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PREFACE

Heterogeneous catalysis is an interdisciplinary area since it is based on solid

state chemistry and physics, materials chemistry and engineering, surface science,

analytical chemistry, theoretical chemistry, reaction kinetics and mechanisms and

reaction engineering. It has ~ not only become the basis of industrial and,,
environmental chemistry during this century, but also its scientific foundation has

been developing with ever increasing speed. Because of the great importance of acid

catalysts in the petrochemical industry, extensive research work has been carried out

during the last three decades concerning the fundamental and applied aspects of

catalysis by acids. There is now renewed interest in the field of pillared clays since

they are microporous materials with high surface area and they have a close

resemblance with zeolites. The interesting architecture of pillared clays can be tuned

by varying the interlayer distance. In addition, the chemical functions such as

Bronsted and Lewis acidity can be modified by various techniques. By virtue of their

acidic properties, they can be promising catalysts in acid catalysed reactions.

In the present study, we have prepared and evaluated the physical and

chemical properties and catalytic activities of various single, mixed and modified

pillared montmorillonites. The single oxide pillared clays include AI-, Fe- and Cr­

pillared montmorillonites. The mixed oxide pillared montmorillonites such as Fe-AI

and Cr-AI pillared systems with various Fe(Cr)/Al ratios are also prepared.

Modification of iron-pillared system is done by vanadia impregnation.

Characterisation using various physico-chemical techniques and a detailed study of

acidic properties are also carried out. Major part of our work is oriented to evaluate

the catalytic activity of the pillared systems towards certain important catalytic

reactions. Our samples are found to be excellent catalysts for the reactions namely

Friedel-Crafts benzylation and benzoylation, methylation of aniline and catalytic wet

peroxide oxidation of phenol.

The thesis is organised into six chapters. The first chapter deals with the brief

introduction and literature survey on pillared clays and their catalysis. Second chapter

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

regarding the characterisation and activity studies are described in subsequent

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

drawn from the work.



Chapter I

Introduction And Literature Survey

1.0 Introduction

Catalysis has a profound beneficial impact on industry and more importantly

on society in the 21st century. It is the most important technology in enviromnental

protection. The successful exploration of a material as a catalyst eliminates or

minimises the use and release of envirornnentally hazardous substances, which are

responsible for environmental pollution. Furthermore, catalysis plays a vital role in

providing fuels, comrnoditylfine chemicals and pharmaceuticals. Today, more than

60% of all chemical products and almost 90% of chemical processes are based on

catalysis, attesting to the pervasive presence and necessity of this discipline

throughout the chemical industry.

The term catalysis was introduced as early as 1836 by 1.1. Berzelius in which

he assumed that catalysis possesses special powers that can influence the affinity of

chemical substances. A definition that is valid still today was proposed by Ostwald

in 1895. He defined a catalyst as a substance that accelerates a chemical reaction

without affecting the position of equilibrium. This definition includes the possibility

of small loss of catalyst or its activity during the course of the reaction. However, the

catalyst affects only the rate of the reaction, it changes neither the thermodynamics of

the reaction nor the equilibrium position,

1.1 Homogeneous and Heterogeneous Catalysis

In chemical industry, two major catalytic processes namely homogeneous and

heterogeneous. have been widely employed. Each of these catalytic processes

possesses its own advantages and disadvantages. Homogeneous systems often

perform better selectivity, activity and reproducibility. However. they are more

vulnerable to extraneous materials. The cost of production is very high owing to their

low thermal stability and shorter catalyst lifetime, which is a serious drawback from

an industrial point of view. The advantages of heterogeneous catalytic processes

include the easy separation of the final reaction mass from the catalyst, reusability of
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the catalyst and the possibility of continuous operation in a reactor without

interruption. Also. heterogeneous processes are more environmentally benign and

have little disposal problems, in comparison with homogeneous catalysis. Thus there

is a strong impetus for the synthesis of new heterogeneous systems to replace the

existing homogeneous systems'and this has become a challenging task in the catalytic

field.

1.2 Heterogeneous Catalysis

The field of heterogeneous catalysis is one of the most rapidly expanding

areas in chemistry. In heterogeneous catalysis, the reactants and catalysts are present

in different phases. Usually, the catalyst is a solid and the r~actants are either liquids

or gases. The heterogeneous catalyst provides an alternate reaction path with a lower

energy of activation. The process of heterogeneous catalysis involves the following

steps:

(i) Diffusion of the reactants to the surface of the catalyst,

(H) Adsorption of the reactants on the surface,

(Hi) Reaction on the surface,

(iv) Desorption of the products from the surface and

(v) Diffusion of the products away from the catalyst.

Of these, (ii) and (iii) are the most important steps. A catalyst can be

effective only when the adsorption of the reactant(s) on the surface of the catalyst is

not very strong and the desorption of the product(s) is fast. Very strong interaction of

the reactants and products on the surface only 'poisons' the catalyst. Adsorption

generally is not uniform across a solid surface. Adsorption and therefore catalysis

occurs primarily at certain favourable locations called 'active sites'.

The properties of a heterogeneous catalyst for industrial use may be classified

into two categories [1].

(i) Properties that determine directly the catalytic activity and reactivity. Here factors

such as bulk and surface chemical composition. local microstructure and phase

composition are important.
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(ii) Properties that ensure their successful implementation in the catalytic process.

These include thermal and mechanical stability, porosity, shapes and dimension of

catalyst particles.

In short, a commercial heterogeneous catalyst should be stable, active and
•

selective and should have sufficiently high surface area, good porosity and stable

mechanical strength.

1.3 Classification of Heterogeneous Catalysts

Heterogeneous catalysts are classified into several ways. Based on their

physicochemical nature, they are generally classified as

a) Metal oxides: Simple, mixed, supported and modified metal oxides

b) Supported metalslbimetallic catalysts

c) Zeolites/molecular sieves

d) Clays and hydrotalcites

e) Solid supported heteropolyacids

They are also classified on the basis of their function as

a) Shape selective catalysts

b) Phase transfer catalysts

c) Redox catalysts

d) Acid-base catalysts

Apart from these two classifications, heterogeneous catalysts are also

described as structure sensitive and structure insensitive, based on their behaviour in

a particular reaction. Rates of structure sensitive catalytic reactions alter markedly

when the crystallite size of the system is changed, whereas rate is independent of

crystallite size in structure insensitive reactions.

