to produce these intermediate 

cations. In other situations, strong Lewis sites are responsible for producing these 

cationic intermediates. 



1.6 OBJECTIVES OF THE PRESENT WORK 

By and large, ferrites are commonly produced by conventional ceramIC 

processes involving high temperature (~1200°C) solid state reactions between the 

constituent oxides/carbonates. These methods have some inherent drawbacks such as 

poor compositional control, chemical inhomogeinity, coarser particle size etc. Wet 

chemical methods such as hot (100°C) coprecipitation, sol-gel method etc. have 

overcome these drawbacks and produced fine and homogeneous ferrite powders. 

Recently there are reports of preparing spinel ferrites by the low temperature 

controlled chemical coprecipitation method using aqueous solutions of the metallic 

nitrates and sodium hydroxide as the precipitating agent [165]. So, in this work we 

prepared some ferrospinels containing Co, Ni and Cu, by adopting this soft chemical 

route. Two series of ferrospinels of fonnula Ni1-xCuxFe204 and Co1-xCuxFf204 where 

x varies as O. 0.3, 0.5, 0.7 and 1 were prepared. All these systems have the inverse 

spinel structure and only the Co-Cu or Ni-Cu ratio varies in the octahedral sites as x 

varies. The acido - basic and redox properties ofthe systems also vary with x. 

The discussion of results has been done after sub-dividing the catalytic systems 

into simple ferrospinels, AFe104 (A = Co, Ni and Cu) and mixed ferrospinels of the 

Ni-Cu series and the Co-Cu series (x = 0.3, 0.5 and 0.7). Following the discovery of 

superacidity in sulphated metal oxides, especially zr02, much work has been done on 

modifying metal oxides with anions like sulphate, phospshate etc. Since sulphated 

Fe20J is one among the solid superacids reported, we have taken up in this work, the 

modification of the ferrospinel systems with sulphate ion and investigating their 

properties. The main objectives of the present work are the following: 

> To prepare ferrospinels of Co, Ni and Cu by low temperature co-precipitation 

methods and also their sulphated analogues and characterise these by various 

physico-chemical methods like XRD, EDX, BET surface area, FTIR, Mossbauer, 

TGAetc. 

> To study the effect of copper substitution in the spinel matrix of nickel and cobalt 

ferrospinels. 
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) To evaluate the surface basicity using electron acceptors of various electron affinity 

values. 

) To study the vapour -phase cyc\ohexanol decomposition reaction and correlate the 

results with surface acid-base and redox properties. 

) To evaluate the surface acidity by gravimetric adsorption ofn-butylamine followed 

by TGA and also by the dehydration selectivity of cyclohexanol decomposition. 

) To assess the catalytic activity by studying the Friedel-Crafts benzoylation reaction 

of toluene. 

) Sulphation of oxides is known to create new active sites. .so another objective is 

to prepare sulphate-modified analogues of all samples under study and explore 

their surface properties and catalytic activities. 

) To explore the effect of activation temperature on the properties of the catalysts by 

doing the above studies at activation temperatures of 3000 C and 5000 C. 

) To reaffinn the trends in benzoylation of toluene by doing the benzoylation of 

benzene with the ferrospinel samples. 
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2.1 CATALYST PREPARATION 

Two series of ferrospinels of fonnulae Nh.xCuxFez04 and Co1•xCuxFe204 

(x = 0,0.3,0.5,0.7 and 1) and their sulphated analogues were prepared for the present 

work. Their compositions and chtion distributions are summarised in the following 

table. 

Table 2.1 Catalyst compositions and cation distributions of ferrospinels containing 

Co, Ni and Cu. 

x composition Cation at 

Tetraherdal site Octahedral site 

Simple ferrospinels 

0 NiFe20 4 Fe3+ Fe3+Ni2+ 

0 COFez04 Fe3+ Fe3+Co2+ 

1 CuFe204 Fe3+ Fe3+Cu2+ 

Mixed Ferrospinels 

i) Ni - Cu series 

0.3 Nio.7CUo .. 3Fez04 Fe3+ F 3+ N" 2+ C 2+ e 10.7 Uo.3 

O.S Nio.sCUo.sF e204 Fe3+ Fe3+ Ni 2+ C 2+ o.s Uo.s 

0.7 Nio.3CUo.7F ez04 Fe3+ F 3+ N· 2+ C 2+ e 10.3 Uo.7 

ii) Co - Cu series 

0.3 COO.7CUo.3Fe204 Fe3+ F 3+ C 2+ C 2+ e 00.7 Uo.3 

0.5 COo.sCUo.SFez04 Fe3+ F 3+ C 2+ C 2+ e 00.5 Uo.S 

0.7 COO.3CUo.7Fe204 Fe3+ F 3+C 2+C 2+ e 00.3 Uo.7 

Preparation of these systems was done by the 'soft' chemical route reported by 

Date et al [1]. Extra pure grade Ni(N03k6H20, Co(N03k6H20, CU(N03)2.3H20 

and Fe(N03)3.9H20 from Merck were used as such, without further purification. 

Metals were coprecipitated as their hydroxides from their nitrate solutions using 

sodium hydroxide as the precipitating alkali. Stoichiometric masses of the nitrates 
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were accurately weighed out and dissolved in distilled water to the following 

molarities. 

1. ferric nitrate: 2.6 M 

2. cobalt nitrate : 3.4 M 

3. Nickel nitrate: 3.4 M 

4. Copper nitrate: 3.4 M 

Solutions of the metal nitrates were mixed thoroughly and the mixture was 

added rapidly to stoichiometric amount of 5.3M NaOH solution with stirring. 

Temperature of the slurry rose to 45-50°C due to the exothennic nature of the 

precipitation reaction. The pH of the final slurry was carefully adjusted between 10 

and 11. The precipitate was kept overnight for aging and then washed several times 

(about 10-12 washings) with distilled water until free from nitrate ion and alkali. It 

was filtered and then dried in an air oven at 120°C for 48 hours and was calcined at 

3000e for 3 hours to achieve transformation into spinel phase. The dried materials 

were powdered and sieved below 75 J..lm mesh. 

Sulphation of spinel samples was done by the standard 'impregnation' 

method. 30 g of each of the spinel oxide samples was immersed in 150 ml of 0.2 M 

CNlf4hS04 solution and mechanically agitated for 4 hours. The mixture was kept 

overnight and filtered without washing. It was then dried at 1200C for 24 hours, 

powdered and sieved below 75 J.1m mesh. 

2.2 CATALYST CHARACTERISATION 

The prepared catalyst samples were characterized by adopting a variety of 

physico-chemical methods. Before each characterization, the samples were activated 

for 3 hours at temperatures of 3000 e or 500°C. A brief discussion of each method 

of characterisation along with the experimental aspects adopted is presented below. 

2.2.1 X-ray Diffraction analysis 

X-ray diffraction (XRD) by crystals is the most widely employed method for 

determining the three dimensional structure of solid substances. Complete 

determination of crystal structure by locating the coordinates of all the atoms needs 

good single crystals at least of the size of about 1 mm. Most commonly found solids 
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are however, polycrystalline, meaning that each particle is made up of a large 

number of randomly oriented tiny crystals [2]. It is possible to get important 

structural information by recording the X-ray diffiaction pattern of powdered 

polycrystalline samples by the powfler diffiactometer method. 

Monochromatic X-rays dike eu Ka or Mo Ka source) are reflected by 

families of planes in the polycrystalline material when the Bragg equation, 2d sin (} = 

M, is fulfilled, where d is the interplanar spacing, (} is the angle between the planes 

and the X-ray beam (Bragg angle), A is the X-ray wave length, and n is an integer 

called the order of reflection. Families of planes are identified by a system of Miller 

indices, hkI. These are integers and correspond to the number of times a family of 

planes strike the a,b, and c edges of the unit cell. 

Powder diffiactometer can produce accurate data in less than half an hour. 

The specimen for diffiaction studies is prepared by packing the powder into the 

window of an aluminium holder backed by a glass slide. The plate containing the 

specimen is rotated and the diffracted X-rays are detected using a proportional 

counter or scintillation counter, rotating at twice the speed of the specimen. The usual 

scan speed is 2° 29 per minute. The X-rays reaching the detector are registered and 

displayed on a paper chart recorder as series of peaks on top of background due to 

'white' radiation, together with a scale of 29. The Bragg angles are simply read off 

the diffiactometer trace and rough values of relative intensity are derived from peak 

heights above background. 

Every crystalline substance has a unique X-ray powder pattern because line 

positions depend on unit cell size, and line intensity depends on the type of atoms 

present and on their arrangement in the crystal. Materials are identified from these 

values in conjunction with the 'Joint Committee on Powder Diffiaction Standards' 

(JCPDS) Powder Diffiaction File. This contains sets of cards containing X-ray data 

for most known crystalline phases. The data include d-spacing and relative intensity 

(mJ) values, Miller indices, unit cell dimensions etc. The appropriate Data Card is 

retrieved and the experimental data, especially those of the three strongest peaks are 

matched with the standard values [3]. 
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Powder diffractometer method has many other applications than qualitative 

phase analysis. Some of these are quantitative phase analysis, determination of unit 

cell parameters, study of preferred ,.orientation and the determination of particle size 

[3]. 

Rough estimate of particle size less than 0.1 Jlm diameter can be obtained 

from the amount of line broadening using the relation, 

t = A./B cos e 
where B = line width (Full Width-Half Maximum) of the strongest peak (in radians), 

O=Bragg angle and t = the crystal diameter. The line broadening gives the size of the 

crystals and not the size of the particles since a particle may contain a number of 

crystals [4]. 

The diffractometer traces of the catalyst samples were taken using RIGAKU 

D IMAX-C instrument. 

1.1.1 Infrared Spectroscopy 

Infrared (IR) spectroscopy has been widely used in catalysis for identifying 

the structural features of the catalyst itself, as well as for identifying the adsorbed 

species and reaction intermediates on the catalyst surface. Conventional dispersive 

infrared spectrometers are gradually being replaced by Fourier Transform Infrared 

(FTIR) instruments due to many added advantages like improved spectral quality, 

higher sensitivity, suitability for use in the low frequency region «600 cm-I) etc. In 

FTIR, a polychromatic incoming infrared beam passes through an interferometer, the 

sample and reaches the detector to produce an interferogram where the spectral 

information is in the line domain. It is converted to frequency domain spectral data 

using Fast Fourier Transform done with a computer attached to the instrument. The 

sampling of solids for infrared studies are most commonly done as KBr pellets or 

wafers. 

The introduction of Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS) by Fuller and Griffiths [5] in 1978 has revolutionalised the 
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application of IR spectroscopy to yield valuable spectroscopic information inherent 

in a mid-IR (4000-200 cm-I) spectrum. Diffuse reflectance differs from ordinary 

reflectance, in that, here, the angular distribution of the reflected radiations is 

independent of the angle of incidence. A diffuse reflectance spectrum is obtained by 
'!' 

the collection and analysis of surface-reflected electromagnetic radiation as a function 

of frequency using Fourier Transform technique. Thus it is more sensitive to surface 

species than the bulk of particles and hence is most suitable to explore the surface 

chemistry of high surface area powders. DRIFTS enables the rapid identification of 

powders with little or no sample preparation and a very little (about 0.1 mg) amount 

of the sample. Thus, for a variety of reasons, DRIFTS is becoming the single most 

important technique of studying the surfaces of catalyst powders [6]. 

The IR spectra of the catalyst samples have been taken in order to identify 

sulphation and to reaffIrm the identification of the spinel phase. Ferrospinels 

typically give two absorption bands below 1000 cm- l [7] and sulphated samples 

typically show a number of weak bands in the range 900-1100 cm-! and sometimes, a 

strong band near 1380 cm-! [8]. 

The FTIR spectra were taken using Shimadzu FTIR-8101 and the DRIFT 

spectra were taken using a DR-IR (Shimadzu). 

2.2.3 BET Surface area determination 

The Brunauer, Emmett and Teller (BET) method [9] has been adopted as a 

standard procedure for surface area determination of powdered catalysts. The BET 

theory of adsorption is an extension of Langmuir model to multilayer adsorption. 

The basic assumptions of the BET model are (i) the heat of adsorption for an 

adsorbate -adsorbent system does not change with surface coverage which means that 

all the adsorption sites on a given surface are energetically homogeneous (ii) the 

adsorption is multilayer and the heat of adsorption of the second and the subsequent 

layers are the same as the heat of condensation of the adsorbate and (iii) the model 

assumes a dynamic equilibrium within each layer. 
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The BET equation is conveniently expressed in the form, 

p f[v (Po - p)] = 1/ [Cvm] + [( C - 1) I (vmC) ] (P/po) 

where C = a constant for a given system at a given temperature and related to 

the heat of adsorption, v = th~ volume adsorbed at equilibrium pressure p, 

Vm = volume of the adsorbate necbssary to form a monolayer on the surface, and 

po = saturated vapour pressure of the adsorbate. 

This equation predicts a linear plot (BET plot) between the experimental 

p I[v (Po - p)] and p/po values with slope equal to ( C - 1) I (vmC) and y- intercept 

equal to I/(Cvm). From the slope and intercept, Vm can be calculated. The specific 

surface area of the sample is then calculated using the relation, 

Surface area (m:Z g-1) = Vm No am I( 22414 wt ) where am = average area 

occupied by the adsorbate molecule, 

No = Avagadro number and 

wt = mass of the solid sample used for surface area measurements. 

Adsorption of nitrogen gas at its boiling point is generally used for surface 

area measurements using BET method, am for N:z being taken as 0.162 nm2 . The 

linearity of BET plot is severely restricted to within the p/po range of 0.05 - 0.30. A 

very high or very low C value will create considerable error in calculating the 

effective adsorbate cross-sectional area. High C values are likely to be associated 

either with localised monolayer adsorption or with micropore filling. Best results are 

obtained ifC values are within the approximate range 80-120 [10]. 

The surface areas of all the catalyst samples have been measured by BET 

nitrogen adsorption at liquid N:z temperature using the Micromeritics Gemini 

Analyser. 

2.2.4 Pore Volume determination using mercury porosimetry 

Dubinin [11] has classified pores according the their diameters as micro pores 

«20AO), macropores (>200AO), and intermediate pores, now called mesopores 

(between 20 and 200 AO). The pore size can be determined either from an adsorption 

isotherm or by using a mercury porosimeter. The underlying principle of mercury 
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porosimeter is to relate the force necessary to intrude a non-wetting liquid like 

mercury, to the average radius of the pores which are filled. The number of these 

pores is related to the volume of mercury needed to fill pores of certain average 

diameter. The relationship among the pressure(AI», surface tension(y), contact angle 

(9) and pore radius(rp) is given by [12], 

AI> = - 2 Y cos e / rp 

For mercury, y = 480 dyne cm- l and e =1400 so that the above equation enables one 

to calculate the pressure that will be needed to force mercury into pores of radius rp. 

The apparatus consists of a calibrated piston pump, connected to a thermostated high 

pressure cell and a pressure gauge. The zero penetration volume is noted when the 

pressure just begins to rise. Usually these instruments are automated such that the 

volume and pressure signals drive an X-Y recorder or the data are collected on 

computer for post-run processing and manipulation. 

The pore volumes of the catalyst speCImens were determined usmg a 

Quantachrome mercury porosimeter. 

2.2.5 Energy Dispersive X-ray (EDX) fluorescence analysis and Scanning 

Electron Microscope (SEM) 

Energy dispersive X-ray (EDX) fluorescence analysis is a relatively new 

analytical technique used for qualitative and quantitative elemental analysis of solid 

specimens. As the name implies, it separates the characteristic X-rays on the basis of 

their photon energies rather than on their wave lengths. The instrumentation has been 

made possible due to the simultaneous development of the Si(Li) detector, the multi­

channel pulse height analyser and powerful microcomputers [13]. 

The Si(Li) detector cooled by liquid N2 receives undispersed characteristic X­

rays from a fluorescing specimen. The amplified detector output is then digitised and 

the pulses accumulated in channels, each channel representing a small range of 

energy. For quantitative analysis, data are transferred to a computer for the 

calculation of elemental concentrations. For qualitative analysis the data may be 

displayed in a number of ways, eg, as a series of peaks (intensity vs. energy) on a 

cathode ray oscilloscope. 
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The compact geometry of the spectrometer allows the use of low power X~ray 

tubes and results in specimen preparation not being very critical. The simultaneous 

measurement and display of the energy spectrum result in rapid quantitative and 

qualitative elemental analysis. However, the method has some limitatiol\ mainly 

imposed by the Si(Li) detector. The technique cannot detect elements lighter than 

sodium and the resolution of low energy radiation is poor. Again, it is not possible 

to achieve high sensitivities of weak peaks when strong ones are also present. 

Scanning Electron microscopy (SEM) is based on the strong interaction of 

electrons with matter and their appreciable scattering by quite small atomic clusters. 

Electrons can be conveniently deflected and focused by electric or magnetic fields 

so that magnified real-space images can be formed in addition to simple diffraction 

patterns. In SEM, the electron optics act before the specimen is reached to convert 

the beam into a fine probe which can be as small as 100 AO in diameter at the 

specimen surface [14]. This enables very impressive, in-focus images to be obtained 

from the highly irregular structures typical of catalyst specimens. The technique is of 

great interest in catalysis particularly because of its high spatial resolution. However, 

a serious drawback is that, the result need not be really representative of the whole 

sample. This can be overcome by making many analyses at different locations of the 

sample particles and for many catalyst particles. 

SEM analysis was done using Stereoscan 440: Cambridge, u.:t:< Scanning 

Electron Microscope. 

2.2.6 Mossbauer spectroscopy. 

Mossbauer spectroscopy has matured into an important technique for catalyst 

characterisation, although its application is limited to a small number of Mossbauer -

active elements among which iron, tin, europium, iridium, ruthenium, antimony, 

platinum and gold are probably the most relevant for catalysis [15]. This technique 

. yields information's like oxidation state, magnetic properties and lattice symmetry of 

these elements in catalyst specimens. The use of specimens in the form of micro 
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crystallites ensures that the information obtained bears considerable significance to 

the chemical state of the surface of the catalyst [16]. The great advantage of 

Mossbauer spectroscopy is that its y-ray photons 'see' inside reactors to 'reveal 

catalyst chemistry and structure under in situ conditions of high temperature and 

pressure. 

Mossbauer spectroscopy is based on Mossbauer effect, the recoil-free y-ray 

emission and resonant absorption as achieved by putting the emitting and absorbing 

nuclei within a rigid solid matrix. Its importance lies in the very narrow line width of 

the y-ray spectrum. Consequently it is able to probe the minor variations in nuclear 

energy levels resulting from any discrete changes in the chemical state and/or 

environment of the Mossbauer nucleus. 

The most widely studied Mossbauer isotope is 57Fe having a natural 

abundance of around 2%. The Mossbauer spectrometer essentially consists of ay-ray 

source attached to a Doppler-shifting device, the sample (absorber) and a detector 

(G.M counter) which is connected to an amplifier and then to a pulse generator. The 

source ofy-rays is excited s7Fe nuclei, produced by the decay of 57 Co isotope. These 

excited 57Fe nuclei, in turn, decay in various modes emitting y-rays of which the 14.4 

keY y-ray is of interest in Mossbauer spectroscopy. For scanning the minor energy 

changes in the sample nuclei, the source y-ray energy is modified by Doppler shift 

generated by the controlled movement of the source. Thus Mossbauer spectrum 

consists of a plot of counts vs the applied Doppler velocity in the range of -10 to + 10 

mm S·I. 

The three important Mossbauer parameters are (i) isomer shift, (ii) the 

electric quadrupole splitting, LlliQ and (iii) the magnetic hyperfine splitting. 

The isomer shift, a, is the consequence of the Coulomb interaction between 

the positively charged nucleus and the negatively charged s-electrons which have 

definite density within the nuclear volume. Since the size of the nucleus in the 

excited state differs from that in the ground state, the Coulomb interaction energies 

are different as well. The isomer shift, therefore, is a measure of the s-electron 
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density at the nucleus, and yields useful information on the oxidation state of the iron 

in the absorber. Isomer shifts are expressed in velocity units, mm/s, and are given 

with respect to the peak position of a reference such as metallic iron or sodium 

nitroprusside. 

The electric quadrupole splitting, LlliQ is caused by the interaction of the 

electric quadrupole moment of the nucleus with an electric field gradient (EFG). 

The nucleus of iron in the excited state has the shape of an ellipsoid and possesses 

an electric quadrupole moment. The origin of EFG is twofold. It is caused by 

asymmetrically distributed electrons in incompletely filled shells of the atom itself 

and by charges on neighbouring ions. If the symmetry of the electrons is spherical 

and that of the surrounding ions is cubic, EFG vanishes. 

The magnetic hyperfine splitting, also known as the Zeeman eifect, arises 

from the interaction between the nuclear magnetic dipole moment and the magnetic 

field H at the nucleus. This interaction gives rise to six transitions (magnetic 

sextuplet) with the separation between the corresponding peaks in the spectrum 

proportional to the magnetic field at the nucleus. 

Often, all these three interactions occur simultaneously. In catalysts, the 

usual situation is that the quadrupole interaction is much smaller than the magnetic 

interaction. Again, Mossbauer lines may be broad, overlapping and ill-resolved and 

various curve fitting methods are then used to sort out the situation. 

Yet another application of Mossbauer spectroscopy is to determine particle 

size. If the particle size is very small, a ferro or ferrimagnetic specimen fails to show 

magnetic splitting at room temperature. This is because the thermal excitations of 

energy kT at room temperature are energetic enough to decouple the magnetisation 

from the lattice causing the magnetisation vector of each particle to fluctuate rapidly 

over all directions. Thus the Mossbauer nucleus feels an average magnetisation of 

zero and a singlet or a doublet (in the case of quadrupolar splitting) Mossbauer 

spectrum, characteristic of superparamagnetic substance, results [17]. Now the 

particle size can be determined by studying the Mossbauer spectrum of the 
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superparamagnetic substance at varying temperatures and/or applied magnetic fields 

[17]. Shift from superparamagnetic singlet to ferro or ferrimagnetic sextet 

Mossbauer spectra is often found as the measuring temperature is lowered because 

the critical particle size to maintain magnetic property becomes smaller at lower 

temperatures [18). 

The Mossbauer spectra of the catalyst samples have been taken using the 

constant acceleration type Austin (USA) S-600 Mossbauer spectrometer. 

2.2.7 Thermogravimetric analaysis (TGA) 

Thermogravimetry is a technique where the weight of a sample can be 

followed over a period of time while its temperature is being raised linearly. 

Recording analytical balances with provision for controlled heating of a sample are 

called thermobalances. In a thermogravimetric curve the horizontal portions point 

out the regions where there is no weight change, whereas the weight loss is indicated 

by the curved portions. In the derivative thennogravimetric curve (DTG), dips 

correspond to weight loss and plateaus correspond to no weight change. 

The TGA of catalyst samples has been done using TGA - 50 ( Shimadzu) at 

the rate of heating of 10° per minute. 

2.3 DETERMINATION OF SURFACE ELECTRON-DONOR PROPERTIES 

(a) Reagents and purification methods: 

The electron acceptors used in the study are: 

7,7,8,8 -tetracyanoquinodimethane (TCNQ) 

2,3,5,6 -tetrachloro-p-benzoquinone (chloranil) and 

p-dinitrobenzene. 

TCNQ was obtained from Merck -Schuchandt and was purified by repeated 

recrystallisation from acetonitrile [19]. Chloranil was obtained from Sisco research 

laboratories Pvt. Ltd. and was purified by recrystallisation from benzene [20). 

p - Dinitrobenzene was supplied by Koch Light laboratories Ltd. and was purified by 

recrystallisation from chloroform [21]. 
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Acetonitrile was used as the solvent. SQ grade acetonitrile obtained from 

Qualigens Fine Chemicals was first dried by passing through a column filled with 

silica gel 60-120 mesh size activated at 110° C for 2 hours. It was then distilled with 

anhydrous phosphorus pentoxide and the fraction distilling between 80-82°C was 

collected [22]. 

(b) Method adopted for adsoIption studies: 

The catalyst was activated at a particular temperature for 3 hours prior to each 

experiment. Adsorption study was carried out over 0.5 g catalyst placed in a 

cylindrical glass vessel fitted with a mercury sealed stirrer. Before sealing, the 

sample was outgassed at 10 torr for one hour. 10 m1 of solution of an electron 

acceptor in acetonitrile was then admitted to the catalyst. Stirring was continued for 

4 hours in a mechanically driven stirrer at 28° C in a thermostated bath and the oxide 

was collected by centrifuging the solution. The amount of electron acceptor 

adsorbed was determined from the difference in the concentration of the electron 

acceptor in solution before and after adsorption, which was measured by means of a 

Shimadzu DV - VIS spectrophotometer. The Amax of electron acceptors in 

acetonitrile are 393.5 nm for TCNQ, 288 nm for chloranil and 262 run for 

p-dinitrobenzene. From the absorbance vs. concentration linear plots, any unknown 

concentrations have been determined. 

2.4 ACIDITY DETERMINATION BY GRAVIMETRIC ADSORPTION OF 

n-BUTYLAMINE 

Determination of the strength of the acidic sites exposed on the solid surface 

as well as their distribution is a necessary requirement to understand the catalytic 

properties of solid acids. Among all the physico-chemical methods of determining 

acidity as reviewed by Kijenski and Baiker [23], temperature-programmed 

desorption and calorimetric measurements are the most promising. However, the 

gravimetric adsorption of n-butylamine followed by TGA is a very simple method to 

determine strength and distribution of acid sites on catalyst surfaces [24,25]. 

Catalysts were kept in a desiccator saturated with n-butylamine vapour at 

room temperature for 48 hours. Then the weight loss of the adsorbed sample was 
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measured by TGA ( Shimadzu TGA-50 ) operating between 40 to 6000 C at a rate of 

20° Iminute. The weight loss between 150-300, 301-450 and 451-600°C are 

considered to be measures of weak, medium and strong acid sites, respectively. 

2.5 VAPOUR-PHASE CYCLOHEXANOL DECOMPOSITION REACTION 

CycIohexanol from Merck was used as such without further purification. The 

reaction was done at atmospheric pressure in a fixed bed, vertical, down-flow, integral 

silica reactor placed inside a double-zone furnace (Solelem - France). Schematic 

diagram of the reactor set up is shown in Fig 2.4.1 The catalysts were pressed, 

pelletised and broken into uniform pieces and sieved to obtain catalyst particles of 

size 10-20 mesh. Exactly 3 g catalyst was charged each time in the centre of the 

reactor in such a way that the catalyst was sandwitched between the layers of inert 

porcelain beads. The upper portion of the reactor served as a vapouriser cum pre­

heater. All heating and temperature measurements were carried out using 'ApJab' 

temperature controller and indicator instruments. 

A thermocouple was positioned at the centre of the catalyst bed to monitor 

the exact temperature of the catalyst bed. The catalysts were activated in the reactor 

itself at 573K in a sufficient flow of dry air or at least 3 hours before each run. The 

liquid reactant was fed by a syringe pump (ISCO Model 500 D). The products of the 

reaction were collected downstream from the reactor in a receiver connected through 

a cold water circulating condenser. Products were collected at various time intervals 

and analysed by gas chromatography (Shimadzu, Model 15A, HP ultra capillary 

column, FID detector, N2 carrier gas, injection port temperature 2500 C, column 

temperature 80°C, detector temperature 250° C.) Identification of products was done 

by comparing the GC retention times of expected products with those of standard 

chemicals. 

2.6 LIQUID-PHASE BENZOYLATION REACTIONS 

Toluene and benzene from Qualigens Fine Chemicals were purified according 

to the standard procedure [26]. Benzoyl chloride from Merck was used as such. A 

mixture of toluene and benzoyl chloride in the molar ratio 3.6:1 (toluene: 10 ml, 

benzoyl chloride: 3 ml) is refluxed at the b.p of the mixture with 0.100 g of the 
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activated catalyst sample for 30 minutes. The products were analysed using gas 

chromatography.{ Chemito 8510, SE 30 column, FID detector, N2 carrier gas, 

injection port temperature 250°C, column temperature programmed as 100°C for 2 

minutes followed by heating at the rate 7° per minute upto 170°C, detector 

temperature 250°C). The products were identified by GC - MS. 

Similarly a mixture of benzene and benzoyl chloride in the molar ratio 4.3:1 

(benzene: 10 ml and benzoyl chloride : 3 ml) is refluxed at the boiling point of the 

mixture with 0.150 g of the activated catalyst sample for 1.5 hours. The products 

were analysed using gas chromatography, with details the same as for the previous 

benzoylation. 
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1. Syringe pump 
2. Gas inlet 
3. Furnace 
4. Silica reactpr 
5. Thermocouple 
6. Condenser 
7. Sample container 
8. Gas outlet 

Fig. 2.4-.1. Reactor set-up for reactions carried out at atmospheric pressure 
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3.1 PHYSICAL CHARACTERISATION 

The catalyst samples prepared were characterised by adopting various 

physical methods such as X-ray diffraction analysis, infrared spectra, BET surface 

area, pore volume measurements. Energy Dispersive X-ray (EDX) analysis, 

Mossbauer spectra etc. The results of each method and their interpretations are given 

below. 

3.1.1 X-ray diffraction analysis 

The X-ray diffraction analysis of the catalyst samples has been done using 

RIGAKU DIMAX-C powder diffractometer and a few diffractometer traces are given 

in Fig 3.1.1.& Fig.3.1.2. The experimental dhkl values for the simple ferrospinels, 

agree very closely with the standard values given in the JCPDS Data Cards for these 

systems (Table 3.1.1). This identifies and confirms the spinel phase of the samples. 

Table 3. 1.1 Experimental and standard X-ray powder diffraction data for the first 

.three strong lines for the ferrospinels of Co, Ni and Cu. 

System JCPDS data 

100 2.51 

40 1.48 

30 1.61 

100 2.52 

64 1.48 

40 1.61 

100 2.52 

60 1.48 

50 2.96 

Experimental 
data, dw (A 0) 

2.51 

1.47 

1.60 

2.51 

1.48 

1.60 

2.50 

1.48 

2.96 

hkl 

311 

440 

511 

311 

440 

511 

311 

440 

220 
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The mixed ferrospinels of the Ni-Cu series and the Co-Cu series are treated as 

solid solutions obtained by the substitution of Ni or Co ofNiFe204 or CoFe204 with 

Cu ions. In interpreting the XRD of such substitutions, the substitutional site can be 

considered as 'statistically' occupied i.e., by a sort of 'composite atom' made up of 

the appropriate portions of the atoms involved [1]. There is a linear relation 

(Vegard's law) existing between the lattice parameters and the composition of the 

solid solution [2]. Thus the pattern of the solid solution is expected to be 

intermediate between those of the pure substances. The fact that the mixed ferrites of 

the Ni-Cu series and the Co-Cu series give almost identical XRD patterns with those 

of NiFe204 or CoFe204 proves that the Cu substitution does not change the site 

occupancy and that the mixed ferrites have the same inverse spinel structure as the 

pure ferrites. It is interesting to observe that the XRD data of all the samples are very 

much alike. This is an expected result. In the powder diffraction pattern, the line 

position depends on unit cell edge length and the line intensities depend on the type of 

atoms I'resent and their arrangement in the crystal. In the present systems studied, 

the compositional differences are due to different proportions of the atoms Ni, Co or 

Cu. These have close atomic numbers and hence close X-ray atomic scattering 

factors. Naturally, the lattice parameters are also expected to be very close to one 

another. These parameters for the ferrospinels of Ni,Co and Cu are given in Table 

3.1.2 [3]. The slight elongation of the CuF~04 unit cell along the z-direction is due 

to Jahn-Teller distortion. 

Table 3.1.2: Lattice parameters of the ferrospinels of Ni, Co and Cu 

Lattice parameters 

System 

Space Group 

Unit cell 
Edge length (A 0) 

Cubic Cubic 

Fd3m Fd3m 

a = 8.325 a = 8.380 

Cubic 

Fd3m 

a= 8.220 
c = 8.710 
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The XRD patterns of sulphated samples do not show differences from those of 

the unmodified samples. Components in a mixture occurring below about 5% by 

mass would be insufficient to give measurable diffraction lines [4]. As sulphate 

loading is very much less than 5%, it is not expected to cause changes in XRD 

patterns. As temperature of calcination increases, the XRD peaks become sharper. 

This is illustrated in Fig.3.1.3. for NiFe204. This is because the samples become 

more crystalline with calcination temperature. 

The average particle diameter (t) has been calculated from the glancing angle 

(8), peak width (B) of the strongest peak in the XRD pattern and the wavelength (A.) 

of the X-ray used, using the relation, t = IJ(B cos 9), and a few values are given in 

Table 3.1.3. These results show that copper-containing ferrospinels have relatively 

smaller particle size while CoFe204 has the highest particle size. 

Table 3.1.3: Average particle diameters of the catalyst systems from XRD data. 

System Average particle 

diameter (nm) 

NiF~04 25 

CoFel04 26 

CuFe204 16 

Nio.3Cuo. 7F e204 15 

S04 2-/Nio.3Cuo. 7F e204 18 

3.1.2 Infrared spectra 

The Diffuse Reflectance Infrared Fourier Transform (DRIFT) and Fourier 

Transform Infrared (FT-IR) spectra of the samples have been taken to supplement 

identification of the spinel phase and to confirm sulphate loading. Some of these 

spectra are shown in Fig. 3.1.4 - Fig. 3.1.8. 

The DRIFT spectra, taken in the 400-1000 cm- l wave number region, 

typically show two strong infrared bands VI and Vl around 700 cm- l and 500 cm- l 
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respectively. The first important paper on the infrared spectra of spinels was 

published in 1955 by Waldron [5] who, giving experimental data on seven ferrite 

spinels, showed that two absorption bands below 1000 cm-1 were a common feature of 

all the ferrites. He also assigned, based on a simplified theoretical treatment, the 

high frequency band near 700 cm-I to the tetrahedral M-O group stretching vibration 

and the low frequency band near 500 cm-I to the octahedral M-O group vibration. 

The basis ofWaldron's description is as follows: 

In the spinel lattice, every oxygen anion is bonded to three octahedral and one 

tetrahedral cation (Fig. 3. 1.9) 

CT0 /0 Co 

~o 0 Co 

oxygen 1 
Co 

Fig 3.1.9 The nearest cationic neighbours of the oxygen anion in the spinel lattice. 

Co : octahedral cation, eT : tetrahedral cation. 

The three octahedral bonds are perpendicular to one another and thus provide 

an isotropic force field in which the oxygen would be free to oscillate in the three 

directions if the tetrahedral bond was absent. The tetrahedral cation eT introduces a 

supplementary restoring force in a preferential direction along the eT - 0 bond. 

This is responsible for the VI mode in which the oxygen is forced to oscillate along 

the CT - 0 bond, and thus appears as a stretching vibration of the tetrahedral 

group. The highest restoring force is directed along the eT - 0 bond and the 

corresponding vibration i.e. a stretching vibration of the tetrahedral group is assigned 

to the high-frequency absorption band. If we now consider an oxygen vibration at 

right angle with the preceding one, the restoring force due to the tetrahedral cation 

eT will be negligible. This leads to the lower frequency V2 mode, which may be 

considered as a stretching frequency of the octahedral group. 
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Waldron's assignment is fairly acceptable for all inverse spinels, where 

cations with +3 oxidation state is present in tetrahedral sites and cations with +2 and 

+3 oxidation states, in octahedral sites. Waldron's interpretations have been 

supported by White et al. [6] who applied group theory to the classification of the 

vibrational modes of the spinels. However, an opposite opinion has been raised by 

Preudhomme and Tarte [7], according to which, in the case of normal spinels, the 

high frequency band should be assigned to the stretching vibration of the octahedral 

group, since the tetrahedral site is solely occupied by +2 cations and hence the CT - 0 

bonding force will be less than the Co _ 0 bonding force. 

Sulphate loading of the spinel samples has been qualitatively confirmed from 

their infrared spectra which always showed additional bands in the range 1200-1000 

cm -I for the sulphated samples (e.g., Fig 3.1.5 & 3.1.6). Such bands are characteristic 

of the sulphate group in ionic sulphates [8]. 

High resolution of these bands shows four absorptions - two strong ones near 

1100 cm-1 and 1050 cm-) and two weak ones near 1150 cm-I and 990 cm-t, which 

sometimes only appear as shoulders (Fig. 3.1.7 & 3.1.8 ). 

Infrared spectra of sulphated metal oxides, especially the superacidic 

sulphated Zr02, Hf02, Ti02, Fe20J and Sn02 have been the subject of detailed study 

for explaining the cause of superacidity and for proposing structure models for the 

surface sulphated species [9-13]. 

A common feature of all superacidic sulphated oxides is the presence of a 

strong band near 1400 cm -I and a number of bands at lower wave numbers in the 

range 1150-1000 cm-I [11]. The strong band near 1400 cm-} representing the 

asymmetric stretching frequency of s=o is often regarded as the characteristic band 

of sulphate-promoted superacids [14,15]. The presence of this band and hence 

superacidity, depends very critically on the water content of the sulphated oxides. 

Thus, calcination temperature of the catalyst and the precautions taken to keep the 

samples always in a dry condition are very crucial in generating superacidity. On 

most oxides which are hydrated or slightly dehydrated, surface sulphates are in 
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highly ionic form and gIve several Vs-<> bands localised at V ~ 1200 cm-I, 

reminiscent of crystalline inorganic sulphates or sulpahto complexes. In contrast, 

sulphates at the surfaces of oxides brought in vacuo to medium-high dehydration 

stage possess a highly covalent character, reminiscent of covalent organic sulphates. 

Only such sulphates give Vs=o stretching bands near 1400 cm-I, besides a number of 

lower frequency bands at v:s; 1150 due to Vs-o stretching modes. The IR spectra of 

sulphated zirconia are much more complex in having many bands in the 

1400-800 cm-I spectral region, suggesting several surface species to be present, 

whereas the IR spectra of sulphated titania or alumina are simpler, suggesting only a 

single surface species [9]. For sulphated alumina, there is an intense sharp band at 

1380 cm- l and an intense but broad band near 1045 cm-I. For sulphated titania, there 

is a similar sharp peak. at 1370 cm-I and a broad doublet at 1045 and 1005 cm-I in 

addition to a weak band at 1110 cm-I [9]. 

The various structural models suggested for sulphate species on zirconia have 

been reviewed by Song and Sayari [13]. Pyridine adsorption studies followed by IR 

spectrum show that there are both new Lewis and Bq6nsted sites created on sulphated 

oxides [16]. The mechanism of superacidity in sulphate-modified oxides remains 

controversial. Tanabe [17] attributed superacidity to an enhanced Lewis acidity of 

the Zr 4+ ions arising from the inductive effect of neighbouring S = 0 groups. 3Ip 

MAS NMR spectral studies of sulphated zirconia reveal that strongly acidic protons 

are responsible for superacidity [18]. But these strong Br~sted sites require the 

presence of adjacent Lewis acid centres. 