1.4 Solid Acid-Base Concept in Heterogeneous Catalysis

A major part of the industrial chemical reactions such as catalytic cracking,

hydration, dehydration, hydrolysis, isomerisation. etc. come under the acid-base

reaction category. These types of reactions are accelerated under the influence of an

acid or a base. The elementary step in these reactions is the characteristic transfer of

proton or the p.oduction of heteropolar donor- ..icccptor pair [2]. Acid-base property



of a heterogeneous surface is thus an important factor in determining the catalytic

efficiencies for these reactions.

Many materials possess inherent acid-base centres. An exhaustive list of

various solid acids and bases is tabulated by Tanabe [3] who defined a solid acid as
':

one on which the colour bf a basic indicator changes concomitant with its

chemisorption and a solid base as one on which the colour of an acidic indicator

changes as a result of chemisorption. Various solid acids include the naturally

occurring clay minerals, zeolites, silica-alumina and various metal oxides, sulphates,

sulphides, phosphates and halides. These solid acids have usually been employed as

catalysts on various acid catalysed reactions. Surface hydroxyl groups and

co-ordinatively unsaturated metal cations are responsible for the surface acidity.

Surface hydroxyl groups originating from incomplete dehydration act as Bronsted

acid sites. They may dissociate to protonate an adsorbed base. Bronstedacid sites are

present only when surface hydroxyl groups are available: Exposed co-ordinatively

unsaturated (CUS) cations may act as Lewis acid sites. The strength of these acid

sites depends on the charge and size of the cations.

Extensive studies on heterogeneous cracking catalysts undertaken during

1950s revealed that the essential feature of cracking catalysts is acidity, and

therefore, 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 have replaced almost all kinds of catalysts in cracking. Good

correlation between the total amount of acid (Lewis-Bronsted) and catalytic

activities has been found in many cases. For example, the rates of both catalytic

decomposition of cumene [4] and polymerisation of propylene [5] over SiOrAb03

catalysts were found to increase with increasing acid amounts.

In contrast to the extensive studies of heterogeneous acidic catalysts, fewer

efforts have been given to the study of heterogeneous basic catalysts. Pines et al.

first reported the study of heterogeneous basic catalysts [6]; sodium metal dispersed

on alumina acted as an effective catalyst for double bond migration ofalkenes.

The various types of heterogeneous basic catalysts [7] are,

a) single component metal oxides such as oxides of alkali, alkaline earth and rare

earth metals.



b) alkali ion-exchanged and alkali ion added zeolites

c) alkali metal ions supported on alumina, silica or alkaline earth oxide

d) clay minerals such as hydrotalcites, sepiolite and chrysotile

e) non-oxides such as KF supported on alwnina, lanthanide imide and nitride on

zeolite.
':,,

In addition to the above mentioned catalysts, a number of materials have been

reported to act as heterogeneous base catalysts. Except for non-oxide catalysts, the

basic sites are believed to be surface oxygen atoms. These oxygen atoms can interact

with a proton. Apart from the double bond migration of l-butene as reported by

Pines et al. [6], several other reactions such as alcohol dehydrogenation to aldehydes

or ketones, hydrogenation of olefins, amination of conjugated dienes, Meerwin­

Ponndorf-Verley (MPV) reduction, side chain alkylation of aromatics, aldol

condensation, etc. also come under the base catalysed reactions.

In our investigation, clay based systems are chosen as heterogeneous

catalysts. Thus. it is now the turn of clay catalysts that are to be discussed in detail.

A detailed discussion on clays is given below.

1.5 Clays

Clays are a group of silicate minerals composed of aluminium and/or

magnesium hydroxides along with silica. Clay minerals are loosely described as

aluminosilicates. They are usually produced as a result of the process of weathering,

hydrothermal alteration or diagenesis.

Majority of these minerals have layer structures and are therefore called

phyllosilicates. But some clay minerals have chain or ribbon structures and are

called inosilicates (for example, pyroxenes). Disorder in one or two dimensions and

interlayering produce many clay mineral species which are intermediate between the

wholly crystalline and amorphous forms. Owing to their weak. tendency to crystallise,

clay minerals are usually of colloidal grain size. These are widespread in both

continental and marine clays in soils and in hydrothermal products.

1.5.1 Structure of Clays

10 clay minerals, the layer silicates. the extremely stable Si04 tetrahedral

structural unit has polymerised to form two-dimensional sheets. These
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two-dimensional tetrahedral sheets of composition T20S (T-tetrahedral cation) are

formed by the linkage of individual tetrahedral unit with neighbouring tetrahedron by

sharing three of the oxygens (basal oxygen) at the corners of the tetrahedra [8] as

illustrated in Figure 1.I(a). The continuous linkage through these basal oxygen
-:

results in a hexagonal mesh pattern as shown in Figure 1.1(b). It should be noted that

Si04 is also capable of polymerising one dimensionally using only two oxygens to

form chains or ribbons as in the case of inosilicates, and even by sharing all its corner

oxygen to form a three-dimensional structure such as quartz which is a tectosilicate.

So far as clay minerals are concerned, it is the fact that each tetrahedron has a spare

oxygen, unshared in the sheet, which is of importance. This fourth oxygen, called

apical oxygen, of course points normally away from the t_etrahedral sheet. These

oxygens are linked to the other main structural element involved in the crystal. This

element is an octahedral sheet formed from oxygen and metal ions, as shown in

Figure 1.1(c). Most often, the latter are Al or Mg. Like tetrahedra, octahedra too can

polymerise in two dimensions (Figure 1.1 (cj), in this case, by the sharing of four

oxygens. Apart from aluminium and magnesium, Fe2+ and Fe3+ are also commonly

found in naturally occurring clays, but other appropriately sized cations such as Ti,

V, Mn, Li, Co, Ni and Zn are present in individual minerals.

The tetrahedral sheet (Tet) of polymerised Si04 units and the octahedral sheet

(Oct) are the basic building blocks of most clay minerals. It turns out to be

geometrically possible for oxygens to be shared between the two types of sheets

lying one on top of the other. However, there is a degree of distortion and strain in

the resulting lattice since the octahedral sheet unit is commonly smaller than the

tetrahedral sheet unit. The oxygen involved are the apical from the tetrahedral sheet

and those unshared octahedral ions normal to the octahedral sheet; the result is that

the oxygen of the Si-O becomes the oxygen of the AI-OH, producing the link

Si~O~AI, as shown in Figure 1.2. It can be seen from this structure that the

tetrahedral sheet has no further spare apical oxygen, so it is not possible for another

octahedral sheet to come under the tetrahedral sheet in order to form Oct-Tet-Oct

sandwich. However, it is clearly possible for another tetrahedral sheet to condense

on the top of the octahedral sheet, as the latter has spare OH groups, to form Tet-Oct­

Tet layers. This is shown schematieally in Figure 1.3. Tet-Oct-Tet is now a
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completed layer structure, a lamella about 1run thick, incapable of further growth by

condensation in the 'c' plane.

Perhaps the best known fact about clays is that the majority of these carry a

net negative charge due to isomorphous substitution of lower valency cations for the
•

higher, within the structure. This often comes about during their formation in 'dirty'

geochemical environments. when ion size, rather than either valency or even

chemical identity determines substitution in either tetrahedral or octahedral spaces in

the oxygen framework. The resulting negative charge in the lattice is electrically

balanced in the natural state by adsorption at the surface of various positively

(a)

(b)

(c)

Figure 1.1 (a) Hexagonal mesh pattern formed by the linkage of basal oxygens of
silicon tetrahedral (b) plan view of ideally hexagonal tetrahedral sheet.
Alternative hexagonal (dashed line) and orthogonal cells (full lines)
are shown connecting lattice points and (c) octahedral sheet
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Oc:. Sn eet

Tet. Sheet

AI AI

\ I
OH 0

jH I
Si Si

8

• Si 00 © OH

Figure 1.2 Diagrammatic representation of condensation of octahedral and
tetrahedral sheets

charged species from the solution. In other words, the two-dimensional oxy anions

are separated by layers of cations which are either hydrated or unhydrated. These

interlayer cations are capable, in the right conditions, of holding the individual

lamellae face to face. so that assemblages of them act together, either chemically

and/or physically. Hence. even a suspension of a clay mineral in water may consist

of a wide range of crystal sizes. depending upon the history of the sample and the

strength of the links provided by the hydrated cation. The presence of water

molecules forces the lamellae apart, and this weakens the net forces of attraction

compared to the situation in which a bare (small) cation balances the charge close to

both surfaces. Thus we can say that as the hydration of the cation in the interlayer

increases, the net force of keeping the lamellae together becomes weaker. When this

is a bare and small cation. the lamellae will be tightly held together. The best

example of a cation, which does not hydrate easily and can balance charge in this

way, is potassium and this is found most exclusively in the mica group of minerals.

1.5.2 Classification of Clay Minerals

The phyllosilicate clay minerals can be conveniently classified on the basis of

layer type. layer charge per unit cell and types of inter layer [9]. Based on the charge

possessed by the clay layers, the clay minerals can be classified into 8 major groups,

as shown in Table 1.1. The layer charge can vary from zero to as large as four and

the clay groups arc accordingly named. On the basis of layer types, clay minerals

can be classified into two as I: 1 clays and 2: 1 clays. In 1:1 clays, one clay layer is



formed by the assemblage of one tetrahedral sheet with one octahedral sheet to form

a double layer. In such clays, the uppermost unshared plane of anions in the

octahedral sheets consists only of OH groups (Fig. 1.2). In 2:1 clays, an octahedral

sheet is sandwiched between two tetrahedral sheets facing each other to form a three

sheet complex (Fig. 1.3). In order to accomplish this linkage, the upper tetrahedral

layer must be inverted so that lts apical oxygen points down and can be shared with
•

the octahedral layer below (Fig. 1.3). Both octahedral anion planes are then of the

same0 and OH composition.

On the basis of the octahedral sheet type, each of the eight major groups can

be subdivided into two sub-groups, namely dioctahedral and trioctahedral clay

minerals. The various individual clay minerals coming under each subgroup are

described in Table 1.1. In a unit cell formed from 20 oxygens and 4 hydroxyl

groups, there are eight tetrahedral sites and six octahedral sites. When two-thirds of

the octahedral sites (i.e., 4 sites) are occupied by cations, the mineral is classified as a

dioctahedral phyllosilicate. When all the octahedral sites are occupied by cations, the

clay mineral is called a trioctahedral phyUosilicate.

Tet.

Oct.

Tet.

60

4 Si

4 0.2 OH

4 AI

4 0.2 OH

4 Si

6 0

Figure 1.3 Diagrammatic representation of a 2:1 Ter.-Oct-Tet. clay structure
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Table 1.1 Classification and nomenclature of clay types (phyllosilicates)

10

i
I I

I i
Group name Layer charge Layer I Octahedral Sub-group Species

(x) ~ I, type occupancy I I•

Tri- Serpentines Chrysotile
Sepentine- Very low or 1:1

Kaolin zero Di- Kaolins Kaolinite, dickite

Talc- Tri- Talcs Talc
Pyrophillite zero 2:1

Di- Pyrophyllites Pyrophillite

Tri- Saponites Saponite,
Smectites Low 2:1 hectorite

(O.6<x<1.2) Di- Montmorill-
onites Montmorillonite.

biedillite

Tri- Trioctahedral Trioctahedral
Vermiculite Medium 2:1 Verrniculites Vermiculites

(1.2<x<1.8)
Dioctahedral Dioctahedral

Di- Vermiculites Vermiculites

Tri- Trioctahedral Phlogopite,
Mica High (x:::::2) 2: I micas biotite

Dioctahedral Muscovite, illite
IDi- micas i

Tri- Trioctahedral Clintonite I
Brittle mica Very high 2:1 brittle micas i

(x;::::4) I
i

Dioctahedral I

Di- brittle micas Margarite

Tri- Trioctahedralc Chlinochlore
Chlorite Variable 2:1 hlorites

Dioctahedral
Di- chlorites Dondassite

Tri- Sepiolites Sepiolite
Sepiolite- Variable 2: I

Palygorskite Di- Palygorskites Palygorskite
i



1.5.3 Structural Formula for Clays

The composition of a 1:1 mineral like kaolinite could be written relative to

the proportion of oxides, Le.. as AhOJ. 2Si02. 2H20. but this is virtually devoid of

structural information. It is better to take the unit cell as the basic quantity, then

express the formula as (Si4) IV014)V10IO(OH)g. This tells us at once about the cation

occupancy of the tetrahedral sheet (superscript IV) and the octahedral sheet

(superscript VI). All the 1:1 clay mineral will have the same anion group, OIO(OH)s.