The effect of hydration on sulphated zirconia has been investigated by 

Morterra et al . [19] using infrared spectroscopy. In a medium-high dehydration 

stage, the IR spectra showed a strong band at 1370 cm-t, a broad unresolved band 

centred at 1200 cm-I and a broad partially resolved band at 1000-1050 cml . With 

increasing doses of water vapour admitted, the IR spectra showed that the strong 

band at 1370 cm-1 gradually disappeared and the lower frequency bands 

transformed into three bands at 1240 cm-1 ,1130 cm-I and 1070 cm-I with a weak 

shoulder appearing at 1000 cm-I. Such an IR pattern is typical of sulphato complexes 
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in a bidentate configuration with C2v symmetry [20]. Also a new band centred at 

1650 cm-I appeared .. This was due to OHOH band of undissociated water molecules. 

It was noticed that the IR spectra of sulphated alumina or titania also 

changed with presence of H2180 at 20° C and the new spectra resembled that of the 

traditional bidentate type sulphate species [9]. The authors propose that, in the 

absence of water, the sulphate has a structure resembling (MO)JS=O (M = AI or Ti) 

[ Structure I] whereas, in presence of H20 or excess surface OH groups, this is 

converted to (MOhSO (OH) [structure IT], thus accounting for the increased BrifJnsted 

acidity. (Fig. 3.1.10) 

M-07 M-O S=O 

M-O 

Structure I 

M-O /..9 
)s (H 

M-O "'-0 
Structure IT 

Fig.3 .1.1 O.Structure of surface sulphate accounting for the increased Br(.nsted acidity. 

The IR spectra of structure II are very close to those reported for bidentate 

metal sulphates. 

Returning to our IR spectra (Fig 3. 1.7 & 3. 1.8 ), the above discussion leads us 

to the following conclusions. 

(i) Lack ofIR band near 1400 cm-I reveals that none of the sulphated spinel samples 

under study possess superacidic qualities. This is explained by the fact that much of 

the characterisation and catalytic studies of the systems were done at the activation 

temperature of 300°C. At this temperature, the samples are still sufficiently hydrated. 

Broad XRD peaks show lack of sufficient crystallinity at 300°C (Fig. 3.1.3). Again 
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T.G studies (Fig. 3.1.16) reveal that complete dehydration ofsulphated samples occur 

just above 300°C. Finally, no special precautions, other than keeping in a desiccator, 

were taken (like keeping in vacuo in sealed tubes) to keep the 'catalyst samples 

perfectly dry before the various studies were done. The IR band at 1613 cm-1 

(Fig. 3.1.8.) is due to 8HOH vibration of undissociated water molecule; its intensity 

diminishes as the activation temperature is increased to 50(fC. 

(ii) The structure model of the sulphate species on our samples is suggested to be 

the hydrogenosulphate modified form,II (Fig. 3.1.10). The IR spectra of structure IT 

closely resemble that of the bidentage sulphate complex as having bands around 1150 

cm-I, 1130 cm-I, 1070 cm-I, and a shoulder at 980 cm-I. Our spectral bands also 

closely agree with these. The bisulphate model is preferred as it can also account for 

the enhanced Br~sted acidity evinced by the sulphated samples during 

decomposition of cyclohexanol (Chapter V). 

3.1.3 Surface Area and Pore Volume distribution 

The BET surface areas of all the catalytic systems calcined at 30(fC and 

5000C were measured using the Micromeritics Gemini Analyser. The results are 

given in Table 3.1.4 and the trends are shown graphically in Fig. 3.1.11 & 3.1.12. 

These data show that incorporation of copper into the ferrospinel systems of nickel 

and cobalt increases the surface areas of the systems calcined at 3000C while 

decreases the surface areas at the calcination temperature of 50ooC. This is a direct 

consequence of the fact that, among the ferrospinels of Ni, Co and Cu, CuFe204 has 

the highest surface area at 3000C while, the same CuFe204 has the lowest surface area 

at 50(J'C. Surface areas of sulphated systems are invariably higher than those of the 

unmodified samples except for CuFe204 and COo.3CUo.7Fe204. It has been shown that 

sulphation inhibits sintering of the metallic oxide and delays the transition from 

amorphous to crystalline phase [13]. Here also, the large surface areas of sulphated 

samples have been related to retardation of crystallisation into the spinel phase. It is 

interesting to observe that CuF~04 having the highest surface area among the simple 

ferrospinels, also has the lowest average particle size, as calculated from XRD line 

broadening. Keeping other factors aside, a finely divided catalyst sample will, not 

only have a higher surface area, but also a higher catalytic activity as was shown for 
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finely divided Ti02 [21]. The decrease in surface area with calcination temperature 

is partly due to completion of dehydration of the surface hydroxyl groups 

concomittant with the completion of crystallisation and growth of crystallite size and 

partly due to sintering. 

Table 3.1.4. BET surface areas of the ferrospinel systems. 

Surface area (m2 /g) 

Catalyst x 
Systems 

o 
0.3 

0.5 

0.7 

1.0 

o 
0.3 

0.5 

0.7 

1.0 

Unmodified 

300° C 

152.85 

177.01 

183.20 

174.40 

187.87 

94.58 

137.15 

134.41 

167.50 

187.87 

500°C 

45.14 

39.16 

28.78 

25.82 

19.77 

32.16 

23.07 

26.00 

30.00 

19.77 

modified with sulphate 

300° C 

196.34 

202.88 

211.52 

193.49 

187.66 

107.37 

152.34 

154.66 

162.66 

187.66 

500° C 

77.92 

71.80 

38.90 

38.02 

32.49 

46.29 

34.40 

40.00 

46.51 

32.49 

The availability of active centres as well as the transport of reactant and 

product molecules to and from the active surface can be accomplished by a proper 

pore size distribution. Thus the knowledge of porous structure parameters of catalysts 

is indispensable for their use in industrial processes, where resistance to flow should 

be as low as possible. The pore volumes of catalyst samples have been determined 

using mercury porosimeter and the values for three types of NiFC204 systems are 

given in Table 3.1.5. The differential pore volume curves are given in Fig. 3.1.13. 
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l 
I The pore size range, over which the major pore volume distribution occurs as inferred 
t ! from these graphs, is also given in the Table 3.1.5 

I 

I 

, 

f 

Table 3.1.5 Pore volume and pore size distribution ofNiFe204 samples. 

System Pore Volume Major pore size 

(cm3 g>l) distribution (AO) 

NiFe204 activated at 0.5283 20-50 

3000 e 

NiFe204 activated at 0.5108 50-150 

soooe 

solI NiFe204 activated at 0.4077 18-30 

30nae 

. 

Both the pore volume and pore size decrease with sulphation for a given 

catalyst at a given calcination temperature. This is due to the preferential attachment 

of sulphate at the corners and edges of the pores. This amounts to partial filling of the 

pores, reducing their effective radii and volumes. The pore volume decreases while 

i the average pore size increases with increase of calcination temperature. The decrease 

in pore volume is due to the decrease in the number of pores as the crystaIlites 

agglomerate by virtue of enhanced crystallisation and sintering. The increase in pore 

size is due to the increased dehydration of the surface hydroxyl groups, thus enlarging 

the surviving pores. 

3.1.4 Energy Dispersive X-ray (EDX) analysis and Scanning Electron 

Microgram (SEM) 

The compositions of the ferrospinel samples prepared have been checked by 

EDX analysis and the results for a few samples are given in Table 3.1.6 



Table 3.1.6:- Energy Dispersive X- Ray analysis (EDX) data. 

System EDXweight% 

Co : 34.20, Fe : 65.80 

Cu: 35.24, Fe: 64.76 

Ni: 32.19, Fe: 67.81 

Ni: 9.73, Cu : 25.88, 
Fe: 64.38 

Ni: 9.14, Cu : 25.01, 
Fe : 64.94, S : 0.90 

Ni : 31.94, Fe: 67.08, 
S: 0.98 
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Theoretical weight % 

Co : 34.50, Fe : 65.50 

Cu: 36.30, Fe: 63.70 

Ni: 34.40, Fe: 65.60 

Ni: 10.10, Cu : 25.60, 
Fe: 64.30 

There is good agreement between the experimental weight percentage of the 

elements and the theoretically expected weight percentage calculated from the 

stoichiometric formulae. Sulphate loading has been to an extent of about 1 % by 

mass of sulphur. In the study of sulphated zirconia, sulphur content usually varies in 

the range 0.8 to 3 weight % [13]. The nature of sulphur species rather than the 

sulphur content is important in influencing catalytic activity. For sulphated zirconia, 

Chen et al. [22] found that the maximum rate of n-butane isomerisation ( a test 

reaction for superacidity) occurred with the catalyst sample activated at 650°C, 

containing 1 % by mass of sulphur. Calculation shows that 1 % by mass of sulphur 

corresponds to a sulphate uptake of about 250 !lmo} g-1 . This, in turn , corresponds to 

about half monolayer coverage ( about 2 sulphur atoms per nm2 ) in a sample of 

surface area 100 m2 g-1 [11]. 

SCM photograph of CoFe204 calcined at 300°C is given in Fig.3.1.14. The 

small particle size ( about 250 A 0 diameter) of the sample is evident from this 

photograph. 
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3.1.5 Thermogravimetric Analysis 

Thermogravimetric analysis curve (TG) along with the corresponding 

derivative curve (DTG) for the systems NiFe204 and SOl-/NiFe204 are shown in 

Fig. 3.1.15 and Fig. 3.1.16 respectively. 

As shown in these figures , the TG curve involves a plot of % weight loss of 

the samples against the temperature while the DTG curve involves a plot of the 

corresponding derivative of the % weight loss vs. temperature. 

In the TG curve of NiFe204, the initial weight loss taking place below 100°C 

is due to the loss of physisorbed water. The weight loss occurring between about 180 

to 300°C corresponds to the removal of chemisorbed water out of the surface 

hydroxyl groups as the system gets more and more dehydrated into the oxidic spinel 

phase. This dehydration occurs at two distinct temperature ranges. around 180°C and 

280°C • as shown by the dips in the DTG curve. A similar behaviour was observed 

by Morishige et al. [23] who reported two distinct peaks around 240°C and 300°C in 

their graphical differentiation spectra of the TG curves for chemisorbed water 

desorption and assigned both peaks to surface hydroxyls. From 300°C onwards, the 

weight loss of the sample is very small and both the TG and DTG curves are almost 

horizontal to the temperature axis ( Fig.3 .1.15 ), proving the stability of the spinel 

phase. 

The TG curve for sulphated NiF~04 ( Fig.3.1.16 ) also starts with an initial 

sharp weight loss . But, here, it occurs in a sharper manner and over a wider range 

(from room temperature to about 130°C). This is accounted for by the loss of 

physisorbed water as well as loss of ammonia out of the decomposition of 

ammonium sulphate, the sulphating agent. Here the dehydration is delayed to a higher 

temperature and occurs in the range 280-350°C, the dip in the DTG curve being 

centred at 320°C. This can be explained by accepting the fact that sulphation delays 

transformation from amorphous to crystalline phase. Both the TG and DTG curves are 

almost horizontal from about 400 to 700°C proving the thermal stability of 
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the sulphated phase. But a new weight loss develops from 700°C and continues up to 

800°C. This should be due to the decomposition of the sulphate into S03/S02 vapours. 

Similar weight loss for sulphated metal oxides have been observed by Saur et al. [9], 

who noticed a weight loss between 650 to 720°C for sulphated titania and between 

650 to 800°C for sulphated alumina. The samples after calcination to such high 

temperatures did not give IR bands for sulphate, proving the loss of sulphate by 

decomposition [9]. 

3.1.6 MOSSBAUER SPECTRA 

The room temperature Mossbauer spectra of the simple ferrospinels of Co, Ni 

and Cu and the mixed ferrospinels, Nio.5Cuo.5F~04 and COo.5Cuo.sFe204, calcined at 

300DC are given in Fig 3. L 17 ( a to e ). The important Mossbauer parameters are 

summarised in Table 3.1. 7 

Table 3.1.7 Mossbauer Parameters ofFerrospinel samples. 

System· 
Isomer shift 

w.r.t. natural Fe 
(± 0.02 mm/s) 

0.34 

0.34 

0.36 

0.35 

• . Activation temperature: 300 0 C 

~EQ 
(± 0.02 mm/s) 

0.60 

0.74 

0.84 

0.70 

Line width 
(FWHM) 

(± 0.02 mmls) 

0.58 

0.56 

0.81 

0.54 
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Fig. 3.1.2 XRD ofNio.JCUo.7Fe104. A- unmodified. B- sulphate-modified, 

c- after use in the cyclohexanol decomposition reaction. 
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Fig. 3.1.3 XRD of NiFe,O,. A. calcined at 300°C B. calcined at 500°C 

Fig. 3. 1.14. Scanning Electron Micrograph (SCM) ofCoFe204 calcined at 300°C 
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These parameters throw light on the oxidation state, electronic environment 

and magnetic properties of the iron nuclei in the ferrite samples and also on the 

particle size of these samples, as the following discussion shows. 

All the isomer shift (LS) values quoted in Table 3.l.7 are with respect to 

natural iron. Fe1+ ions in ferrites are d5 systems and have zero crystal field 

stabilisation energy, both in tetrahedral and octahedral ligand fields due to oxygen 

anions. Its total spin, S = 5/2. The characteristic Mossbauer I.S. range for Fe1+ with 

S::;: 5/2 is within 0.2 to 0.5 mm S·l with respect to natural iron [24]. There is a small 

but definite difference in the isomer shift values of T -site Fe3+ and O-site Fe3+ ions, 

the value at the T-site being about 0.08 mm S·l less positive than that at O-site. This 

difference is attributable to a very slight Spl covalency, which the tetrahedral ions are 

known to experience. However, as the I.S values ofFe3+ in T- and O-sites are very 

close, the peaks overlap giving a single LS. value for the iron in the ferrite samples. 

It is evident from the I. S. data given in Table 3.1. 7 , that all the iron atoms in our 

ferrite samples are in +3 oxidisation state. 

The Mossbauer spectra given in Fig 3.1.17 (8 to d) are best fitted for doublets 

and thus show paramagnetic quadruple patterns. The spectrum for CoFfl04 

(Fig. 3.l.17e) is distinct and is typical of a sample having superparamagnetic 

behaviour, a stage in between paramagnetic and ferrimagnetic nature. Its Mossbauer 

parameters are not computed. 

The quadrupolar doublets prove the existence of an Electric Field Gradient 

(EFG) about the s7Fe nuclei, which interacts with the electric quadruple moment of 

the iron nuclei in the excited state. The EFG at a S7Fe nucleus may arise from a 

non-spherical distribution of the 3d electrons of the ion itself and/or from the charges 

on neighbouring ions. However, since Fe1+ has a half·filled 3d shell, the EFG arises 

only from the neighbouring ions and thus exists only at those sites having non-cubic 

point symmetry. In the inverse spinel systems presently studied, the tetrahedral or A 

sites have no chemical disorder and thus experience no EFG. But the octahedral or B 

sites develop an EFG along the [111] zone direction., not only due to the chemical 

disorder from the surrounding metal cations but also from the oxygen ions. This is 
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because, the size of the tetrahedral ions in the small A sites causes an outward push 

and hence displacement of the four surrounding oxygen anions along the [Ill] 

directions. The cubic symmetry (T d) of the A sites is maintained, but the cubic 

symmetry of the neighbouring octahedron (Ota) of oxygen anions around the B sites 

becomes distorted and changes to trigonal symmetry (03d), changing the trigonal 

component of the octahedral EFG [25]. (This is the cause of oxygen parameters 

greater than 0.375 for the simple ferrospinels of Co, Ni and Cu). The quadrupoJar 

splitting constant (LlliQ) is a measure of the magnitude of the EFG. LlliQ values for the 

copper-containing spinels are relatively larger. This is due to an additional distortion 

of charge symmetry, due to Jahn-Teller distortion. 

The Mossbauer line widths (expressed as FWHM) are a measure of the 

chemical disorder around the Mossbauer nuclei, which causes quadrupolar interaction 

inhomogeneity [25]. From Table 3.1.7, it is clear that high chemical disorder stays in 

Nio.5CUo.5F e204 system. The distinct feature of the Mossbauer spectrum of 

CoFe204 (Fig 3.l.17e ) can also be associated with the relaxation phenomenon. 

It is well-known that the ferrospinels of Co,Ni and Cu are ferrimagnetic. 

However, the magnetic hyperfine splitting is missing in the spectra given in Fig. 

3.l.17(8 to d). This is because, the particle size in our samples is not large enough to 

show ferrimagnetic effects. As the grain size becomes smaller, the magnetisation 

direction of each particle of the ultra-fine ferrite powder fluctuates by virtue of 

thermal excitation energy kT and hence cannot be fixed as in large crystals. The 

Mossbauer transition, which takes place on a time scale of 10-8 s, feels an average 

magnetisation of zero [26,27]. For CoFe204 (Fig 3.1.17e), there is some emergence 

of a magnetic hyperfine pattern. This may be due to the sample being partially 

paramagnetic and partially ferrimagnetic simultaneously as some particles are too 

small to maintain ferrimagnetic properly while others, large enough to become 

ferrimagentic. It is relevant to note here that the average particle size is the highest 

for CoFe204 among the simple ferrospinels, as from the XRD data (Table 3.1.3) 
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The Mossbauer spectra of CoFe204 and CuFe204 were taken., after these 

catalyst samples were used for the vapour-phase cyclohexanol decomposition reaction 

at 300°C, with a view to check whether there is any change in the particle size or in 

the oxidation state of iron , after the reaction. These spectra are given in Fig. 

3.1.1S(a&b) . The ch8!acteristic 6 -line spectra (sextuplet) representing the magnetic 

hyperfine interaction have been obtained. This shows the inheret ferrimagnetic nature 

of the spinel samples, which could be manifested by the growth in particle size 

during the catalytic reaction. The I.S data show that iron maintains the +3 oxidation 

state even after the reaction. The spectra exhibit the well defined Zeeman pattern 

consisting of two separate 6 line patterns, one due to Fe 3+ ions at the tetrahedral sites 

and the other due to the Fe 3+ ions in the octahedral sites. As expected , when the 

magnetic interaction is operative, the quadrupolar interaction is very small and this . 
explains the very small LlliQ values in the spectra shown in Fig. 3.1. 18 (a&b). 

In a ferrimagnetic spinel, the intersublattice magnetic interaction is stronger 

than either of the intrasublattice interactions. The average nuclear magnetic field for 

Fe3+ ions in each of the two sublattices is proportional to the average magnetisation 

of the sublattice. The average normalised magnetisation (Le. magnetisation per Fe3+ 

ion) of the tetrahedral sublattice will be smaller than that of the octahedral sub lattice. 

This arises from the fact that each tetrahedral F e3+ ion will have, on the average, one 

half of its intersublattice magnetic bonds with C02+ or Cu2+ ions and the other half 

with Fe3+ ions, while every octahedral Fe3+ ion will have all of its intersublattice 

magnetic bonds with Fe3+ ions [25]. This explains why the sextet due to the 

tetrahedral Fe3+ ions is less widely split compared to that due to octahedral Fe3+ 

ions. (Fig.3.1.1S). 
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b. CuFezO. a. CoFezO" 

sample site I.S (±O.02 nun/s) Q.S (±O.02 mm/s) Hn;(±5 kOe) 

(a) CoFeZ04 

(b) CuFe,O, 

(central doublet 
negligibly small) 

A site 
B site 
A site 
B site 

0 .06 0.03 485 
0.4 1 0.02 510 
0.18 -0 .06 484 
0.34 0.05 514 

>1 
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3.2 SURFACE PROPERTIES ~ ACIDIlYIBASICITY 

Surface acid-base properties of solids play an important role in determining 

their catalytic activities and selectivities in reactions. These surface properties vary 

with the composition of the catalytic system. Since all the catalyst systems in the 

present study have inverse spinet structure, the tetrahedral composition always 

remains the same and the change in composition (varying 'x' values) essentially 

represents the change in the composition of cations occupying the octahedral sites. 