Similarly, the anion group is invariant for 2:1 mineral and is 02o(OHk A unit cell

representation such as (Sis)IV(AI4) V1020(OH)4 reveals that the clay mineral is a

dioctahedral 2: 1 type. Out of the six octahedral sites, only four are occupied and it is

by AI. A unit cell representation such as (SiS)IV(Mg6) V10 20(OH)4tells that the clay is

of a 2: I trioctahedral type in which tetrahedral cations are Si4+ and octahedral cations

are Mg2
+. Idealised structural formula for some dioctahedral and trioctahedral 2:1

phyllosilicates [10] along with the isomorphous substitutions are given in Table 1.2.

Table 1.2 Idealised structural formulae for some dioctahedral and trioctahedral
2: 1 phyllosilicates

Mineral Dioctahedral Trioctahedral i
group I

I

Pyrophyllite Pyrophyllite: (AI~o](Siso)020(OH)~ Talc: (M~o](Siso)020(OH).j
-Talc

Smectites Montmorillonite: Hectorite:
M"'"",".yH20(Siso)[AI~o.,Mg,]020(OH).j M"+",".yH20(Siso){M~o.,Li,]020(OH.F).j

.
Biedillite: I

I
M"'""'n.yH20(Si80-,AI,)[AI~o]020(OH)J I Saponite:I

Nontronite Mn•"n.yH20(Siso.,AIx)lM~o]02o( OH)J
!

i M"~ ,-,n.yH20(Siso.,AI,)[Fea] 02o(OH).j

: I
Micas

i
Muscovite: Phlogopite:

Kz (Sil>oAI 2.o)[Ala]020(OHh Kz (Si6.oAlz.o) [M~O]020(OH).j

Pyrophyllite and talc (Table 1.2) are made up of neutral clay layers, so that no

exchangeable cations (Mn+) can be accommodated in the interlamellar region.

Separate clay layers are therefore rather loosely bound via weak dipolar and van Der

Waals forces. The five other sheet silicates. collectively known as smectites. listed in

the table bear a net negative charge on the Tet-Oct-Tet framework, as a result of

isomorphous substitution. In montmorillonite. some of the Ae+ in the octahedral

sub-lattice are replaced by Mg2+ ions; in hectorite, some of the Mg2
+ in the octahedral
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sub-lattice are replaced by u'. With beidellite and saponite, the isomorphous

substitution takes place in the tetrahedral sub-lattice. MO
+ appearing in the structural

formula are the residual negative charge compensating cations. which are usually

.. C '+ M '+ . d i he i I 11Na". a-. g•. etc.. situate m t e mter ame ar space.

1.6 Smectites

Smectite clay minerals are the most important among the various clays

discussed above. from a catalysis point of view. Smectite clays or their modified

forms were used extensively as commercial catalysts until the mid 1960s. when they

were replaced by more thermally stable and selective zeolite catalysts. Smectite

clays are still used today as commercial catalysts but only in minor quantities. For

example, oleic acid dimerisation is best accomplished with a smectite clay catalyst

[11]. Recent advances in the various modifications possible on smectite clays have

rekindled interest in these minerals as catalysts or catalyst supports.

Figure 1.4 schematically illustrates the oxygen framework of a smectite clay

mineral. The oxygen atoms define upper and lower sheets of tetrahedral sites and a

central sheet of octahedral sites. Isomorphous substitution of octahedral or

tetrahedral ions imparts a net negative charge to the clay layers. Typically the

positive charge deficiency in the layers of smectites ranges from 0.4 to 1.2 e- per

SiS020 [12].

Charge balancing callon,

Figure 1.4 Schematic representation of a smectite clay mineral
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The layer charge in octahedrally charged smectites is distributed over all oxygens in

the framework. but that of tetrahedrally charged smectities is more localised [10].

Octaherally charged smectites tend to be turbostratic, Le.. the layers are randomly

stacked with respect to the in-plane 'a' and 'b' axes of adjoining layers.

Tetrahedrally charged srnectites tend to exhibit greater three-dimensional order,,
[13.14].

1.6.1 Unique Properties of Smectites

Smectite clays possess a combination of cation exchange, intercalation and

swelling properties which make them unique.

a) Cation Exchange Capacity (CEC): Cation exchange capacity refers to the

exchange capability of the interlayer cations present in the clay by other cations.

Exchange of Na+ and Ca2
+ ions in the pristine smectite clays can be done with

hydrated transition metal ions as well as robust cations. The essence of this

phenomenon is that the cations of the interlamellar space have no fixed sites in the

lattice and hence if the mineral is immersed in an electrolyte. exchanges governed by

the principle of equivalence will take place between the external and internal cations.

That is. the hydrated cations on the interlamellar surface of the native minerals can be

replaced with almost any desired cation by utilising simple ion exchange methods.

With large complex cations, the extent of ion replacement may be size limited [10].

The cation exchange capacity of some smectite minerals is given in Table 1.3.

b) Intercalation: Intercalation is the insertion of a guest species in the interlayer

region of the layered solid with preservation of the layered structure. The material

obtained is called an intercalated solid. Neutral molecules other than water also can

be intercalated between the silicate layers of smectites. Several binding mechanisms

may operate in the intercalation processes [15-17]. One particularly important

mechanism involves complex formation between the exchange cations and the

intercalant, as in the binding of pyridine to Cu2
+ exchange forms of smectites [18].

Another important intercalation mechanism is the reaction of the hydrated cation

functioning as a Bronsted acid and the intercalant acting as a base as in the case of

binding of ammonia as ammonium ion in Mg -montmorillonite [19J. Intercalation can

be proven by XRD pattern. which must unambiguously show an increase in the

spacing between adjacent layers.
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Table 1.3 Cation exchange capacity of some 2: I phyllosilicates

14

Mineral

Pyrophyllite
't

Talc i

Smectites

Montmorillonite

Biedillite

Nontronite

Hectorite

Saponite

CEC. mEqll 00 g

o

o

60-120

60-120

60-120

60-12()-.