Jacobs et al. [28], using low- energy ion scattering (LEIS) analysis, showed that the 

octahedral sites are exposed almost exclusively at the surface of the spinel oxide 

powders and that the catalytic performance is related only to the composition of the 

octahedral sites. In our samples, the octahedral cations are among Ne+, Co2+, Cu2+ 

and Fe3+ and hence the relative acido-basic properties of these cations seem to be 

relevant during the discussion of the same properties of the ferrospinel systems. At 

the same time, the heterogeneity among the octahedral cations makes the situation 

qualitatively unpredictable from the independent properties of the parent oxides, also. 

For the determination of the basicity of the systems, adsorption studies of 

electron acceptors of different electron affinity values were performed. To determine 

the surface acidity, two independent methods were adopted - (i) gravimetric 

adsorption of n~butylamine vapours followed by TGA and (ii) dehydration selectivity 

of cyclohexanol decomposition reaction. 

3.2.1 Surface Electron Donating Properties (Evaluation ofLewis basicity) 

Investigation of the strength and distribution of electron donor (BD) sites on 

oxide surface using electron acceptors (EA) having different electron affinity values 

has been well-established. The limiting amount of EA adsorbed depends on two 

factors: (i) the distribution of donor sites of different strengths on the surface and (ii) 

the electron affinity of the electron acceptor adsorbed. Thus a comparison of the 

limiting amount of EA adsorbed and the electron affinity values of the respective EA 

used, yields valuable information's regarding the strength and distribution of the ED 

sites. So, here we have attempted, by EA adsorption studies, to establish the ED 
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properties of the ferrospinel samples and the variation of these properties with the 

composition of the spinel samples. 

The EA used for the adsorption studies are given in Table 3.2.1 

Table 3.2.1. List of electron acceptors used for the adsorption study and their electron 

affinity values. 

Electron Acceptors used (EA) Electron Affinity values (e V) 

7,7,8,8-tetracyanoquinodimethane (TCNQ) 2.84 

2,3,5,6-tetrachloro-p-benzoquinone (Chloranil) 2.40 

p-dinitrobenzene (PDNB) 1.77 

Adsorption experiments were performed for ail the catalyst samples activated 

at 300°C and, for a few catalyst samples, after activation at 500°C. All samples 

were activated for 3 hours prior to adsorption studies. The limiting amount of EA 

adsorbed is expressed in the unit of mmoI m"2 of the oxide surface. The adsorption 

was found to be of Langmuir type. This was verified by using the linear form of 

Langmuir adsorption isotherm by plotting (equilibrium concentration/amount 

adsorbed) vs. equilibrium concentration. The limiting amount has been estimated 

from the Langmuir plot where amount of EA adsorbed (in mmol mo2) is plotted 

against equilibrium concentration (in mmol dm"3) of the EA in solution. These plots 

are shown in figures, Fig 3.2.1 to Fig 3.2.9. One of the linear Langmuir plots is 

given in Fig 3.2.10. Acetonitrile has been used as a solvent for adsorption studies. 

The limiting amounts of TCNQ and chloranil adsorbed on the various catalytic 

systems are given in Table 3.2.2 and Table 3.2.3. Table 3.2.3 also gives the difference 

in the limiting amounts between TCNQ and chloranil. The adsorption ofPDNBwas 

so negligible that the amount adsorbed was hardly estimated. 
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Table 3.2.2 Adsorption data of TCNQ - Limiting amounts adsorbed 

Aor Limiting amount(lO-4 Limiting amount( 10-4 

Catalyst series x mmoVm2) mmoUm2) 

Act. Temperature:300° C Act. Temperature:500° C 

Simple ferrospinels 

i) AFe204 Ni IS.3 29.9 

Co 19.0 28.6 

Cu 18.0 40.4 

ii) S04 2., AF~04 Ni S.9 

Co 5.7 * 
Cu 9.3 

Mixed ferrospinels 
i) Nil_xCuxF~04 

0.3 16.7 32.4 

0.5 18.8 24.0 

0.7 IS.0 28.0 

ii) solo, Ni1_xCuxFe204 
0.3 9.9 

0.5 8.6 * 
0.7 8.4 

iii) COl-xCuxF~04 0.3 19.2 24.3 

0.5 19.8 36.9 

0.7 16.6 34.3 

iv) solo, COl-xCuxF~04 
0.3 9.2 

0.5 8.1 * 
0.7 9.2 

* Too low adsorption to be measured accurately 
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Table 3.2.3 Adsorption data - Limiting amounts of chloranil and ( TCNQ -

Chloranil) adsorbed at the activation temperature of 300°C 

Catalyst series Aorx Limiting amount (1 04mmollml) 

Chloranil TCNQ-Chloranil 

Simple ferrospinels 

i) AFe204 Ni 4.4 13.9 

Co 4.6 14.4 

Cu 6.7 11.3 

ii) sol-/ AFe204 Ni 3.0 5.9 

Co 1.0 4.7 

Cu 3.4 5.9 

Mixed ferrospinels 

i) Nh-xCuxFe204 0.3 6.0 10.7 

0.5 6.2 12.6 

0.7 6.5 11.5 

ii) sol-/ Nh-xCuxFe204 0.3 2.3 7.6 

0.5 1.5 7.1 

0.7 2.8 5.6 

iii) COl-xCuxFe204 0.3 5.2 14.0 

0.5 6.0 13.8 

0.7 6.1 10.5 

iv) SO/of COl-xCuxFe204 0.3 1.1 8.1 

0.5 0.7 7.4 

0.7 0.9 8.3 
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The limiting amount of EA adsorbed is higher for TCNQ than for chloranil. 

Since TCNQ is a strong electron acceptor (electron affinity value 2.84 eV), it forms 

anion radicals on both strong and weak donor sites. In other words, the limiting 

amount of TCNQ adsorbed gives a measure of strong as well as weak donor sites on 

the catalyst surface. But, chloranil (electron affinity value 2.40 eV) can accept 

electrons from strong and moderately strong donor sites. 

Negligible adsorption of PDNB in all systems indicates absence of very 

strong electron donor sites. This suggests that adsorption sites on the ferrospinel 

systems act as electron donors to the EA molecule with electron affinity values less 

than 2.40 e V but greater than 1. 77 e V. Accordingly the limit of electron transfer from 

ED sites of ferrospinels to the EA molecule is located between 2.40 and 1.77 e V. 

The difference between limiting amounts of TCNQ and Chloranil adsorbed 

can give an idea of the number of weak donor sites. From the data in tables 3.2.2 

and 3.2.3 two aspects are clearly evident: (i) the increase in activation temperature 

results in an increase in the intrinsic basicity of the unmodified ferrospinel samples 

and (ii) sulphation causes a drastic decrease in the surface basicity of all the samples. 

A critical survey of the adsorption data leads us to draw the following conclusions 

regarding the ED or Lewis basic sites of the catalyst samples. 

0) Simple ferrospinel series 

The limiting amount of chloranil adsorbed gives a measure of moderately 

strong and strong basic sites whereas the difference between the limiting amounts of 

TCNQ and chloranil adsorbed, represents a measure of weak basic sites. From the 

data on the limiting amount of EA adsorbed, the distribution of strength and order 

of basicity of oxides activated at 300°C follow the pattern: 

Moderately strong and strong basic sites - CuF~04> CoFeZ04 == NiF~04 

Weak basic sites - CoFeZ04 == NiFez04 > CuFeZ04 

Thus CuFez04 has the highest proportion of strong basic sites and lowest proportion 

of weak basic sites together. In other words, the basic sites in CUFeZ04 are mainly 

of the medium strong to strong type only. Sulphation affects both the weak and 

strong basic sites almost evenly and reduces these by nearly half in the case of 
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NiFe204 and CuFel04 and by nearly one fourth, in the case of CoFe204. Sulphating 

agents being acidic preferentially attack at the basic sites converting these to acidic 

sites. The intrinsic basicities are higher at higher activation temperature as evident 

from the limiting amount values of TCNQ adsorbed at 500°C. The order of basicity 

at SOO°C is CUF~04 > NiFe204 == CoFe204. The total basicity is the highest for 

COF~04 among the simple ferrites and for Co-Cu(x=O.5)-ferrite among the mixed 

ones, at the activation temperature of 300°C. But, at the activation temperature of 

500°C, CuFe204 and Co-Cu(x=O.S) ferrite rank as the most basic ones. 

Determination of acidic and basic sites on solid surfaces is a multifaceted 

problem and unfortunately there exists no general theory of the acidity or basicity of 

the solids that could serve as a basis for their detennination. Transition metal oxides 

are generally categorised as acidic oxides although basic sites too exist on these. 

Taking both Lewis and Br;nsted definitions of acids and bases into account, it can be 

stated that all bases are essentially ofLewis character while acids can be of Lewis or 

Br;nsted types [29]. 

Ferrospinels have both Lewis and BrfSnsted acid sites and Lewis basic sites. 

Electron donor sites can come from electrons trapped in intrinsic defects or from 

surface hydroxyl groups [30] or from coordinatively .unsaturated oxide ion (OaJS2") 

associated with a neighbouring hydroxyl group [31]. Trapped electrons in intrinsic 

defects correspond to n-type semiconductors and are created at higher activation 

temperatures. At 300°C the basic sites are mainly due to surface hydroxyl groups. 

The surface hydroxyl groups on a given catalyst can vary in their electron donating 

properties and this amounts to distribution of basic strengths [30] 

It will be interesting to analyse, in this context, the order of aciditylbasicity 

among the octahedral cations of these ferrospinels on the basis of the usual 

theoretical parameters like charge to radius ratio, electronegativity etc. of the 

cations. It is the generally accepted notion that a greater degree of covalency of the 

oxide, originating from a higher charge to radius ratio of the metallic ion, gives a 

more acidic oxide. Conversely, a more ionic oxide originating from a lower charge to 
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radius ratio will be more basic. From the crystal radii given by Shannon [32], the 

charge to radius ratios of the cations Cu2+, Ni2+, C02
+ and Fe3+ in oxides have been 

calculated and these vary as Fe3+» Ni2
+> Cu2

+ ~ C02
+. Thus the acidity of the oxides 

is expected to vary in this order and the basicity, in the reverse order. We can also 

expect that the acidity of a metal ion will be directly proportional to the 

electronegativity of the metal cation. Sanderson [33] has pointed out that the 

electronegativity of a metal ion (X) would change linearly with its charge according 

to, X = (1 +2Z) Xo , where Xo is the electronegativity of the neutral atom and Z is the 

charge of the metal ion. This parameter Xi may be regarded as a semi empirical 

acidity parameter of the metal ion. Using Pauling's electronegativity values [34], the 

X values of metal ions present in our ferrospinel samples have been computed and 

these vary as Fe3+» Cu2+ .> Ni2+ ::: C02+. Thus acidity varies in this order and 

basicity , in the reverse order. Based on the acidity parameters proposed by Smith 

[35], the acidity of the present transition metal oxides varies in the order Fez03 » 

NiO > CuD ~ CoO and the basicity order is its reverse. By all the theoretical 

arguments, Fe3
+ is the most acidic( least basic) while the order of aciditylbasicity 

among Cu2
+, C02+ and Ne+ does not always correlate. This is due to the fact that the 

acido-basic properties of these ions are close to one another. However, our results 

from electron donor studies regarding the medium strong to strong basic sites are in 

fair agreement with these theoretical predictions. Again , one cannot expect the 

theoretical trends of aciditylbasicity of single oxides to be followed by the mixed 

oxide systems which the ferrospinels are, where much modifications of the acido­

basic properties can occur due to the mixing. On the assumption that moderately 

strong to strong basic sites are more important during base catalysed reactions, we 

can presume that the CuFeZ04 will be more effective in such reactions. 

(ii) Mixed ferrospinels ofNi-Cu series 

The limiting amount of chloranil adsorbed shows a steady increase with 

copper substitution in NiFez04 suggesting that a steady increase of moderately 

strong to strong basic sites occurs with copper substitution. But the difference 

between the limiting amounts of TCNQ and chloranil adsorbed which gives a 

measure of weak basic sites, does not suggest any pattern with copper substitution. 

However the average value of weak basic sites for Ni-Cu ferrospinels is less than that 
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of NiFez04. Thus the property of copper ion in ferrospinels in increasing the strong 

basic sites and decreasing the weak basic sites is maintained in the mixed ferrospinel 

series also. Sulphation reduces the number of moderately strong to strong basic sites 

. by nearly half for x = 0.3 and 0.7 while, by about one fourth for x = 0.5. But the 

weak basic sites are almost evenly reduced to about half with sulphation for the 

various compositions. Thus the strong basic sites ofNio.sCUo.sFez04 are influenced to 

a greater extent by sulphation compared to the other compositions. Statistically there 

is a greater heterogeneity among the octahedral sites when x = 0.5 and this may make 

the basic sites more susceptible for sulphation. 

(iii) Mixed ferrospinels of the Co-Cu series 

Here also, the limiting amount of chloranil shows a steady increase with 

copper substitution in the CoFe204. The difference of the limiting amounts ofTCNQ 

and chloranil shows a steady decrease with 'x' value. Thus the same property viz. 

Cu2
+ substitution increases the number of moderately strong to strong basic sites and 

decreases the weak basic sites is maintained in this series of catalyst samples also. 

The discussion of basicity given under simple ferrospinels applies to both the mixed 

ferrospinel series. Sulphation drastically reduces the number of strong basic sites, 

here. The weak basic sites are also reduced, the reduction being less pronounced 

compared to that for strong basic sites. Here also, the Co-Cu spinel with x = 0.5 

experiences a greater influence of sulphation in decreasing the number of basic sites. 

For samples activated at 5000 C, the basicity shows an Increase. This is 

due to the creation of new electron donor sites at the higher temperature. Ferrospinels 

are generally n-type semiconductors which lose lattice oxygen on heating causing 

anionic vacancies. The released electrons are accommodated by the conversion of 

Fe3
+ to Fez

+ . The n-type semi conductivity is enhanced due to Cu2
+ substitution in the 

ferrospinels as the Cu2
+ ions can also get involved in redox processes like, 

Cu2+ + e-~ Cu + or even Cuz
+ + 2e- ~ Cu. The presence of free electrons in defect 

sites causes an increased basicity and this increase is found to be the highest for 

CuFeZ04. For the mixed ferrospinel series, the limiting amounts ofTCNQ at 500°C 

activation do not show any regular trend with composition; but the values are always 

much higher than those at 300°C activation. 
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Another contributing factor to the creation of anion vacancies in the copper -

containing ferrospinels is the special co-ordination of Cu 2+ ions on the surface 

described as (4+2) coordination [36] where the two oxygen anion ligands are rather 

loosely held due to Jahn - Teller distortion. Anion vacancy defects at the higher 

temperature not only creates free electrons but also creates very strong Lewis acid 

sites due to coordinatively unsaturated cations in the octahedral sites. 

3.2.2 Gravimetric adsorption of n-butylamine foUowed by TGA 

This method of determining acidity has been used for the unmodified and 

sulphate-modified simple ferrospinels of Co,Ni and Cu. Catalysts which have been 

activated at 300° C for three hours, were kept in a desiccator saturated with n­

butylamine vapours at room temperature for 48 hours. These were then subj ected to 

thermogravimetric analysis and the percentage weight loss per unit surface area were 

computed in three temperature ranges viz. 150-300, 301-450 and 451-600° C which 

were considered to be measures of weak, medium and strong acid sites respectively. 

These data are given in Table 3.2.4. The following conclusions can be drawn from 

these data. 

The total intrinsic acidity of the simple ferrospinels varies in the order Co > 

Ni > Cu. Among the sulphate-modified analogues, the order of total acidity is Co > 

Cu > Ni. The distribution of the strength of acid sites is rather wide for COF~04, 

the sites being distributed in comparable proportions among the weak, medium and 

strong sites. But for NiFe204 and CuFe:z04, the distribution is narrow, the weak sites 

being larger in number than the other sites. Sulphation shows an increase in the 

number of medium strong acid sites in all cases and also an increase in weak sites 

except for NiFe:z04. The number of strong acid sites is maximum for CoFe:z04. 

Sulphation slightly reduces the number of strong acid sites for NiF~04 and CoFe:z04 

while leaves that of CUFe:z04 almost unchanged. Acidic properties of oxides 

originate from surface hydroxyl groups (Br;nsted acidity) and overexposed metal 

cations (Lewis acidity). For activation temperatures of above 500°C, most of the 

Br;nsted sites might have disappeared. Transition metal oxides are primarily redox 
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catalysts and the acido-basic properties are only of secondary importance. Hence 

much less work has been done on investigating the acid-base properties of transition 

metal oxides. Both acidic and basic sites exist on transition metal oxides. But these 

are generally classed as acidic oxides or the A-type oxides as described by Auroux et 

al. [37]. For a mixed oxide like ferrospinel, the acido-basic properties can be very 

decisive in determining their catalytic activities. Usually, the weak and medium 

strong acid sites have a high proportion of Br~sted type while the strong acid sites 

are mainly of the Lewis type. 

Table 3.2.4. Data of acidity measurement by gravimetric adsorption of n-butylamine 

Systems % weight loss ( 10 -2 m -2) 
(activated at 300 °C) 

Weak Medium Strong Total 
(150-300°C) (300-450 °C) (450-600°C) (150-600 °C) 

Ni Fe204 3.09 1.33 0.66 5.08 

2.58 1.40 l.15 5.13 

3.25 0.63 0.40 4.23 

2.46 l.92 0.55 4.93 

6.08 2.54 0.87 9.50 

4.80 2.22 0.38 7.40 

3.2.3 Dehydration Selectivity in Cyclobexanol decomposition reaction 

The vapour-phase cyclohexanol decomposition reaction has been done as a 

test reaction to determine the functionality of the catalyst samples. From the 

dehydration activities of this reaction, we have been planning to assess the acidity, 
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especially the Bq6nsted acidity of the catalyst samples as a function of their 

composition. The results are discussed in Chapter V. However, the conclusions 

drawn regarding the acidities of the samples are relevant to be reproduced here. 

From the dehydration rate constants (Table 5.1.1), it is clear that the acidities 

ofthe simple ferrospinels vary in the order Co > Ni > Cu while those of the sulphated 

analogues follow the order Co > eu > Ni. Exactly the same trends have been 

obtained by n-butylamine adsorption studies described earlier. But the dehydration 

activity of CuFe204 is too low to be caused by low Br;nsted acidity alone. This 

feature of very low dehydration activity (or the complementary very high 

dehydrogenation activity) prevails throughout the mixed ferrospinel samples 

containing copper. But the sulphated samples of the same always show high 

dehydration activities suggesting increase ofBr~sted acidic sites by sulphation. The 

trends in dehydration activity among the mixed ferrospinel series are not very 

impressive to suggest any correlation with composition. We propose that the redox 

properties of Cu2+ ion in copper containing ferrospinel samples become more decisive 

in controlling dehydration/dehydrogenation activities than their acido-basic 

properties. But sulphation seems to render the redox aspects somewhat donnant. 

Thus it is concluded that the true acidities of copper contaning ferrospinel samples 

cannot be detennined from the dehydration activities of cyclohexanol decomposition 

reaction. 

The acidity and basicity distribution of the simple ferrospinels of Co, Ni and 

Cu can be analysed together by combining the relevant parts of n-butylamine 

adsorption data (Table 3.2.4) and limiting amount values of EA adsorbed (Table 3.2.2 

& 3.2.3) into a single table and this is given in Table 3.2.5. From the data in Table 

3.2.5, it is evident that a fair amount of reciprocality exists in the number of acid and 

basic sites of corresponding strengths among the catalyst samples. By reciprocality, 

we mean that, when the number of acid sites increases, the number of the basic 

sites of corresponding strength decreases. 
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Table 3.2.5 Distribution of acid and basic sites in the ferospinels of Co, Ni and Cu at 

300°C activation. 