60-120

c) Swelling: The most important property of smectites from the standpoint of

catalyst design is their ability to expand beyond a single molecular layer of

intercalant. Swelling is a reversible process that occurs, for example, upon hydration

of the interlamellar cations. The extent of interlayer swelling depends on the nature

of the swelling agent, the exchange cation, the layer charge and the location of the

layer charge. The Lt and Na+ exchange forms of the minerals are particularly

susceptible to swelling by water [14, 20, 21]. As the interlayer water content of

Na-smectites is increased with increasing partial pressure, a more or less constant

interlayer spacing corresponding to monolayer formation is observed. After this. the

spacing jumps abruptly to a value corresponding to two intercalated water layers.

Further swelling of the interlayers due to osmotic forces is observed when the

minerals are immersed in liquid water.

The hydrated cations being more voluminous, a lattice expansion is noted in

the [001] direction. The process is reversible and the lattice contracts to its previous

value when dehydrated at intermediate temperatures of 573-673K. Swelling provides

access to the exchange ions on the basal surface and facilitates the ion exchange

process.

The factors on which the decree of swelling depends are (a) layer charge and

(b) nature of the exchangeable cations.



Layer Charge: In smectite minerals. the ionic interlayer bond forces are variable and

these depend on the charge density on the triple layer and magnitude of the surface

(grain size). The magnitude of the negative excess charge (related to charge density)

is proportional to the degree of substitution which in turn is different from one

mineral to another. The bond-force increases as charge density increases. but the,,
increase is much slower at small grain size than at large ones [22]. The bond force

represents resistance to expansion (resistance to swelling). Water cannot cause

swelling at charge densities beyond a certain limit. when the strong attraction

between the silicate sheet and the cations prevent expansion. This limit is stated by

White [22] to be 6.7xlO4esu cm" (equivalent to 160 mEqllOOg in terms of CEC).

Charge density is above this limit in micas but lower in smectites. (The charge on a

smectite clay can be as low as 0.45 e' per 02o(OH)4 unit).

Nature ofexchangeable cation: The nature of the exchangeable cation also plays an

important role in expansion of the clay lattice. It was observed by several authors that

if a sodium or calcium smectite is transformed into a potassium mineral, swelling is

reduced or altogether suppressed [22]. This indicates that the interlayer bond

established by the potassium ions is a very strong one.

1.7 Montmorillonite

The most familiar and common member of smectite group is montmorillonite.

In montmorillonite, the layer charge arises from the octahedral substitution of A13+ by

Mg2+ (Table 1.2). It should be noted that in montmorillonite some tetrahedral sites

also might be occupied by ions other than Si4+. However, the extent to which this

occurs is less than the frequency of substitution of At3+ ions by others in the

octahedral sites [23]. It is clear that the Al in the aluminosilicate is the source of the

acidic nature of the surface. The surface possesses both Bronsted and Lewis acidic

sites. A13+ proxying for SiH in tetrahedral coordination give rise to a net negative

charge. A charge balancing H30+ associated with such tetrahedral Al corresponds to

a Bronsted acid site. An Al in the three fold coordination, perhaps occurring at an

edge or arising from a Si-O-At rupturing and dehydroxylation of the Bronsted site

would correspond to the Lewis site [24). The Bronsted and the Lewis sites are shown

in Figure 1.5.
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By virtue of its acidity and presence of swellable layers. montmorillonite

could be modified in several ways and it is used successfully as a solid acid catalyst.

1.8 Modification on Clays
~

In the history of acid lcatalysls. clays have played an important rote in the

past. Acid leaching of the natural smectites led to amorphous aluminosilicate with

large acid surface capable of initiating the carbocation chemistry which has so many

diverse applications in catalysis. The original Houdry catalyst was prepared in that

manner. The intercalation of alkylammonium cations. especially of

tetraalkylammonium ions as pioneered by Barrer [25] is an easy process, since the clay

.®
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Figure 1.5 a) An oft-axis projection of a 2: 1 diuctanedral clay mineral with a
Breasted acid site. b) A possible configuration of a Lewis acid site.
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lattice is negatively charged and a large surface area becomes available through this

process and hence the idea to keep the clay layers "permanently expanded" by

intercalating robust inorganic pillars came. though relatively late.

Thus acid activation and intercalation are the main modifications that have
~

been done on clay minerals.

Acid activation: When the phyllosilicate clay minerals are treated with dilute acids,

the H+ ions attack the silicate layers via the interlayer region and exposed edges, thus

displacing octahedral ions such as A13
+ and Mg2

+, which then occupy the interlayer

sites. Acid activation causes little damage to the silicate layer and consequently the

structure for the centre of the platelet remains intact. The rate of dissolution of the

octahedral sheet increases not only with the increasing concentration of the acid.

temperature and contact time, but also with increasing Mg content in octahedral sheet

[26, 27]. Until 1960s proton exchanged or acid treated clays were used as cracking

catalysts. They have also proved to be good catalysts for many industrially important

reactions like alkylation [28], dimerisation and polymerisation of unsaturated

hydrocarbons [29], Diels-Alder reaction [30], etc.

Intercalation: Because of the ability of the smectite clay minerals to imbibe a variety

of cations and neutral molecules, an almost limitless number of intercalates are

possible. A class of intercalates incorporates metal complex catalyst between the

silicate layers. Although the immobilisation of complex catalysts in clay structures

makes it possible to conduct solution-like reactions in the solid state and minimise

many of the technical and economic barriers associated with the use of homogeneous

solution catalysts. the advantage of catalyst intercalation go beyond immobilisation.

By mediating the chemical and physical forces acting on interlayer reactants one can

often improve catalytic specificity relative to homogeneous solution.

Another class of smectite intercalation compounds makes use of robust

cations as pillars or pillar precursors between the silicate layers. This phenomenon

termed as pillaring is our present concern and shall be discussed in detail.

1.9 PiIlarcd Clays

Pillaring is the process by which a layered compound is transformed into a

thermally stable microporous material with the retention of the layer structure. The
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material obtained is called a pillared compound or a pillared layered solid. Thermal

stability and porosity distinguish a pillared derivative from an ordinary intercalation

compound. The latter can be. but must not be thermally stable. They also may have.

but must not have porosity. ~

The concept of pillaring smectite clays was demonstrated more than 45 years

ago by Barrer and Mac Leod [31J when they utilised tetraalkylammonium ions to

introduce interiayer porosity in rnontrnorillonite. However. the paternity of the idea

of "permanently expanding" the clay layers is due to Vaughan, Lussier and Magee

[32] and to Brindley and Sempels [33] who. in fact had combined their efforts.