Acid sites (n-butylamine Basic sites (EA adsorption 

System adsorption, % wt. loss, 10-2 m -2) limiting amount, 10-4 mmol m-2) 

Weak: (medium + Weak: (medium + 

strong) strong) 

Ni Fe204 3.09 1.99 13.9 4.4 

Co Fe204 2.58 2.55 14.4 4.6 

Cu Fe204 3.25 1.03 11.3 6.7 

S042-lNi Fe204 2.46 2.47 5.9 3.0 

SOl-fCo Fe204 6.08 3.41 4.7 1.0 

SOl-fCu Fe204 4.80 2.60 5.9 3.4 

For catalyst technology, the most sensitive probe of catalysts performance 

will continue to be the rate and selectivity of a chemical reaction. We have tested 

the catalyst performance of our samples for benzoylation of aromatics and 

cyclohexanol decomposition. These are described and discussed in chapter IV and 

chapter V respectively. 
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Fig.3.1. 1 Adsorption isotherms of TCNQ in acetonitrile over unmodified and sulphate modified 
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Fig.3.2. 3 Adsorption isotherms of TCNQ in acetonitrile over unmodified and sulphate modified 

miud ferraspine) systems of Ni-Cu series activated at 300°C 
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Fig.3.2. 4 Adsorption isotherms of TCNQ in acetonitrile over mixed felTospinel systems of Ni-Cu 

series activated at 5000C 
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activated at 500°C 
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Fig.3.1. 7 Adsorption isotherms of chloranil in acetonitrile over unmodified and sulphate modified 

simple ferrospinel systems activated at 3000C 
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Fig.3.2. 8 Adsorption isotherms of chloranil in acetonitrile over unmodified and sulphate modified 

mixed ferrospinel systems of Ni-Co series activated at 3000C 
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Fig.3.2. 9 Adsorption isothennl of chlonon io acetonitrile over unmodified and sulphate modified 

mixed ferrospinel systems of Co-Cu series activated at 3000C 
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Fig.3.2.10 Linear Langmuir plot for the adsorption ofTCNQ in acetonitrile over NiF~04 systems 

activated at 3000C 
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CHAPTER-IV 

FRIEDEL-CRAFTS BENZOYLATION REACTION OF 

TOLUENE AND BENZENE 
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4.0 INTRODUCTION 

Benzoylation of aromatics is an important reaction in synthetic organic chemistry. 

It is unfortunate that many industries continue using the harmful halogen-containing 

Lewis acids such as AlCh. BF3 etc. as catalysts to perform this reaction. These 

homogeneous catalysts are needed in more than molar amounts to complete the reaction 

and are not reusable. The spent catalyst disposal is a real problem as these chemicals are 

environmentally hazardous, especially to aquatic life. The need to replace such catalysts 

with the more eco-friendly heterogeneous ones is felt all the more in recent years. In our 

work, we have found that our ferrospinel samples function as efficient heterogeneous 

catalysts for benzoylation of toluene and even benzene. No report has been found so far 

in the literature of the benzoylation of toluene and benzene catalysed by ferrospinel 

systems. In this part of the thesis, we report the results of our study on benzoylation of 

toluene and benzene using the ferrospinel catalyst systems and attempt to rationalise the 

results on the basis of the physico-chemical properties of the catalyst samples. 

4.1 BENZOYLATION OF TOLUENE 

Liquid-phase benzoylation of toluene was conducted by refluxing a mixture of 

toluene and benzoyl chloride in the molar ratio 3.6: 1 in an oil bath at the boiling point of 

the mixture (l20°C). The product yield was found to be proportional to the amount of 

the catalyst taken and the duration of the reaction run. We had optimised the conditions 

such that a reaction run for half an hour employing 0.1 g of the catalyst each time gave 

. sufficient range in the yield of products that proper comparison of the catalytic 

activities of the various samples could be made. The reaction always yielded mainly two 

products which were estimated by GC and identified as .2- methylbenzophenone (2-

MBP) and 4-methylbenzophenone (4-MBP) by GC-MS. (A trace amount of a third 

product, probably 3 - MBP, was also observed in the GC as a tiny peak very much 

overlapping with the GC peak of the major product. This was not separately estimated 

but was counted along with the major product.) The reaction is represented schematically 

by the following figure (Fig. 4.1.1) 
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6 + 

Fig. 4.1.1. Schematic representation of the benzoylation of toluene. 

The results and their discussions are conveniently done under three headings: (i) 

simple ferrospinel systems (ii) mixed ferrospinels of the Ni-Cu series and (iii) mixed 

ferrospinels of the Co-Cu series. The sulphated analogues of the samples were also 

tested for their catalytic activities. The rate in the units of ( h-1m-1 ) was computed for 

each catalyst sample. 

The product yield and rate constant from the pnmary GC data have been 

calculated by the following procedure. Using standard mixtures of toluene, benzoyl 

chloride and methylbenzophenone, GC calibration curve was made for each chemical 

species from which a GC response factor was made available for each. The 

experimental GC peak area percentage of each component in the reaction mixture was 

multiplied by the response factor and new peak area percentages were computed. From 

the molar ratio of reactants employed, it was calculated that a GC peak area percentage 

of 45.04 for the product corresponded to 100% yield in the reaction. Thus, % yield of 

products in any reaction run is simply equal to (lOOxl4S.04) where 'x' is the experimental 

peak area % of the products. From the product yield, the intrinsic rate constant was 

calculated using the formula, 
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2.303 100 

k ( h-I m-2) = log ----

t w A (lOO - %yield) 

where t = time the reaction (0.5 h), w = weight of the catalyst sample taken (0.1 g) and A 

= BET surface area of the catalyst (m2 g-I). 

4.1.1 AF~04 (A = Ni, Co, Cu) - type systems 

(a) RESULTS. The results of studying benzoylation of toluene over the simple 

ferrospinel systems are given in Table 4.1.1. An activity profile diagram is given in Fig. 

4.1.2(A). 

Table 4. 1.1 Benzoylation of toluene with benzoyl chloride over simple ferrospinels of 

Ni, Co and Cu 

T=573 K T=773 K 

Catalyst Product Rate constant Select. Product Rate Select. 
systems yield of yield constant of 

(%) (l0-2h-1m-2) 4-MBP (%) 4-MBP 
(lO-2h-1m-2) 

NiFe204 23.4 3.5 83.0 17.1 8.3 84.2 

CoFe204 44.5 12.5 84.2 25.4 18.2 84.4 

CuFe204 59.5 9.6 85.6 42.3 55.6 84.4 

S04 2-lNiF e204 36.6 4.7 83.8 15.7 4.4 84.6 

SO/-/CoFe204 45.6 11.3 85.0 27.0 13.6 85.9 

S042-/CuF e20 4 57.1 9.0 85.1 35.2 26.7 86.2 

T=activation temperature, toluene - benzoyl chloride molar ratio = 3.6: 1, reaction 

temperature = 120°C, reaction time = 0.5 h, amount of catalyst = 0.1 g. 
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From the data given in Table 4.1.1, the following conclusions can be drawn. 

(i) Both for the unmodified and sulphate-modified simple ferrospinel systems, the 

order of catalytic activity towards benzoylation of toluene is Co>Cu» Ni at the 

activation temperature of 300°C while the order is Cu» Co> Ni at 500°C activation. 

Thus COFe204 is the most active catalyst at the lower activation temperature while 

CuFe204 is the most active one at the higher activation temperature. In any case, 

NiFe204 is the least active. 

(ii) Sulphation does not influence much the catalytic activity at the activation 

temperature of 300°C ,while it brings down the catalytic activity at the activation 

temperature of 500°C, compared to the activity of the unmodified samples. 

(iii) Except for SO/"lNiFe204, there is always an increase in the catalytic activity with 

the increase in activation temperature from 300 to 500°C. This increase is more 

prominent for the unmodified systems than for the sulphate-modified ones. The activity 

ofCuFe204 increases nearly five -fold. 

(iv) The selectivity of the isomeric products remains more or less constant in the range 

83-86% for 4 - rvIBP and 17-14% for 2-rvIBP. 

(b) DISCUSSION. Benzoylation of toluene has been reported over varIOUS 

heterogeneous catalysts such as calcined iron sulphate [1], sulphated zirconia [2], 

sulphated alumina [3], acidic zeolites [4], sulphated alumina-zirconia [5], a variety of 

sulphated metal oxides [6] and Si - MCM - 41 supported gallia and india [7]. Among 

these systems, all but the last mentioned are superacidic and the authors attribute the 

catalytic activity for acylation reaction to the superacidic Lewis or Bqbnsted sites. These 

ferrospinel samples are not expected to be superacidic as such, nor such a quality has 

been created by suJphation as evidenced by IR studies. n-Butylamine adsorption data 

[Table 3.2.4] show that there is a considerable increase in weak and medium strong 

acid sites as a result of sulphation for the catalysts activated at 300°C. But the 

benzoyl at ion activity data [Table 4.1.1] show that sulphation does not very much affect 
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the catalytic performance. Thus we infer that weak and medium strong acid sites are not 

involved in benzoylation reaction. That leaves the strong acid sites which are usually of 

the Lewis type [8]. Aramendia et al. [9], using temperature programmed desorption mass 

spectrometry (TPD-MS) techniques with pyridine, 2,6-dimethylpyridine and carbon 

dioxide as probe molecules, showed that the effect of calcination temperature on acidity 

of metal oxide surfaces was to reduce the number of Br~sted sites and to leave only 

Lewis type sites among the strongest acid sites. Thus, at higher temperature of 

calcination, most of the Br~sted acid sites on metal oxides would have disappeared due 

to dehydroxylation. At the same time, the strength and the number of Lewis acid sites 

per unit surface area would have increased due to the creation of surface defects and 

more co-ordinatively unsaturated cations. The catalytic activity for benzoylation 

increases with increase in the activation temperature of the catalysts (Table 4.1.1). Based 

on these observations, we can come to the conclusion that the catalytic activity of the 

ferrospinel samples for benzoylation reaction is due to the strong Lewis acidic sites 

present in the systems. 

Ghorpade et al. [10], in their study of liquid-phase Friedel - Crafts benzylation 

of benzene with benzyl chloride over CuCr2-xFex04 spinel catalysts, showed that both 

Lewis and Br~sted acid sites are present on the surface of the spinels as proved by 

pyridine adsorption followed by FT-IR studies. These authors found that CuFe204 gave 

the highest yield of products and concluded that the Lewis acid sites were responsible 

for the good catalytic performance. As sulphation delays dehydroxylation [11], the 

creation of strong and new Lewis sites on sulphated samples will be less efficient 

compared to the unmodified samples, as the activation temperature is increased from 300 

to 500°C. This explains the smaller influence of activation temperature on the catalytic 

performance of the sulphated samples compared to the influence on the unmodified 

systems (Table 4.1.1). Consequently, at the activation temperature of 500°C, the effect of 

sulphation on the catalytic activity is to decrease it by nearly half. 

The acidity of electron deficient defects on metal oxide surface depends on the 

position of the particular metal in the periodic system of elements, i.e. on the 
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electronegativity of the metal cation [8,12]. The strength of Lewis acidity of the 

octahedral cations in the ferrospinel systems can also be expected to depend on the 

electronegativities of these ions [13]. According to Sanderson [14], the electronegativity 

of a metal ion, Xi is given by the formula, Xi = (1 + 2Z) Xo where Z is the charge of 

the metal ion and Xo is the electronegativity of the metal atom (Z = 0). Substituting 

Pauling's electronegativity values [15] into the above equation, the Xi values of the metal 

ions present in these ferrospinel systems are computed. These are given in Table 4.1.2 

Table 4.1.2 Electronegativities of the octahedral metal ions in the ferrospinel systems, calculated 

by Sanderson's [14] method. 

Metal ion Pauling's Electronegativity Electronegativity of the 

of the metal (Xo) metal ion, Xi 

Fe J+ 1.96 13.72 

Cu 2+ 2.00 10.00 

Ni 2+ 1.91 9.55 

C02+ 1.88 9.40 

Thus the electronegativities of the cations vary in the order, Fe3+» Cu2+ > Ni2+ == Co2+. 

Evidently, the strong Lewis acidity of the ferrites originates primarily from the presence 

of tripositive ferric ions. Among the dipositive ions, Cu2+ provides the strongest Lewis 

acid sites. This may be due to its acquiring a stable, completely filled d- subshell on 

receiving an electron. 

The rate of benzoylation depends both on the number and strength of the Lewis 

acid sites. By n-butylamine adsorption study of the acidity of the ferrospinels, we know 

that the number of strong acid sites vary in the order Co» Ni> Cu. This correlates with 
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the highest catalytic activity of CoFe204 for the benzoylation reaction at the activation 

temperature of 300°C. The higher catalytic activity of CuFe204 over NiFe204 can be 

explained on the assumption that the benzoylation reaction requires the presence of 

strong Lewis acid sites of a certain minimum strength. The proportion of the Lewis acid 

sites above this minimum is higher in CuFe204 due to the higher electronegativity of 

Cu2+ over the Ni2+ ions. Thus, although the number of strong acid sites in CuF e204 is 

somewhat less than that in NiFe204( Table 3.2.4), the presence of higher proportion of 

sufficiently strong Lewis acid sites catalyse the reaction, and CUFe'1,04 proves to be more 

active than NiFe204 for benzoylation. Samples of CuFe204 activated at 500°C show 

the highest catalytic activity. This is due to the fact that CuFe204 is more vulnerable for 

the creation of anion vacancy defects on calcination than the other ferrites. The higher 

reducibilty of Cu2+ ions [16] and its special coordination described as ( 4+ 2) [17] in 

octahedral complexes are responsible for this susceptibility. Coupled with this, there is a 

drastic decrease in its surface area from 187.87 m2/g to 19.77 m2/g as the activation 

temperature is changed from 300 to 500°C. Consequently CuFe204 will have the 

highest surface density of Lewis acid sites of the proper strength at the activation 

temperature of 500°C and hence the highest rate. 

4.1.2 Nit-:1CuxFe204 (x= 0.3, 0.5, 0.7) - type systems 

(a) RESULTS. The product yield and rate constant of the benzoylation of toluene with 

the above catalytic systems are given in Table 4.1.3. An activity profile diagram is given 

in Fig. 4.1.2(B). 
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Table 4.1.3 Benzoylation of toluene with benzoyl chloride over Nh-xCuxFe204 - type 

systems. 

T=573 K T=773 K 

Catalyst systems Product Rate Select. Product Rate Select. 
yield constant of yield constant of 
(%) 4- (%) 4-MBP 

(l0-zh-1m-z) MBP (10-2h-1m-z) 

Nio. 7CUO.3F eZ04 50.8 8.0 8S.2 26.7 lS.9 84.1 

Nio.sCuo.sF eZ04 45.8 6.7 84.8. 41.4 37.1 84.4 

Nio.3Cuo.7F eZ04 SS.4 9.3 84.6 36.1 34.7 8S.8 

Nio. 7CUO.3F eZ04 • 49.8 6.8 86.1 32.0 10.8 84.5 

Nio.sCUo.sF eZ04· 57.5 8.1 85.4 39.8 26.1 84.5 

Nio.3CUo.7Fe204 * 71.0 12.8 84.7 41.2 27.9 84.6 

• Sulphated sample, T = activation temperature, toluene - benzoyl chloride molar ratio 

= 3.6: 1, reaction temperature = 120°C, reaction time = 0.5 h, amount of catalyst = 0.1 g. 

Analysis of the data given in Table 4.1.3 and comparison of these with the data in 

Table 4.1.1 lead us to the following conclusions. 

(i) The catalytic activity of NiFe204 for benzoylation of toluene is almost doubled with 

the substitution by even a small amount of copper (x = 0.3) in the spinet matrix. The 

rate shows a general increase with copper content, both for the unmodified and sulphate­

modified samples. This situation prevails both at the activation temperatures of 300 and 

500°C. 
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(ii) As the activation temperature is increased from 300 to 500DC, the rate constant for the 

reaction is also increased for all the catalytic systems. The increase in rate constant is 

about two-fold when x = 0.3 but by many folds when x = 0.5 or 0.7. However, the 

increase in rate for the sulphate-modified samples with activation temperature is less 

impressive than for the unmodified systems. 

(iii) Sulphation has no significant effect on the rate at the activation temperature of 

300DC, but somewhat reduces the rates at the activation temperature of 500DC, compared 

to the rates of the unmodified systems. 

(iv) The selectivity of the products remains almost unchanged at 83-87 % of 4-MBP 

(b) DISCUSSION. Many of the explanations given under the simple ferrospinel 

systems are applicable here also. Thus, the increased activity of the copper-containing 

samples is due to the increase in strong Lewis acid sites provided by the Cu2+ ions. As 

more and more Cu2+ ions replace Ni2+ ions, the proportion of Lewis acid sites of the 

proper strength increases and the rate constant also increases. Sulphation has no positive 

effect on rate because sulphation of ferrospinels only increases the number of weak: and 

medium strong acid sites( Table 3.2.4) which are usually of the Br;nsted type and are 

not involved in benzoylation reaction. The increased rates at the activation 

temperature of 500DC are due to the general increase in the number of strong Lewis acid 

sites per m2, which, in turn, is due to the creation of new coordinatively unsaturated 

cationic sites in the system. 

4.1.3 COl-xCuxFe204 ( x = 0.3,0.5,0.7) ) - type systems 

(a) RESULTS The data of catalytic activities of the above systems for benzoylation of 

toluene are shown in Table 4.1.4. An activity profile diagram is given in Fig. 4.1.2(C). 
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Table 4.1.4 Benzoylation of toluene with benzoyl chloride over COl-xCuxFe204 - type 

systems. 

T=573 K T=773 K 

Catalyst systems Product Rate Select. Product Rate Select. 
yield constant of yield constant of 
(%) 4- (%) 4-MBP 

(l0-2h-1m-2) MBP (lO-2h-1m-2) 

COO.7CuO.3Fe204 56.2 12.1 86.3 54.8 68.8 84.3 

COo.sCuO.5F e204 63.7 15.1 84.5 43.8 44.3 84.6 

COO.3CuO.7Fe204 57.2 10.1 86.3 35.7 29.5 84.3 

COO.7CUQ.3Fe204 • 58.5 11.6 85.4 47.6 37.6 86.1 

COo.sClla.sF e204· 59.7 11.8 86.0 55.4 40.5 86.8 

COO.3Clla.7Fe20 4 • 53.7 9.5 85.2 36.4 19.4 84.4 

• Sulphated sample, T = activation temperature, toluene - benzoyl chloride molar ratio 

= 3.6: 1, reaction temperature = 120°C, reaction time = 0.5 h, amount of catalyst = 0.1 g. 

Going through these data, we can arrive at the following findings. 

(i) Introduction of Cu2+ ions into the spinet matrix of CoF e204 does not cause any 

substantial change in the rates, both for the unmodified and sulphate modified samples 

of 300°C activation, except in the case of COo.sCuo.SFe204 where the rate shows a 

maximum. In fact, there is a small but obvious decrease in the rate constants with 

increase of copper-doping. 

(ii) But, at SOO°C activation, the effect of copper-doping is different. As per the general 

behaviour, all the rates are higher at the higher activation temperature. Added to this, 

copper-doping increases the rates by about two or three-folds from the value for pure 
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cobalt ferrite at 500°C. The maximum increase in rate occurs with the mInImum 

introduction of copper namely x = 0.3; then the effect diminishes with further amounts of 

copper. 

(iii) Sulphation of ferrospinels shows little influence on the liquid- phase benzoylation 

of toluene at the activation temperature of 300°C but it decreases the rates at 500°C 

activation, compared to the values of the unmodified systems. 

(iv) The selectivity of the isomeric products remains unchanged at 83-87% of 4-MBP. 

(b) DISCUSSION. We notice a fair amount of agreement in the conclusions of 

results between this system and those described earlier. Naturally, the explanations 

given for the results of the three types of systems are also expected to have many 

aspects in common. The rate constant for benzoylation reaction is a function of both the 

number and the strength of the strong acid sites. From n-butylamine adsorption data 

(Table 3.2.4), we observe that CoFe204 has the highest number of strong acid sites at 

300°C activation and CUFe204, the least. But, from electronegativity considerations, 

Cu2+ ions can provide stronger Lewis acid sites than C02+. The combined effects of 

these two factors operate on the catalytic activities of Co-Cu ferrospinels. The net result 

is that, introduction of copper does not very much affect the rates at 300°C activation. In 

other words, the decrease in the rate arising from the decrease in the number of active 

sites as C02+ ions are being substituted by Cu2+ ions, almost matches the increase in the 

rate arising from the presence of stronger Lewis acid sites brought in by Cu2+ ions. But 

the picture is entirely different at 500°C activation. An increase in Lewis acid sites with 

respect to both number and strength is expected for copper-containing ferrospinel& at 

SOO°C activation, due to the susceptibility of copper-containing spinel lattice to yield 

more coordinately unsaturated cation sites at the higher calcination temperature. The 

catalytic activity culminates to a maximum for Ceo.7CuO.3Fe204 at 500°C activation, from 

among all the systems described so far. 

The explanation of the influence of sulphation is the same as given under the 

earlier systems. Thus, sulphation creates new acid sites of the weak or medium strong 



122 

BrFtsted type, which fail to catalyse the benzoylation reaction. The rates at 500°C 

activation is less for the sulphated samples than those of the unmodified ones because, 

sulphation delays dehydroxylation. Hence creation of new Lewis acid sites will be less 

efficient compared to the case of the unmodified systems. 

Among all the catalytic systems described, the most active catalyst for 

benzoyl at ion of toluene is COO.7CUo.3Fe204 and the second most active is CuFe204, both 

activated at 500°C. But, for process catalysts, high activity should be coupled with 

large surface area so as to give high yields. In this respect, the best process catalyst will 

be S042"lNio.JCUo.7Fe204 (71% yield) and the second best will be COo.sCUo.SFe204 

(63.7% yield), both activated at 300°C. The latter is also the most active at 300°C 

activation. 

4.1.4 Mechanism of benzoylation reaction 

The mechanism of homogeneous Friedel-Crafts acylation is not completely 

understood, but at least two mechanisms are probably operative, depending on the 

conditions. In most cases, the attacking species is the acyl cation RCO+ formed by 

reaction with the Lewis acid. In the other mechanism, an acyl cation is not involved but a 

1: 1 complex, formed between RCOCt and the Lewis acid, acts as the attacking species. 

Evidence for RCO+ intermediate has been obtained in polar solvents but in non-polar 

medium only the complex exists [18]. 

Many of the earlier studies on the benzoylation of toluene by heterogeneous 

catalysts involve superacidic sulphated metal oxides as catalysts. [2,3,5 & 6]. Super­

acidity requires a trace of adsorbed water and has been attributed to highly acidic 

BrFtsted sites adjacent to strong Lewis sites [19]. Benzoylation of toluene, according to 

some of the authors [2, 3 & 5], takes place through the creation of benzoyl cation by the 

reaction of superacidic Br~sted sites of the catalyst with benzoyl chloride, according to 

the reaction step, 

---~. CJfsCO+ + HCt 
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But, there is no evidence for superacidity in our catalytic systems. The catalytic 

activity, effect of sulphation and effect of activation temperature of these ferrospinel 

systems for benzoyl at ion of toluene, strongly suggest that the reaction involves 

interaction of the Lewis acid sites of the catalysts with benzoyl chloride. As the reaction 

mixture has a net non-polar nature, a complex between the catalyst and CJI.5COCI is a 

more likely intermediate than a free benzoyl cation. A plausible mechanism can be 

represented by the following figure (Fig 4.1.3) 

+ Q-cH' 

+ 
-M---o 

I 

O-M~ 

+ Hel 

Fig 4.1.3 A plausible mechanism for benzoylation of toluene by ferrospinel catalysts 
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The formation of predominant para isomer is due to steric considerations. The 

formation of only para and ortho isomers as the main products can be rationalised by 

considering the symmetry of the highest occupied molecular orbital (HOMO) of 

toluene involved in the interaction with the intermediate complex. An interaction can 

take place only on bonds formed by orbitals bearing the same sign, i.e. 1-2, 1-6, 3-4 and 

4-5, but not 2-3 and 5-6. Of the four allowed sets, the attack on the former two can lead 

only to ortho substitution whereas the latter two will give the para isomer and less meta 

[20]. This is evident from the following figure (Fig. 4.1.4) 

I 

Fig. 4.1.4.The HOMO of toluene suggesting only the ortho and para substituted products. 

It is worthwhile to compare the yields of the most active catalysts for Friedel- Crafts 

benzoylation of toluene using benzoyl chloride reported by some of the earlier workers 

with our results. Such a comparison has been done in Table 4.1.5. 
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Table 4.1.5 Comparison of the reaction data for the Friedel-Crafts benzoylation of 

toluene using benzoly chloride 

Amount of Reaction Reaction Amount Yield Refer 

Catalyst toluene & benzoyl temp. time of (%) -ence 

chloride eC) (h) catalyst 

SOl-/Ah03 15 ml 7.1mmol 110 3 0.5 37.0 [3] 

sol-/zrO-J 20ml 1 ml 110 2 0.5 58.7 [5] 

Ah03 

S042-IZr02 141 mmol 2mmol 100 3 0.5 60.0 [6] 

S042-/Sn02 141 mmol 2mmol 100 3 0.5 52.0 [6J 

S042-/Ti02 141 mmol 2mmol 100 3 0.5 17.0 [6] 

Zeolite H~ beta molar ratio 5: 1 115 1 1.0 45.9 [4] 

Fe2(S04)3 0.5 M benzoyl 110 1 0.4~0.6 30.0 [1] 

calcined at chloride in toluene 

700°C 

Co-Cu ferrite molar ratio = 3.6: 1 120 0.5 0.1 63.7 Pres-

with x=O.Sa ent 

work 

Sulphated Ni- " " " 
,. 71.0 

" 
eu ferrite with 

x = 0.7a 

a activation temperature of the catalyst = 300°C 

It is very clear from the Table 4.1.5 that these ferrospinel samples are excellent 

catalysts for the benzoylation of toluene. 
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4.1 BENZOYLATION OF BENZENE 

The absence of any activating group in the ring makes the acylation of benzene 

more difficult. There are, in fact, few reports of Friedel-Crafts acylation of benzene 

using heterogeneous catalysts. We have done the benzoylation of benzene with benzoyl 

chloride over our catalyst samples in order to verify their activities and to reaffirm the 

conclusions made during the study of benzoylation of toluene. Our results, discussed in 

the following sections, are indeed encouraging and show good correlations with the 

results obtained for the benzoylation of toluene. 

The experimental procedure and the calculation method were almost the same as 

in the case of toluene. But, in the present case, the optimisation of conditions required 

the reaction to be run for 1.5 hours with 0.15 g catalyst so as to get comparable yields. 

The molar ratio between benzene and benzoyl chloride was 4.3: 1. The GC peak area 

percentage of 41.51 for the product, after correction with the GC response factor, 

corresponded to 100 % yield in the reaction. The reaction is represented by the 

following scheme. (Fig 4.2.1) 

COCI 

6 + o + Hel 

Fig 4.2.1 Scheme for the benzoylation of benzene 

4.1.1 Results 

The yields ofbenzophenone and the rate constants over the various ferrospinel 

samples are given in Table 4.2.1. Activity profile diagrams are given in Fig.4.2.2(AtoC) 
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Table 4.2.1 Benzoylation of benzene. Product yield and rate constants 

Catalyst series 

Simple ferrospinels 
i) A Fe204 

ii)solo/A Fe204 

Mixed ferrospinels 

i) Ni1-xCuxfe204 

ii) soli 
NhoxCuxFe204 

iii) COloxCuxF~04 

iv) sol-I 
Co1-xCuxFe204 

Aor Activation temperature 
x 300°C 

Product Rate const. 
yield (%) (100Jholm02) 

Ni 7.4 

Co 7.5 

Cu 16.2 

Ni 7.8 

Co 5.0 

Cu 12.5 

0.3 902 

0.5 10.6 

0.7 8.7 

0.3 13.9 

0.5 8.8 

0.7 11.1 

0.3 13.0 

0.5 5.9 

0.7 9.8 

0.3 8.7 

0.5 7.2 

0.7 10.4 

2.3 

3.7 

4.2 

l.8 

2.1 

3.2 

2.4 

2.7 

2.3 

3.3 

l.9 

2.8 

4.5 

2.0 

2.7 

2.7 

2.2 

3.0 

Activation temperature 
SOO°C 

Product 
yield (%) 

4.3 

5.6 

9.8 

4.1 

6.1 

9.8 

S.6 

6.4 

5.5 

5.0 

5.1 

7.8 

5.1 

9.4 

7.4 

5.0 

6.2 

7.6 

Rate const. 
{l0-3h-1m-2} 

4.3 

8.0 

23.3 

2.4 

6.1 

14.1 

6.1 

10.2 

908 

3.2 

6.0 

9.S 

10.1 

17.0 

1l.4 

6.6 

7.1 

7.6 

Benzene:benzoyl chloride molar ratio=4.3:1, reaction temp.: 85°C, reaction time: I.S 11, amount of 

catalyst=O .15 g. 



A critical analysis of the data given in Table 4.2.1 leads us to the following 

conclusions. 

(a) Simple ferrospinels 
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(i) The rate constants for the simple ferrospinels and their sulphated analogues, at both 

activation temperatures of 300 and 500°C, always increase in the order, Cu > Co > Ni. 

(ii) The effect of activation temperature is to increase the rate for both the unmodified 

and sulphate-modified systems, the increase being the highest (almost five times) for 

copper ferrite. 

(iii) The effect of sulphation is to bring down the rates at both activation temperatures. 

(b) Mixed ferrospinels of the Ni-Cu series 

(i) The effect of copper substitution in nickel ferrite is to leave the rates practically 

unaffected for both the unmodified and sulphate-modified samples at 300°C activation 

temperature. But at 500°C activation, the Ni-Cu ferrites show higher rates and the 

activity increases with increase of copper content, for both the unmodified and sulphate­

modified samples. 

(ii) The effect of sulphation is to leave the rates almost unaffected at 300°C activation 

but to reduce the rates at 500°C activation. 

(iii) The effect of activation temperature is always to increase the rates both for the 

unmodified and sulphate-modified samples, the rates of the unmodified samples being 

increased by larger factors. 

(c) Mixed ferrospinels of the Co-Cu series 

(i) At 300°C activation, the effect of copper-doping in cobalt ferrite is to a slight increase 

in the rate initially but then the rate declines with further quantities of copper introduced. 

There is no pronounced effect on the rates of sulphated cobalt ferrites due to copper 

substitution. But, at 500°C activation, the rates are somewhat higher for the copper 

containing samples, the sample C00.5CuO.5FeZ04 showing a maximum rate. But the 

sulphated varieties do not show much change in their activities due to copper-doping. 
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(ii) At 300°C activation, sulphation of Co-Cu ferrospinels results in a decrease in the rate 

at x = 0.3; but the rates remain almost unchanged at x =0.5 or 0.7. At 500°C activation, 

the rates of sulphated samples are lower than the values for the unmodified ones. 

(iii) The effect of activation temperature is to increase the rates of all the samples, the 

unmodified samples experiencing an increase by larger factors. 

4.2.2 Discussion of results 

In the discussion of results for the benzoylation of toluene, we had reasoned out 

that the strong Lewis acid sites provided by the octahedral cations of the ferrospinel 

structure were the active sites for the reaction and that the Cu2
+ ions provided stronger 

Lewis acid sites compared to Ne+ or Co2
+ ions. These two findings are further supported 

by the activity trends of the catalyst samples in the benzoylation of benzene reaction. 

Benzene, being less reactive than toluene towards electrophylic substitution, 

requires stronger Lewis acid sites in the catalysts so that an intermediate complex with 

higher polarity of bonds is available for attack of the benzene ring. Thus, strength of 

Lewis acid sites is a more important factor here than the number of strong acid sites. 

This aspect is reflected in the trend of catalytic activity among the simple ferrospinels. 

Copper ferrite, possessing stronger Lewis acid sites than nickel or cobalt ferrites shows a 

greater catalytic activity in any situation like modified/unmodified or activated at 

300/500°C. The increase in catalytic activity with activation temperature is maximum for 

copper ferrite. This is due to the fact that CuFeZ04 has greater susceptibility for the 

creation of anion vacancies and thus the number of coordinatively unsaturated cations 

increases with calcination temperature, than in the case of nickel or cobalt ferrite so 

that copper ferrite possesses stronger and more abundant active sites at 500°C activation. 

This is supported by the well-documented thermal instability of copper oxide [23, 24] 

Copper-doping has a minor influence on the rates of the mixed ferrospinel series 

at 300°C activation both for unmodified and sulphate- modified systems, with one or two 
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exceptions. This is readily explicable because CuFeZ04 has the lowest number of strong 

acid sites at 300°C activation compared to nickel or cobalt ferrites as revealed by 

n-butylamine adsorption studies (Table 3.2.4). So copper-dopping causes a depletion in 

the number of strong acid sites although the sites provided by the Cuz
+ ions are stronger. 

The two effects more or less compensate so that the net influence will be only some 

minor modifications in the rate constants. But at 500°C activation, the inherent quality of 

copper-containing ferrospinels in providing new and stronger Lewis acid sites with 

calcination temperature, exhibits itself and the rates of all the mixed ferrospinel series 

are higher than the values for simple ferrospinels at 500°C. This influence is more for 

the Ni-Cu series than for the Co-Cu series. This is understandable because cobalt ferrite, 

due to the presence of greater number of strong acid sites, is more active than nickel 

ferrite and hence will show smaller influence in rates by copper-doping. 

At 500°C activation temperature, the effect of sulphation is to bring down the 

rates compared to those of the unmodified systems at the same activation temperature. 

Sulphation delays dehydroxylation of the catalaysts on calcination. So the creation of 

new Lewis acid sites takes place less efficiently. Thus the rates are smaller compared to 

those of the unmodified samples. 

It is seen that the most active catalyst for benzoylation of benzene is CuFeZ04 and 

the second most active catalyst is COO.5CUo.5Fez04, both calcined at 500°C. But as 

process catalysts, the samples giving highest yields are preferred. In this respect, the 

best catalyst is again CuFeZ04 calcined at 300°C. The second best catalyst IS 

SO/-INio.7Cuo.3Fez04, closely followed by COo.7CUo.JFez04, both calcined at 300°C. 

It is relevant to compare the yields of heterogeneous Friedel-Crafts benzoylation 

of benzene using benzoyl chloride in some early reports with our present results. This 

is given in Table 4.2.2. This comparison shows that the present ferrospinel catalysts are 

highly promising for the benzoylation of benzene under heterogeneous conditions 
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Table 4.2.2 Comparison of the reaction data for the Friedel-Crafts benzoylation of 

benzene using benzoyl chloride over some heterogeneous catalysts reported. 

Amounts of Reaction Reaction Amount Yield Refer 

Catalyst reactants temp. time of (%) -ence 

eC) (h) catalyst 

Fe2(S04)3 0.5 M benzoyl 80 1.0 0.4-0.6 4.8 [1] 

calcined at chloride solution 

700°C in benzene 

Rare-earth not specified 75 not 0.01 zero [21] 

supported KIO given 

Montmorillonite 

Ga20 3 and In203 13 ml benzene + 80 4.8 0.4 50 [7] 

supported on lml benzoyl 

Si-MCM-41 chloride 

Zeolite H- beta catalyst / benzoyl 80 18.0 - 54 [22] 

chloride 

ratio=0.33 

CuFe204 benzene-benzoyl 85 1.5 0.15 16.2 Pres-

activated at chloride molar ent 

300°C ratio = 4.3: 1 work 
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Fig. 4.1.2. Activity Profile Diagrams for the benzoylation of toluene with benzoyl 
chloride over various ferrite systems. (A) : Simple ferrites (8): Ni-Cu ferrites (C): Co­
Cu ferrites 
Sample conditions: 1. unmodified, activation temperature-300°C. 2. Sulphated. 
activation temperature-SOO°C. 3. unmodified .activation temperature-30QoC. 4. 
Sulphated, activation temperature-SOO°C. 
Reaction coditions: toluene-benzoyl chloride molar ratio: 3.6: 1. reaction temperature: 
120°C, reaction time: 0.5 h, amount of catalyst: 0.5 g. 
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Fig. 4.2.2 Activity profile diagram for the benzoylation of benzene with benzoyl 
chloride over various ferrite systems. (A) : simple ferrites, (B): Ni-Cu ferrites, (C): Co­
Cu ferrites. 
Sample conditions: 1. unmodified. activation temperature: 300°C, 2. Sulphated, 
activation temperature: 30QoC 3. unmodified, activation temperature: SOQoC 4. 
Sulphated, activation temperature: SOQoC 
Reaction conditions: benzene-benzoyl chloride molar ratio: 4.3: 1, reaction 
temperature:85°C, reaction time: 1.5 h, amount of catalyst : 0.15 g. 
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CHAPTER-V 

VAPOUR-PHASE CYCLOHEXANOL 

DECOMPOSITION REACTION 
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5.0 INTRODUCTION 

The best method for characterising industrial acid catalysts seems to be through 

model reactions [1,2]. The greatest advantage here is that operating conditions similar to 

those in industrial processes can be chosen, which is not the case with the usual method 

of chemisorption of basic compounds where the studies are done mostly under vacuum 

and at room temperature. Model reactions are not only useful for checking the suitability 

of industrial catalysts, but also are efficient means for determining surface acid-base 

properties. Alcohol decomposition reaction has been widely studied because it is a 

simple method to determine the functionality of an oxide catalyst. Decomposition of 

isopropanol [3 -7] and of cyclohexanol [8-13] are the most widely studied reactions in this 

category. Dehydration activity is linked to acidic property and dehydrogenation activity 

to the combined effects of both acidic and basic properties. 

5.1 DECOMPOSITION OF CYCLOHEXANOL 

In this chapter, we describe our study of the vapour-phase decomposition of 

cyclohexanol over the ferrospinel systems. The reaction was studied in a fixed-bed, 

down-flow, vertical silica reactor of2 cm diameter and 30 cm length inside a double zone 

furnace, using 3 g of pelletised and then broken catalyst. In order to get good 

reproducibility, the catalyst samples were activated in situ in air for 3 hours before each 

experiment. Cyclohexanol was fed by a syringe pump at the rate of 3.6 ml h-1. The 

products, condensed to a liquid by a water condenser, were analysed by GC and 

identified by comparison of the GC retention times of the sample and pure components, 

expected during the reaction. 

The percentage yield of cyclohexene (CHENE) and cyclohexanone (CRONE) 

were calculated from the selectivity of each, using the formula: 

% yield = conversion X selectivity 

100 
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The reaction can be represented by the scheme given in Fig 5.0.1 

o 

OH 

6 6 + 

o + 

Fig. 5.0.1 Reaction scheme for the decomposition of cyc1ohexanol 

Apart from the main products CHENE and CHONE, the reaction also gave minor 

amounts of some other products which included benzene and phenol. With one or two 

exceptions, the amount of benzene ranged between 0.5 to 2% while that of phenol, 

between 0 to 1.5 %. As we were mainly interested in assessing the dehydration and 

dehydrogenation activities of the catalyst samples, all the minor products were set aside 

under one banner, namely 'other products', during the calculation of se lectivi ties. 