Lahav, Shani and Shabtai [34] published a pioneering work and these works were at

the origin of a worldwide interest for the so-called pillared clays (PILCs). Pillared

clays have a resemblance to zeolites in the sense that both categories of solids are

microporous and can easily be transformed into acid catalysts. To some extent. the

researchers in the domain of pillared clays were, at least in their early enthusiasm.

challenging those in the domain of zeolites.

1.9.1 Basic PilIaring Mechanism

The basic phenomenon used in the preparation of pillared clays is the ion

exchange of interlamellar cations by bulky cationic species (oligomer) that act as

props to keep the structure open. It is obvious that only swelling clay minerals

capable of cation exchange (of course. this condition is satisfied by smectites) can be

pillared.

Let M be the symbol representing the clay, and C that of the charge balancing

cation of the clay. If Pn\'T is a cationic oligomer (a cation with large size and high

charge), we can represent the cation exchange process as

MNa" + Pn"+ ~ MPn + v Na T

If the exchange were the only reaction involved in the pillaring mechanism.

the experimental procedure would indeed be simple as in the case with exchanging

Na' by a quarternary alkylammonium {31]. for instance. To get a stable structure

such as a pillared clay. the intercalated solid has to be carefully processed further.

Treatment of th.: solid at an elevated temperature is the next step after intercalation.

This results in the dehydration and dehydroxylation of the polycation where it
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changes to stable oxide clusters. This step is termed as thermal activation

(calcination). Thus the robust cations. which are transformed into oxide particles

upon calcination. maintain the structure open even after dehydration and calcination

and a porous network is created. That is why these particles are named pillars [35].

Upon calcination. the bond b~tween the interlayer species and clay layers is thought

to shift from ionic to near covalent. which results in the stabilisation of the porous

network, by converting hydroxide pillars to stable oxides [36]. The interlayer

distance or the doo1 spacing of the clay exchanged with the bulky cation will be larger

compared to the pristine clay mineral. This d spacing is maintained to be sufficiently

large, though a small lowering is there due to dehydroxylation and dehydration of the

bulky cation, even after calcination. The process of pillaring is schematically shown

in Figure 1.6.

III

/Zz

H20 +Chargebalancing cations

Intercalation

III

1/7

/ZZ

Metal d2

Complex

Figure 1.6

Calcination

Schematic representation of the process of pillaring (d l< d3 < d2)
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Thus the solid. stabilised in a temperature range of 400-S00°C, is the actual

pillared clay. Its structure is essentially turbostratic since the long-range crystalline

order is 0111:, along the 'c' axis perpendicular to the layers. There is no long-range

order along the 'a' and 'b' unit.cell axes.

Figure 1.7 is a schematic representation of a pillared clay. There are two

important characteristics for a pillared clay and the pore size is determined by these

characteristics. First is the distance between the clay layers (dool), which is

determined by the size of the pillars, and the second is the lateral separation between

the pillars, which is the distance between the pillars as shown in Figure 1.8. The

regions between the pillars define pores for adsorption and possible catalysis.

There is now a renewed interest in pillared clays because it is realised that

their pore size can be made larger than those of faujasitic zeolites. Moreover. by

varying the size of the pillar or the spacing between the pillars or both, one can adjust

the pore size to suit a particular application. These pillared clays offer new

possibilities for catalysis of large molecules such as those found in residual crude

oils.

The highly selective molecular sieving property of clays pillared by hydroxy

metal cations requires a regular distribution of pillars and pores in the interlayer

region. However, the layer charge distribution in smectite clays is highly irregular,

varying as much as by a factor of two from interlayer to interlayer. Thus one should

expect a non-uniform distribution of pillars and a range of pore sizes, particularly

when the cations are stable to hydrolysis as, for instance, N~", Here ion exchange is

the sole driving force for intercalation (Figure 1.9 A). With polynuclear hydroxy

pillars, however, the ions apparently fill each interlayer region to essentially the same

population density regardless of the layer charge (Figure 1.9 B). In this case, the

average charge per pillaring cations varies with the extent of hydrolysis and also with

the negative charge density of the clay layers and thus a regular spacing between the

pillars can be achieved [10].

1.9.2 Preparation of PilIared Clays- Various Pillaring Agents

As discussed in the earlier sections. in order to prepare a pillared clay, we

have to first think anout the intercalating agent (pillaring agent). Pillaring agent
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Figure 1.7 Schematic representation of a pillared clay
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Figure 1.9 A) Irregular and B) regular distribution of pillaring cations in clay
interlayers, a) and b) represents irregular spacings from interlayer to
interlayer and c) represents irregular spacings within an interlayer
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solutions containing substantial concentrations of large polyoxocations are

prerequisites for the preparation of pillared clays. Much effort has been expended in

finding vanous puianng cauons, i.e.. poiyoxocations. Tne formation of polynuclear

cations was first recognised b}' Bjerrum [37J in his study on the hydrolysis of Cr)+,
and later for metal ions such as AI)+. Be2+. Ni2+. Pb2+. Zr4+. Hr+. Ti4+, Fe3+ and Ce4+

by other workers [38J. While all these cations are reported to form polynuclear

species upon hydrolysis. only some of them have been used as pillaring precursors in

the preparation of pillared smectites. The various types of polynuclear hydroxy

metal cations for pillaring smectites include those of Al [33, 34, 39-43]. Zr [44, 45].

Si [46], Fe [47-49]. Cr [50-52] and Ni [39]. These polynuclear hydroxy cations afford

pillared phases with higher free spacings which can reach above lsA with reasonable

stability at high temperatures. Among the various pillared clays, the most widely

explored systems are those containing Al and Zr pillars.

1.10 Aluminium Pillaring

Until now. most of the research on pillared clays has been focused on the

aluminium polycations as a pillaring agent. Consequently, the aluminium pillared

clays are, by far, the most documented pillared clays. This is because of the fact that

the solution chemistry of AI is very well-known and its polymerisation is better

understood than that of other cations.