It is assumed that the dehydration and dehydrogenation processes represent a set 

of parallel reactions obeying first order kinetics. The integrated rate equation for a first 

order process in a flow system is similar to that in a static system provided the 'time' of 

the reaction is replaced by the 'contact time' [14]. Hence an intrinsic rate constant for 

each ofCHENE and CHONE formation is calculated using the relation, 



where 

2.303 

k = __ _ 

wAt 

100 

log ____ _ 

( 100 - % yield) 

w;:::: mass of the catalyst, A;:::: surface area and t;:::: contact time 

5.1.1 AFe204 ( A = Ni, Co, Cu ) - type systems 
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(a) RESULTS: The percentage conversion, product selectivity and rate constants during 

cyc1ohexanol decomposition over the above mentioned catalytic systems are given in 

Table 5.1.1. An activity profile diagram is given in Fig. 5.1.1 (A). 

Table 5.1.1 Reaction data on the cyclohexanol decomposition over simple ferrites of general 

formula, AF~04 ( A ;:::: Ni, Co and Cu). 

system % Product selectivity(%) Rate constants kcHONE kcHONE 
conver- (IO-4ho1 m-2) kCHENE +kcHENE 

sion CHENE CHONE OTHERS kcHENE kcHONE 

NiFe20 4 61.39 50.92 47.40 l.68 9.30 8.52 0.92 17.82 

CoFe204 49.02 47.20 50.72 2.08 10.54 1l.45 1.09 21.99 

CuFe20 4 67.59 14.82 83.78 1.40 2.10 16.78 7.99 18.88 

NiFe20 4* 93.63 61.04 26.53 12.43 16.35 5.51 0.34 21.S6 

CoFe20 4* 71.81 61.75 38.04 0.21 20.67 11.26 0.54 31.93 

CuFe204* 75.90 SO.08 17.85 2.07 IS.90 2.94 0.16 21.84 

*sulphated samples. Activation temperature of the catalysts: 300°C, reaction temperature: 300°C .. 

amount of catalyst: 3 g, feed rate: 3.6 m1 hOt, contact time: 0.88 h, WHSV;:::: 1.14 h-t 
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The data of Table 5.1.1 enable us to draw the following conclusions: 

(i) The dehydration activity of the unmodified simple ferrospinel systems vanes 10 

the order Co>Ni»Cu and of the sulphate-modified systems, in the order 

Co>Cu>Ni. 

(ii) The dehydrogenation activity follows the order Cu»Co>Ni for the unmodified 

systems and the order Co>Ni>Cu for the sulphated samples. The ratio of 

dehydrogenation to dehydration activity, which is .considered as a basicity 

parameter, varies in the order Cu» Co>Ni for the unmodified systems, while in 

the order Co>Ni>Cu for the sulphated samples. 

(iii) Sulphation causes a noticeable enhancement in the dehydration activities of all 

the ferrites; this influence of sulphation is maximum for copper ferrite and 

minimum for nickel ferrite. 

(iv) The sum of the dehydration and dehydrogenation rate constants can be considered 

as a measure of the total catalytic activity of a sample. It is seen that sulphation 

causes an increase in the net catalytic activities of all the samples. 

(b) DISCUSSION 

Selectivity in the alcohol decomposition reaction has long been regarded as one of 

the 'indirect' methods for investigating the acid-base properties of the catalytic sites of 

metal oxides. As first suggested by Ai [15] in the case of isopropanol decomposition 

and later confirmed by several authors [16-18], dehydration was catalysed by acid sites 

whereas the dehydrogenation was catalysed by both acid and basic sites through a 

concerted mechanism. As a consequence, the dehydration rate could be regarded as a 

measure of the acidity of the catalyst, while the ratio of the dehydrogenation rate to the 

dehydration rate, as a rough index of the basicity of the catalysts. Thus, dehydration of 

cyclohexanol (CHOL) leading to cyclohexene (CHENE) would be catalysed by acid 

centres whereas its dehydrogenation leading to cyclohexanone (CHONE) would be 

catalysed both by acid and basic sites. 
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The effect of sulphation on the selectivities gives a clue regarding the type of 

acid sites involved in the dehydration activity. We have already determined the acidities 

of the simple ferrospinel systems by the 'direct' method of chemisorption of n­

butylamine followed by gravimetric analysis of the desorbed probe molecules by TG. 

The results of this analysis are reproduced along with the CHENE rate constants in Table 

5.1.2 

Table 5.1.2 Comparison of the acidity parameters obtained by the 'direct' method of 

n-butylamine adsorption and the 'indirect' method of cyclohexanoI decomposition. 

Catalytic Acid sites(n-butylamine adsorption, % Acidity parameter 

systems weight loss in units, 10-2 m-2
) kcHENE 

Weak medium strong (10-4 h-l m-2) 

NiFe204 3.09 1.33 0.66 9.30 

CoFe20 4 2.58 1.40 1.15 10.54 

CuFe204 3.25 0.63 0.40 2.10 

NiFe204* 2.46 1.92 0.55 16.35 

CoFe204* 6.08 2.54 0.87 20.67 

CuFe204* 4.80 2.22 0.38 18.90 

* sulphated samples. 

From the data of Table 5.1.2, it is clear that sulphation of the ferrites has caused 

an increase in the number of weak and medium strong acid sites rather than of strong 

acid sites. Creation of strong acid sites by sulphation depends on the nature of the oxide. 

In many cases, sulphation does not enhance reactivity catalysed by strong acid sites. 

Thus, Hino and Arata [19] observed that, for many metal oxides including NiO and CuO, 

there is little catalytic activity enhancement corresponding to strong acid sites, on 

sulphation. Miao et al. [20], during their study of sulphate-promoted mixed oxide 

superacids, found that addition of Fe, Ni ,Co,etc. to zirconia affected the catalytic 

activity only slightly. 
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Thus, in the present case, we can rule out the role of strong acid sites in deciding 

the dehydration activity because sulphation, while increasing the rate constants of 

dehydration, does not enhance the number of strong acid sites. The acidities of the weak 

acid sites do increase for cobalt and copper ferrites but not for nickel ferrite, by 

sulphation. Now, coming to the case of medium strong acid sites, all the acidities 

increase with sulphation; the effect being least for nickel ferrite and most for copper 

ferrite. The kcHENE values also show a similar trend; the increase being the least for 

nickel ferrite, but the highest for copper ferrite, on sulphation. Thus, we observe that 

there is excellent correlation between the dehydration activities and the trends in the 

number of moderately strong acid sites and so come to the conclusion that the moderately 

strong acid sites of the ferrite samples are more decisive in controlling the dehydration 

activities. Aramendia et al. [7] , during their investigation of different organic test 

reactions over acid-base catalysts, found that alcohol dehydration activity was 

appreciably correlated to Br~sted acidity and concluded that weak to medium acid 

sites were responsible for dehydration. 

It is well-known that sulphation delays the transfonnation of substances from 

amorphous to crystalline phase [21]. The TG curve (Fig. 3.1.16) shows that the weight 

loss of sulphated nickel ferrite due to dehydration occurs somewhat beyond 300°C. 

Thus, at 300°C, the sulphated ferrospinel samples are much more hydroxylated than the 

unmodified ones. Hydroxyl groups provide Br~sted type acid sites. So the increased 

acidity of medium strength, of sulphated samples is due to the increase in Bq6nsted acid 

sites and these sites are responsible for the increased dehydration activity. During their 

study of cyclohexanol conversion at 300°C, Martin and Duprez [12] noted that the 

presence of sulphate on zirconia increased its protonic acidity as proved by an increase in 

the CHENE activity. At the same time, sulphation on zirconia caused a decrease in the 

ratio of CHONE to CHENE activities. Bezouhonova and Al-Zihari [8) recommended 

the dehydration activity of cyc1ohexanol conversion as a simple test to measure the 

Br~sted acid sites in a metal oxide. The same opinion was also expressed by Martin and 

Duprez [12] and Aramendia et al. [7]. Russian workers [22,23], during their 
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investigation of selective oxidation over a series of transition metal oxides, found that 

acidic sites of only moderate strength were important in such oxidations. 

It is to be noted that the dehydration activity of copper ferrite is too low 

compared to the activities of the other ferrites, to be caused by its low acidity alone. 

Factors, apart from acidity, are suspected to be operative here. 

A similar comparison can be made between the sUIi'ace basicities determined 

earlier by adsorption of electron acceptors of varying electron affinity values (Chapter 

Ill) and the present basicity parameter, namely, kcHoNtlkcHElI<'E. This comparison is 

compiled in Table 5.1.3. During sulphation, some of the Lewis basic sites are converted 

to Br{bnsted acid sites as evident from decreased basicities of the sulphated ferrites. 

There is, indeed, a correlation between the (medium + strong) basicity 

parameters obtained from EA adsorption studies and the ratio of the rate constants during 

cyclohexanol conversion, for the unmodified ferrites. Yet, the ratio of rate constants 

for copper ferrite is too large compared to the values for the other ferrites, to be caused 

by the increase in basicity alone. There is no other correlation between the basicity 

parameters obtained by the two independent methods. 
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Table 5.1.3. Comparison of basicity parameters from surface electron donor studies and 

cyclohexanol decomposition reaction. 

system Basic sites ( limiting amount of the electron Basicity parameter, 
acceptor adsorbed, 10-4 mmol mo2) 

kCHoNElkcHE~"E 

Weak (medium+strong) 
NiFe204 13.9 4.4 0.92 

CoFe20 4 14.3 4.6 1.09 

CuFe20 4 11.3 6.7 7.99 

NiFe204* 5.9 3.0 0.34 

CoFe20 4* 4.7 1.0 0.54 

CuFe204* 5.9 3.4 0.16 

* sulphated samples. 

According to Armendia et al. [7], the widely documented correlation found for 

alcohol dehydration is not so clear for alcohol dehydrogenation. Gervasini and Auroux 

attempted to correlate the dehydration and dehydrogenation activities of isopropanol 

decomposition [6] with the acid-base character obtained by the calorimetric investigation 

[24] ofa large series of metal oxides. They failed to get any simple relationship between 

the alcohol decomposition activities and acid-base properties and attributed the cause of 

this failure to the wide heterogeneity of the oxides chosen. However, they obtained 

correlation between strength of acid sites of the oxides (calorimetric method) and the 

experimental activation energy for the dehydration But, not even such a correlation was 

obtained for the basic sites with dehydrogenation. 

The questionability regarding the use of alcohol decomposition activities as a 

measure of basicity seems to be applicable to our results also. Apart from this, the 

unusual activities of copper ferrite, namely, too Iowa dehydration activity and a 

complementary leap in dehydrogenation activity, are baffling. 
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Copper-based catalysts have attained considerable importance, owing to their 

selective properties in reactions involving hydrogen [25]. In their study of cyc1ohexanol 

decomposition over various transition metal oxides, Bezouhanova and Al-Zihari [8] 

noted that ZnO and CuO were the most active materials for dehydrogenation. Present 

industrial practice of cyc1ohexanone manufacture, the key intermediate for Nylon 6 or 

Nylon 66, involves catalytic dehydrogenation of cyclohexanol over commercial grade 

CuO/ZnO catalyst, known as Girdler-G-66B [26]. The double oxide system CuO/CrZ03 

supported on MgFz was found to be a very good catalyst for dehydrogenation of 

isopropanol and cumene [27]. Dehydrogenation activities of transition metal oxides are 

catalysed by basic as well as redox sites [27]. Isopropanol conversion is often sensitive 

to the redox properties of the catalysts [18,28,29]. Lahousse et al. [18] found that MgO 

(a very basic oxide) was totally inactive towards conversion of isopropanol to acetone 

while a less basic ZnO was very active and concluded that dehydrogenation required 

redox sites rather than basic sites. 

Among the dipositive cations in the ferrospinel systems under study, there is a 

wide difference in the redox properties of copper ion from those of C02+ or N?+ ions. 

We propose that the unique behaviour of copper ferrite during cyclohexanol 

decomposition is contributed by this difference in redox properties. Cu2
+ with a higher 

electrode potential is more reducible and hence more efficient an oxidizing agent than 

Niz+ or C02
+ ions (Table 5.1.4) 

Table 5.1.4 data on standard electrode potentials. 

Redox system EO value (V) 

Cu2+ + 2e- <=> Cu 0.34 

Cu2+ + e- <=> Cu+ 0.16 

C02+ + 2e- <=> Co -0.28 

Ni2+ + 2e- <=> Ni -0.23 
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The ferrospinels of nickel, cobalt and copper are n-type semiconductors with the 

band gap or activation energy of 0.37 eV for NiFez04 [10], 0.52 eV for CoFez04 [30] and 

0.19 eV for CuFeZ04 [31]. The very low activation energy for CuFeZ04 is a direct 

consequence of its increased reducibility and this makes the electron movements in the 

system easier, increasing its oxidation activity. 

As the dehydration and dehydrogenation selectivities are complimentary , a high 

dehydrogenation activity leads to a low dehydration activity. We have invoked the 

redox properties along with the basic properties to explain the high dehydrogenation 

activity of copper ferrite. Hence the complimentary dehydration activity is reduced 

much lower than demanded by the true acidity. In other words, in the case of copper 

ferrite, the cyclohexanol dehydration rate cannot be taken as a true index of its acidity. 

The structural stability of the spinel catalysts during cyclohexanol conversion has 

been tested by taking the Mossbauer spectra of cobalt and copper ferrites after these have 

been used in the continuous-flow reactor for nearly 5 hours. These spectra are given in 

Fig. 3.l.18. Unlike the fresh catalysts, the used catalysts show the magnetic hyperfine 

splitting expected of ferrimagnetic substances. The lack of magnetic splitting for the 

fresh catalysts is due to their very small particle size. But, after being used in the 

reaction, the particle size of the catalysts has increased as evident from the magnetic 

hyperfine structure shown in the Mossbauer spectra. The isomer shift value of iron is still 

typical ofFe3+ proving that no bulk reduction has occurred during the reaction. As n-type 

semiconductors have a tendency to lose lattice oxygen on heating [32], some electrons 

are released which may cause some surface reduction of Fe3
+ ions. This explains the 

electron conduction by the 'hopping' mechanism between FeJ
+ and Fez

+ sites. The fate 

of the hydrogen during dehydrogenation will be conversion to water by combining with 

the lattice oxygen. Using 180_ tracer technique, the participation oflattice oxygen during 

catalytic oxidation by metal oxides has been proved [33]. 
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5.1.2 Nit-xCux FeZ04 and C01-x CuxFeZ04 (x = 0.3, 0.5, 0.7) - type systems 

(a) RESULTS The reaction data for the vapour-phase decomposition of cyclohexanol 

over the Ni-Cu and Co-Cu series of mixed ferrospinels are given in Table 5.1.5. An 

activity profile diagram is given in Fig. 5. L 1 (B) & (C). 

Table 5.1.5 Cyclohexanol decomposition reaction data over mixed ferrospinels of the 

Ni-Cu series and the Co-Cu series of general formula Al-xCuxFez04 ( A = Ni or Co and 

x == 0.3, 0.5 & 0.7) 

Mixed x % con- Product selectivity(%) Rare constant kcHONE kCHONE+ 

ferrite verSIOn (10-4h-1m-2) kcHENE kcHENE 

samples CHENE CHOl\'E OTHERS kcHENE kCHONE 

Ni-Cu 0.3 79.6 11.2 81.6 7.3 2.0 22.4 11.2 24.4 

Ni-Cu 0.5 71.1 12.6 82.9 4.5 2.0 18.4 9.4 20.4 

Ni-Cu 0.7 83.5 25.1 72.5 2.4 5.1 20.2 4.0 25.3 

Ni-Cu* 0.3 83.8 17.0 80.4 2.6 2.9 20.9 7.2 23.8 

Ni-Cu* 0.5 89.0 63.2 35.3 1.6 14.8 6.7 0.5 21.5 

Ni-Cu* 0.7 84.9 77.0 21.2 1.7 20.8 3.9 0.2 24.7 

Co-Cu 0.3 76.7 6.3 90.9 2.7 1.4 33.0 23.9 34.4 

Co-Cu 0.5 78.7 9.3 89.3 1.4 2.1 34.2 16.0 36.4 

Co-Cu 0.7 77.3 8.0 90.7 1.3 1.5 27.3 18.8 28.8 

Co-Cu* 0.3 54.8 46.6 51.8 1.6 7.3 8.3 1.1 15.6 

Co-Cu* 0.5 67.3 71.9 26.2 1.9 16.2 4.8 0.3 21.0 

Co-Cu* 0.7 47.5 60.1 37.9 2.0 7.8 4.6 0.6 12.5 

*Sulphated samples. Activation temperature of the catalyst: 300°C, reaction temperature; 

300°C, amount of catalyst; 3 g, feed rate; 3.6 ml h·t, contact time: 0.88 h, WHSV ; 1.14 hot. 
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A critical analysis of the data given in Table 5.1.5 and Table 5.1.1 enables us to 

make the following comments. 

(i) The dehydration activities of all the copper-containing mixed ferrospinels are 

monotonously much lower and the dehydrogenation activities are much larger 

than the corresponding values for the pure ferrites of Ni and Co. 

(ii) Except for Ni-Cu ferrite with x = 0.3, sulphation of the mixed ferrospinel samples 

causes their dehydration activities to increase by many folds and their 

dehydrogenation activities to decrease by corresponding proportions. 

(iii) There is no definite trend in the dehydration or dehydrogenation activities of both 

unmodified and sulphate-modified samples, that can be described as a function of 

copper concentration within the range x = 0.3 to x = 0.7 

(iv) On the average, the dehydrogenation activities and the kcHONEJ'kcHENE ratios are 

much larger for the Co-Cu ferrospinels than for the Ni-Cu ferrospinels. 

(v) The lower dehydrogenation activities of the sulphated samples parallels with the 

lower limiting amount values of EA adsorbed by the samples, as was described in 

chapter Ill. Apart from this general correspondence, there is no one to one 

correlation between the basicity parameters of cyclohexanol decomposition and 

the same parameters in terms of limiting amounts of EA adsorbed. 

(b )DISCUSSION 

The sudden fall in the rate of dehydration of nickel and cobalt ferrites by as much 

as one-fifth, due to the incorporation of even a small amount of copper as x = 0.3, cannot 

be due to the small acidity of copper alone. As mentioned elsewhere, we strongly feel 

that the involvement of redox properties of copper ion in the copper-containing 

ferrospinels in the dehydrogenation process is responsible for this anomalous behaviour. 

Thus any possibility for getting a respectable correlation between the 

dehydration/dehydrogenation activities and the acid-base properties of these systems is 

lost. Iwamoto et al. [34], during their investigation of oxygen adsorption properties of 

metal oxides by means of TPD technique, found that CuO showed the largest amount of 

oxygen desorption, much larger than shown by NiO, C030 4 or Fe203. This correlates 



147 

with the heat offormation of these oxides, which is the lowest for CuO among the oxides 

studied. The less stable an oxide is, the more easily the surface is reduced to form 

surface defects and the more powerful an oxidising agent it will be [35]. This property of 

CuO is expected to be retained in copper containing ferrospinels too. Thus, much part of 

cyclohexanone formation takes place by the oxidising action of copper-containing 

ferrospinels. Naturally the acid-base parameters obtained from the reaction activities will 

be erroneous. The oxidising scheme can be envisaged as, 

Cu2+ 0 2- Cu2+ + C6HI 10 H -+ Cu2+ Cu2+ + 2e- + CJIIOO + H2O 

Cyclohexanol cyclohexanone 

n 
Cu+ Cu+ or Cu Cu2+ 

The loss of lattice oxygen creates lattice defects consisting of cordinatively 

unsaturated copper ions and mobile electrons. The electrons get involved in reducing 

reversibly metal ions like Cu2+ or Fe3+. 