The intercalating solution of aluminium is generally prepared by the partial

hydrolysis of an aluminium salt such as aluminium chloride or nitrate by a base such

as hydroxide or carbonate. In general terms, hydrolysis refers to the reaction by

which solutions of salts are converted to new ionic species or precipitates. For the

preparation of the pillaring agent, addition of the base is stopped before precipitation;

hence the process is called partial hydrolysis. Soluble polynuclear species may exist

under these conditions. Determining the identity and stability of dissolved hydrolysis

products is a difficult task. Often they exist over a limited range of pH. Many direct

techniques such as NMR [53], X-ray diffraction [54] and Raman spectroscopy [55]

and indirect techniques like pH measurements [38] have been applied to the analysis

of polymer species in solutions. Small angle X-ray scattering [56] is a powerful

technique for the determination of structure. growth and topology of

macromolecules.
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The OH-/M (M = metal. here AI) ratio determines the extent of hydrolysis of

the salt. A ratio near 3 results in the complete precipitation of Ae+ as AI(OHh. In

order to get the polycations for pillaring, hydrolysis is ceased, in most cases, near or

below an OH'/M ratio of 2.5 [57]. Early work using potentiometric techniques [58]

suggested the formation of oltgomers like AI6(OH)15
3
+ or AIs(OHho4+. Using small,

angle X-ray scattering, Raush and Bale [59J suggested the formation of a polymer

species, [AI1304(OHh4(H20)12(+ for OK/AI ratios between I and 2.5. The structure

of this species has been previously described in the solid state by Johansson [60}.

27Al NMR studies have also proven that the complex is most probably this

tri-decamer, called a Keggin cation (61-63]. In these partially hydrolysed Al

solutions, other species than the AII3 polyoxocation, can also exist, which can be

exchanged for the clay interlayer cations, as shown by Sterte and Otterstedt [64].

However, it is now unambiguously and thoroughly explored that the major

polycation existing in these solutions is AII3'+ cation (59, 61-63), whose structure is

shown in Figure 1.10. It consists of a central tetrahedral Al surrounded by 12

octahedral Al which can be written as [AI04AI12 (OH)24 (H20)12].

An alternate way for the preparation of this polycation is the reaction between

aqueous AICb with Al metal. This is commercially available as aluminium

chlorohydrate solution (ACH). It has been demonstrated [65, 66] that these two

different types of pillaring agents afforded very similar pillared products in terms of

d spacing, composition and surface area. However, Pinnavaia et al. have shown that

AI13'+ cations will be the major component in partially hydrolysed solutions whereas

ACH solution will contain a range of cations including larger oligomers [65].

Upon thermal activation, the AI13 polycation undergoes dehydroxylation and

dehydration to yield Ah03 pillars [l0], as shown below.

The amount of Al bound in the interlayer per unit cell varies only within a

small range of 2.78 to 3.07, equivalent to approximately one AII3 per 4.2 to 4.6 unit

cells. and shows no correlation with the charge of the layer. The absence of a

correlation suggests a more or less uniform monolayer of hydrated AI polyoxocations

to be present in the interlayer. Bergaoui et al. [67] indicated in a recent paper that the
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amount of Al never exceeds one AII3 per 6 unit cells. due to steric constraints at the

solid-liquid interface.

Fronl view Rever-se VI~ W

r-_--=--,
le = 0

i. z: OH

0= H20

Figure 1.10 Schematic representation of AII3 complex

1.11 Iron PiIlaring

In contrast to the great majority of work and publications concerning Al or

Zr-pillaring, very few papers have been reported for Fe-pillared clays. This is

perhaps surprising given that Fe-PILes are cheaper to prepare and would have not

only acidic properties. but would also contain pillars which in themselves may be

catalytically active and have redox and magnetic properties [68].

The solution chemistry of Fe is complex. It is well-known that the hydrolysis

behaviour ofFe3
+ is similar to that of A13

+ ions in forming polymeric cations [69J and

there have been reported attempts to intercalate such ions in the interlayers of

smectite clays [48, 70-74]. Iron polymeric species were also prepared by the partial

hydrolysis reactions of Fe3
+. During the course of hydrolysis, polymerisation of iron

typically begins at low pH «1.5) and propagates by deprotonation of co-ordinated

water molecules (olation) and hydroxyl groups (oxolation) [75] as illustrated in the

following equations.

The hydrolysis reactions of Fe3~ can lead to discrete spherical polycations as

large as 30A in diameter [68, 76, 77). Aggregation of the spheres produces rods and

evcntua!;: .dE. of rods. The polymerisauon process is dependent on base to metal

ratio. temperature. nature of counter ion. pH and other factors [38, 75]. Although the



whole process of the growth of polymeric cations may be brought by prolonged

ageing at room temperature or addition of base or ageing at high temperatures. the

addition of base is recommended. since this appears to offer the greatest degree of

control over the size of the pillaring species. It is also reported that iron oxide pillars

can be successfully prepared ~sing trinuclear acetate iron(III), [Fe3(OCOCH3hOHf

as a pillaring agent [74]. During thermal treatment of the intercalated clay at an

elevated temperature. decomposition of the intercalated ions takes place to yield

discrete iron oxide pillars. which prop apart the clay layers.

1.12 Chromium Pillaring

Pillaring agents containing substantial concentrations of large

polyoxochromium cations are prerequisites for chromia pillared clays with high

spacings. Cr is one among the few cations that form large polyoxospecies, and the

hydrolysis chemistry of chromium has been extensively investigated [38,78]. Several

small chromium oligomers including dimers, trimers and tetramers have been

identified and isolated from solutions at various pH values [79·83]. The existence of

much larger chromium polymers is also evidenced in aqueous solutions, but have not

yet been isolated and identified [83-85]. Chromium nitrate solutions have a

red-purple colour which changes upon increasing basicity to bluish green and finally

to deep green. The polymerisation reaction is rather slow at room temperature [38],

but quite rapid at 100°C [78, 84]. The bluish green species is identified as a dimer

namely [Cr2(OHh(H20)gl~+ [79, 81, 84] and the deep green species are attributed to

higher polymers like trimer [83, 86].