The increased dehydration activity of the sulphated samples can be explained as 

follows. Sulphating agents, being acidic species, preferentially attack at the basic sites 

converting these to acidic sites. At 300°C, the basic sites on metal oxides are mainly due 

to surface hydroxyl groups [36]. It was suggested [37] that the formation of acid sites 

during sUlphation involved the chemical reaction between the surface hydroxyl groups of 

the metal hydroxide and the adsorbed H2S04 (from the sulphating agent). Thus, 

sulphation preferentially occurs at the Lewis basic sites converting these to new 

Br;n,sted acid sites. In the resulting samples at 300°C, the redox properties of copper 

are somewhat masked. Hence the sulphated samples show very high dehydration and 

low dehydrogenation activities. 

For industrial catalysts, high activity should be coupled with high surface areas. 

Our samples, prepared by the special low temperature co-precipitation route, possess high 
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surface areas at the activation and reaction temperature of 300°C. Hence all these 

samples are potential catalysts for industries. The catalyst giving the highest conversion 

of cyclohexanol is sulphated nickel ferrite (93.6%), the one giving the highest yield of 

cyclohexene is sulphated Ni-Cu ferrite with x = 0.7 (65.4% yield) and the catalyst giving 

the highest yield of cyclohexanone is Co-Cu ferrite with x = 0.5 (70.3% yield). It should 

be mentioned that a few catalyst samples gave significant quantities of benzene and 

phenol as the other products. Thus Ni-Cu (x = 0.3) gave 4.7% phenol, Ni-Cu (x = 0.5) 

gave 2.3 % phenol and sulphated NiFe204 gave 8% yield of benzene. Benzene is fonned 

by the disproportionation of cyclohexene [9] and phenol by further dehydrogenation of 

cyclohexanone at high contact time [10]. 

5.1.3 Mechanism of cyclohexanol decomposition 

(a) Dehydration 

It has been well-established that Br;n,sted acid sites of the catalyst are directly 

involved in the alcohol dehydration mechanism. The exact mechanism of gas-p~e 

dehydration of cyclohexanol has proved difficult to study directly. But, by examining 

the dehydration of methyl-substituted cyc1ohexanols, two possible mechanistic schem~s 

have been proposed for the dehydration of cyclohexanol [38,39]. These are given in Fig. 

5.1.2 

Scheme I is similar to E-2 elimination, in which the catalyst provides both an 

acidic site to attack the hydroxyl group and a basic site to abstract a proton. Scheme IT is 

similar to E-1 elimination in which the reaction proceeds through initial formation of a 

carbo cation) 



Scheme I : Concerted dehydration. 
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Recently the mechanism of gas-phase dehydration of cyclohexanol over a solid 

ZIrCOnIUm phosphate catalyst has been thoroughly studied by Costa et al.[13] ~ by 

means of deuterium labeling experiments. In order to decide which one of these 

mechanisms (scheme I or scheme IT of Fig. 5.1.2) is operating, a deuterium - labeled 

cyclohexanol was prepared and, after dehydration, scrambling of the label was 

investigated in the cyclohexene product. They [13] noticed the existence of scrambling 

of the label in the product cyclohexene. This was sufficient proof of the carbocation 

mechanism (Scheme II). 

In cyclohexanol, the C-O bond is equatorial [40], and steric factors favour a 

perpendicular approach of the OH group of cyclohexanol to the surface of the catalyst, 

rather than a parallel approach. With such an approach of the equatorial hydroxyl group, 

the rest of the cyclohexanol molecule is at some distance from the catalyst surface and so 

is not involved in the reaction. Hence the reaction consists of the cleavage of the C - 0 

bond to yield a carbocation, which is not necessarily involved with the catalyst surfaces. 

(b) Dehydrogenation 

Dehydrogenation of alcohols is catalysed by both redox and basic sites. We have 

suggested the redox properties of copper ferrite as an additional reason for its high 

dehydrogenation activity. It is well-known that the dehydrogenation process, explained 

in terms of acid-base properties of catalysts, takes place with the involvement of both 

acid and basic sites through a concerted mechanism [4,5,8,12]. This mechanism is 

represented by the following figure, Fig. 5.1.3 [8]. 

This mechanism, usually known as the 'carbonyl' mechanism, involves the fission 

of the O-H and Ca - H bonds. Most authors support this mechanism as against the rival 

'enolic' mechanism involving the splitting of the C~ - H bond [41]. The metal cation is 

acting as a Lewis acid site accepting a hydride ion whereas the oxygen anion of the 

catalyst is acting as a Br~sted base accepting the proton of the OH group of the alcohol. 
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Fig 5.l.3 Mechanism of the dehydrogenation of cyclohexanol 

When the proton acceptance precedes the splitting of the Ca - H bond, a surface alkoxide 

is formed as a reactive intermediate and the Ca - H bond is activated in the surface 

alkoxide facilitating its breakage [42, 43]. 

The high Lewis acidity of Cu2+ can be mentioned as a reason for the enhanced 

dehydrogenation activity of copper ferrite, as predictable from this mechanism. In fact, 

the high oxidising ability of Cu2+ ion parallels with its strong Lewis acidity. An idea 

from HSAB concept seems to be relevant to be mentioned here. Cu2+ is a soft acid and 

H - is a very soft base so that the interaction between Cu2+ and H - is expected to be 

very strong and natural. According to Klopman [44], soft acid - soft base interaction is 

controlled by the energies of the frontier orbitals involved in bonding and the binding 

forces are more of covalent character. 
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5.1.4 Effect of time on stream 

The stability of the catalysts were tested by making the time on stream studies 

under the experimental conditions ofWHSV and reaction temperature over a period of 

5 hours. Most of the unmodified systems showed excellent stability (Fig 5.1.4). 

Sulphate·modified systems showed decrease in activity with time. This is usually the 

case with sulphate·modified catalysts and is attributed to easy coke formation [21]. 

5.1.5 Cyclobexanol decomposition and benzoylation of toluene 

There is a fairly good correlation between the total catalytic activity for 

cyclohexanol decomposition (kcHENE + kcHONE) and the rate constant for benzoylation 

of toluene at 3000 C. This is clear from Table 5.l.6. This may be due to the common 

role of Lewis acidity involved in both conversions. 
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Fig. 5.1.4. Effect of time on stream (rOS) on cyclohexanol decomposition over the catalyst 

Nio.3Cuo. 7F e204 
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Table 5.1.6 Comparison between the rate constants for the benzoylation of toluene and 

the cyclohexanol decomposition over the various ferrospinel systems 

System, Benzoylation of toluene, Cyclohexanol decomposition 

Al •xCuxFe204 x rate constant, (kcHEl'I'E + kcHO!,;'E) 

(A=Ni or Co) (10-2 h-l mol) (10-4 h-t mol) 

Ni 0 3.5 17.8 

Co 0 12.5 22.0 

Cu 0 9.6 18.9 

Ni* 0 4.7 21.9 

Co* 0 11.3 31.9 

Cu* 0 9.0 21.8 

Ni-Cu 0.3 8.0 24.4 

Ni- Cu 0.5 6.7 20.4 

Ni -Cu 0.7 9.3 25.3 

Ni-Cu* 0.3 6.8 23.8 

Ni - Cu* 0.5 8.1 21.5 

Ni-Cu* 0.7 12.8 24.7 

Co-Cu 0.3 12.1 34.4 

Co-Cu 0.5 15.1 36.4 

Co-Cu 0.7 10.1 28.8 

Co-Cu* 0.3 11.6 15.6 

Co-Cu* 0.5 11.8 21.0 

Co-Cu* 0.7 9.5 12.5 

* sulphated samples. 
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Fig. 5.1.1 Activity profile diagrams for the vapour-phase decomposition of cyclohexanol 
over the various ferrite systems of general formula, A1_xCu,fe204 (A = Ni or Co, x 
=0,0.3,0.5,0.7 and 1) (A) : simple ferrites, (B): Ni-Cu ferrites, (C) : Co-Cu ferrites 

1. Dehydration rate - unmodified syttems. 2. Dehydration rate - sulphated systems. 
3. dehydrogenation rate - unmodified systems. 4. Dehydrogenation rate - sulphated 
systems. Reaction temperature:30QoC. contact time:O.88 h. feed rate: 3.6 mVh. 
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6.1 SU.MMARY 

Ferrospinels have attracted much attention due to their special cation distribution, 

structural stability, catalytic activity and technologically useful electric and magnetic 

properties. The usual ceramic method of preparing ferrospinels gives aggregate particles 

with low surface areas and large particle size, which adversely affect their catalytic 

utility. The recently developed low temperature co-precipitation method yields 

homogeneous and fine ferrite particles with high surface areas. This has given a new 

impetus to the study of catalytic activities of the ferrite systems. The present thesis is 

devoted to the study of the surface properties and catalytic activities of the ferrospinels of 

Co, Ni and Cu, prepared by the low temperature co-precipitation route. The surface 

properties are evaluated by various physico-chemical methods and the catalytic 

activities are studied for the liquid-phase Friedel-Crafts benzoylation of toluene and 

benzene and for the vapour-phase decomposition of cyclohexanol. As sulphation of 

metal oxides often yields more acidic and active samples, we have also studied the 

effect of sulphation on the surface properties and catalytic activities of all the ferrospinel 

systems. The sulphation has been done by 'impregnation method' using ammonium 

sulphate solution. The catalyst systems studied are Nit.xCuxFe:z04 and Co1•xCuxFe:z04 

and their sulphated analogues with x = 0,0.3,0.5,0.7 and 1. 

In Chapter I , an introduction to heterogeneous catalysis and a literature survey 

on catalysis by transition metal oxides and 2-3 oxidic spinels, with special teference to 

oxides of Ni, Co, Cu and Fe, are given. This chapter also includes literature surveys on 

heterogeneous Friedel-Crafts acylation reaction, alcohol decomposition reaction and 

the study of surface electron donor properties by adsorption of electron acceptors. A 

detailed description of the spinel structure and a review on methods of preparing 

catalysts are additional features of this chapter. 

Chapter 11 deals with the various experimental procedures adopted for the 

present work. It also gives a brief account of the relevant theory of each method of 

characterization employed. 
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Chapter DI is mainly oriented to giving the results and discussion of these 

characterization procedures. The results and discussion are conveniently done under 

three headings - simple ferrospinels, mixed ferrospinels of the Ni-Cu series and the 

mixed ferrospinels of the Co-Cu series. The spinel phase and the inverse spinel 

structure of the samples have been confirmed by the agreement between the 

experimental XRD data with the standard data given in JCPDS Data Cards. Average 

particle size from XRD data is in the range 15-25 nm. DRIFT spectra further confirms 

the spinel phase. Sulphation is qualitatively confirmed by FT -IR. The absence of a peak 

near 1400 cm-1 rules out any possible superacidity in the sulphated samples. IR. data 

correspond to a surface sulphate structure of bidentate sulphato complex or bisulphate 

modified model. EDX analysis confirms the stoichiometry of the spinel samples and 

estimates the sulphate loading to an average amount of 1 % by mass of sulphur. TGA 

proves that the dehydration of sulphated samples is delayed during calcination. 

Mossbauer spectra confirm the oxidation state of iron as +3. The lack of magnetic 

splitting is taken as evidence for the very small particle size of the samples while, the 

presence of quadrupolar splitting is evidence enough for the unsymmetrical octahedral 

electric field around the Mossbauer nucleus. The inherent ferrimagnetic quality of the 

sample is proved by the Mossbauer magnetic hyperflne splitting of used catalysts. This 

also proves the sintering of the particles during reaction. Study of ED properties with EA 

of varying electron affinity values shows that copper ferrite and copper containing mixed 

ferrites have high proportion of strong basic sites. Sulphation is found to decrease the 

ED properties of all the samples. The intrinsic ED properties are found to increase with 

the activation temperature and this effect is highest for copper ferrite. The results are 

rationalised in terms of charge to radius ratio of cations, electronegativity of cations and 

the unique properties of copper oxide such as thermal instability, special coordination 

described as (4+2) coordination, etc. Gravimetric adsorption of n-butylamine followed 

by TGA gives a distribution of acid sites of simple ferrospinels and their sulfated 

analogues. On the basis of the acidity results, CoFe204 is expected to be the best catalyst 

for acid-catalyzed reactions at 30QoC. 
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Chapter IV narrates the results and discussion of the Friedel-Crafts benzoylation 

of toluene and benzene with benzoyl chloride over the ferrospinel systems. The reaction 

data show that sulphation has no positive effect on the benzoylation rates. From a critical 

analysis of the results, it is argued out that the strong Lewis acid sites provided by the 

octahedral cations of the spinel structure are directly involved in deciding the activities 

for benzoylation reaction. Three factors are to be considered to rationalise the catalytic 

activities. These are (i) the number of strong acid sites (ii) the exact strength of the 

strong acid sites and (iii) the effect of activation temp~rature on increasing the number 

and strength of the strong acid sites. In terms of these factors, the catalytic activities of 

all the samples for benzoylation reaction have been explained. The added 

electronegativity of the Cu2+ ion and the susceptibility of copper-containing ferrospinels 

to the creation of lattice defects on calcination, are also important factors in explaining 

the catalytic activities. The effects of sulphation, copper-doping and activation 

temperature on the rates of the catalytic systems for benzoylation have been thoroughly 

discussed in this chapter. Co-Cu ferrite with x = 0.3 activated at 500°C has the highest 

intrinsic activity while sulphated Ni-Cu ferrite (x =0.7) activated at 300°C has the 

highest specific activity for benzoylation of toluene. In the case of benzoylation of 

benzene, CuFe204 activated at 500°C has the highest intrinsic activity while CuFe204 

calcined at 300° C has the highest specific activity. A mechanism for benzoylation 

involving the formation of a complex intermediate between benzoyl chloride and the 

Lewis acid centre of the catalyst has been proposed. 

In Chapter V, we have given the details of studying the vapour-phase 

decomposition of cyclohexanol at 300°C over the ferrospinel systems activated at 300°C. 

Intrinsic rate constants for cyclohexene (kcHENE) and cyclohexanone (kcHONE) formations 

have been calculated. In alcohol decomposition reaction, dehydration activity is related 

to the acid sites and dehydrogenation activity is related to the basic sites or redox sites of 

the catalysts. Good correlation is obtained between the dehydration activities of the 

simple ferrospinels and their acidities (medium strength) determined independently by 

the n-butylamine adsorption method. Except for a good correlation between the 

(medium + strong) basicity parameters obtained from EA adsorption studies and the ratio 
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(kCHONE)/(kcHENE) for the unmodified simple ferrites, there is no correlation between the 

basicity parameters obtained by the two independent methods. The extremely low 

dehydration activity of copper-containing ferrites and the converse abnormally high 

dehydrogenation activity of the same samples for cyclohexanol decomposition cannot 

due to the acidity !basicity factors alone. We strongly feel that, in copper-containing 

ferrospinels, the redox properties are involved in the dehydrogenation activity, <blowing 

up' the basicity parameter. As a consequence, the dehydration selectivities no longer 

represent the true acidities of the samples in the mixed-ferrospinel series. 

6.2 Conclusions 

• Preparation of ferrospinels of Ni, Co and Cu by the low temperature 00-

precipitation method produced homogeneous and very fine particles with 

high surface areas. 

• Sulphate modification has been done on all the catalytic systems. Sulphation 

studies on spinels are being reported for the first time. Sulphation caused an 

increase in the surface areas of most of the samples and delayed the 

dehydroxylation of the samples on calcination. 

• Sulphation very much enhanced the dehydration activity of all the samples 

during the decomposition of cyclohexanol. However, sulphation did not show 

much influence on the catalytic activity for the benzoylation of aromatics. 

• Study of distribution of acid sites by gravimetric adsorption of n-butylamine 

revealed that the number of medium strong and strong acid sites varied in the 

order Co > Ni > eu for the simple ferrites and in the order, Co > eu > Ni for 

the sulphated analogues. Sulphation caused a tremendous increase in the 

number of medium strong and weak acid sites while the strong acid sites were 

left unaffected. 

• Adsorption experiments using electron acceptors of varying electron affinity 

values showed that CuFe204 has both the highest proportion of medium to 

, 
,~ 
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strong basic sites and also the lowest proportion of weak basic sites. In the 

mixed ferrospinel series, the effect of copper substitution was to increase the 

strong basic sites and to decrease the weak basic sites with copper content. 

However, the total basicity was highest for COFez04 at the activation 

temperature of 300°C and for CuFez04 at the activation temperature of 500°C. 

Among the mixed ferrospinels, Co-Cu ferrite (x = 0.5) showed the maximum 

total basicity at both activation temperatures. 

• The basicity of all the ferrospinel samples reduced significantly on sulphation. 

• The effect of activation temperature of the catalyst was to increase the 

catalytic activity for benzoylation and to increase the electron donor properties 

of all the samples, the effects being very high for copper-containing samples. 

• All the ferrospinel samples proved to be very good catalysts for benzoylation 

of toluene and also benzene with benzoyl chloride. The best yields were 71 % 

for toluene catalysed by sulphated Ni-Cu ferrite with x = 0.7 and 16.2% for 

benzene catalysed by copper ferrite. Under our reaction conditions of short 

reaction time and small amounts of catalysts, these are promising yields in 

comparison to many other reported values. 

• The intrinsic catalytic activity for benzoylation of toluene varied in the order 

Co > Cu » Ni at the activation temperature of 300°C and in the order eu » 

Co > Ni at the activation temperature of 500°C for both unmodified and 

sulphate-modified ferrites. In the case of benzene, the catalytic activity for 

benzoylation was always in the order, Cu > Co > Ni at both activation 

temperatures and for both unmodified and modified samples. 

• There was a general increase in the catalytic activity for the benzoylation of 

aromatics with copper-doping, the effect being more pronounced in the Ni-eu 

ferrites than in the co-eu ferrites. 
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• There was good correlation between the dehydration Idehydrogenation 

activities of cyclohexanol decomposition and the acid-base parameters 

determined by n-butylamine adsorption/electron donor studies, in the case of 

simple ferrites. 

• During cyclohexanol decomposition , the best yield (70.3%) of 

cyclohexanone was given by Co-Cu (x = 0.5) ferrite and the best yield of 

cyclohexene (65.4%), by sulphated Ni-Cu (x = 0.7) ferrite. 

.. Copper-containing ferrites showed very high activities for dehydrogenation 

and very low activities for dehydration, during cyclohexanol decomposition. 

Along with the basic properties, the redox properties of copper ion are being 

suggested as the reason for this added dehydrogenation activity. 

Consequently, the dehydration activity. which is somewhat complementary to 

the dehydrogenation activity, cannot be regarded as a true index ofBr;nsted 

acidity of copper- containing systems. 

• The afore-mentioned results agree to the generally accepted notions namely, 

alcohol dehydration is catalysed mainly by the medium strong Br;nsted acid 

sites and the benzoylation of aromatics is catalysed by the strong Lewis acid 

sites on the surface of the catalyst samples. 

• The well-documented thermal instability of CuO imparts some thermal 

instability in copper-containing ferrospinels too. Calcination of such samples 

creates more surface defects in terms of co-ordinatively unsaturated cations 

and trapped electrons. This is the cause of the simultaneous increase in the 

Lewis acidity and Lewis basicity in such samples on calcination. 
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