Three different methods were reported for the preparation of chromium

oligomers. Pinnavaia et al. [87] and Tzou et al. [88] prepared CrPILCs with large

gallery height with thermal stability up to SOO°C, by partially hydrolysing chromium

nitrate solutions at 95°C using Na2CO) as base and intercalating clay with this

solution. Hydrolysis at a lower temperature of 25°C yielded CrPILCs, but these were

thermally unstable above 300°C [51]. A different way to prepare Cr-pillaring

solutions comprises of the addition of Cr(N03» solutions in concentrated ammonia

(l5N), a method attempted and patented by Hopkins et al. [89]. Another interesting

route describes the reaction of clay suspension with Cr(III) acetate. Cr(OAch.

followed by refluxing for 10 days. as attempted by Jiminez-Lopez et al. [90] and

Dubbin et al. [91]. Calcination of the chromium intercalated clays in air or N2
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always resulted in gallery collapse above 300°C and this was attributed to the air

oxidation of chromium to more mobile oxidation states [88] and also to the abrupt

release of protons [91]. Calcination under NH] is an effective treatment for this

difficulty since ammonia ca~ retain the protons during calcination and also the

presence of NH~+ apparently stabilises CrJ+ [92]. making it more resistant to

oxidation.

1.13 Other PiIlared Clays

Apart from AIJ
". Fe3

+ and CrJ+ pillaring of clays, pillaring with polycations

formed upon the hydrolysis of z-", Ti4+, GaJ
+ , Ni2+ and Si4

+ has also been reported

[93-97]. Pillared clays with niobium and tantalum have also been reported [98].

Dissolution of zirconyl chloride in water leads to the formation of a tetramer with lr

as a Zrl+ species and this cation is thought to transform to lr02 pillars in lr-PILC

[99]. Similar to AI, Ga also forms the major cation in Gal] 7+ form upon partial

hydrolysis of Ga3
+ salt [100-102]. For silicon pillaring, an Sis polymer is employed.

1.14 Mixed Pillared Clays

So far we have discussed the intercalation of smectite clays by oxides of a

single metal. The process increases the surface area, thermal stability and acidity of

the parent clay mineral. The maintenance of a well-defined porous network up to

relatively high temperature along with the presence of acid sites immediately

suggested outstanding potential catalytic applications for these solids. Since the early

eighties, research has been conducted to improve the thermal and hydrothermal

stability and catalytic properties of single oxide pillared clay systems. As a result,

the intercalation of clays with solution containing two or more cations has been

widely studied. Various metals have been described in combination with Al

polyoxocations, the most important of these being Fe, Ga, Cr and lr [102-118].

Usually, the first cation polymerises easily (AI is the most studied), whereas the

addition of a small molar fraction of a second cation tries to improve the thermal.

adsorptive and/or catalytic properties of the final solids.

Two different strategies have been employed for the preparation of mixed

pillared systems. Cation exchange of the clay with one metal ion followed by

intercalation with the polyoxocation of the other metal is one route. The other

method comprises of the preparation of polyoxocations of both metals in the
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intercalating solution by the eo-hydrolysis of a solution containing both the cations

with a base [50. 105. 111]. The latter mentioned method is usually employed to

prepare mixed pillared clays.

1.14.1 Mixed Fe-AI Pillared Clays

Fe-AI pillared clays ha~e been extensively studied because iron oxide pillars

have potential interesting magnetic properties [103]. Secondly, reduced iron, present

as finely dispersed metallic domains within the pillared clay structure. may exhibit

useful catalytic properties in, for example. Fischer-Tropsch reactions [104, 112].

Preparation of intercalating solutions containing Fe and Al and successful

pillaring of montmorillonite with these solutions have been reported in a detailed

study by Lee et al. (113]. Co-hydrolysis of a solution containing AI/Fe ratio of 2.5

with Na2C03 as a base was employed for the preparation of intercalating solutions.

PiIlared solids with basal spacings up to 16.7A and specific surface areas of

250 m2g-'. stable up to 400°C were obtained while using mixed solutions. From

Mossbauer spectral studies of these solids. they could find that the iron preferentially

decorated the surface of the alumina pillars. Although the formation of

[AI12.sFeo.s04(OHhtf+ polycations was postulated by these authors. they did not find

any evidence of mixed pillared clays intercalated with species containing iron and

aluminium in the same complex, but found that intercalation was rather with discrete

alumina and iron oxide pillars. They also observed that the mixed pillars could not

be reduced due to the strong interaction between the iron and the support. viz. the Al

pillar, whereas. in pillared clays containing a mixture of iron pillars and alumina

pillars. small metallic particles in the form of pancake-shaped domains were formed

between the unaffected alumina pillars. upon reduction.

Kirisci et al. have studied Fe-AI pillared montmorillonites, characterising the

solids mainly by Mossbaeur spectroscopy and H2-TPR [114-117]. Contradictory to

the postulation by Lee et al. [113], no evidence was found for isomorphous

substitution of iron for aluminum in the Ah/+ Keggin-type cations. These authors

suggested that a eo-hydrolysis of Fe and Al occurred and that the Fe3
+ cations were

not able to occupy any site in the Aln cluster. Instead. mixed pillars containing

Al1J7+ cations and hydrous iron oxide oligomers were found. AlIFe ratios from 2.25

to 2.5 were used and they found that the basal spacings (18-19 A) and the specific



Chapter I 28

surface areas (163-30 1 m~g"l) depended on the amount of Fe in the intercalating

solutions.

The intercalation of montmorillonite with mixed solutions containing Fe and
~

Al has been reponed by Lenarda et al. [118-120]. The solids showed basal spacings

of 17.5-19.oA and specific surface areas of 176-240 m2g- 1 after calcination at 400°C.

They found that these iron containing solids have a high oxidising activity and

strongly acidic properties which was confirmed by testing these for the

dehydrogenation of 2-propanol to acetone. Comparison with Ru-Al solids was also

attempted and it was found that Fe-AI solids were superior to Ru-Al systems.

-
Bergaua et al. have also studied the synthesis and catalytic properties of

Fe-AI pillared laponite [121-124]. Basal spacings of about 18 A were obtained.

although, in some samples, only a wide band instead of a clear peak was observed.

Chemical analysis and H2-TPR experiments showed the presence of two iron species.

in the mixed pillars and outside pillars. The authors proposed the formation of mixed

AII3-x Fe, pillars, based on the Fe content of the pillared solids. AI-Fe pillars in

alumina rich samples were particularly active for a syngas coversion reaction.

showing high selectivities to light olefins, probably due to the presence of FeAlxO~

mixed oxides. These are more stable with respect to sintering and carbide formation

than the other catalysts containing supported iron particles. They could also report

that the iron rich pillars showed catalytic properties similar to those of conventional

supported iron catalysts. The same authors have recently reported [125] the synthesis

of Fe and Fe/AI pillared montmorillonites with large basal spacings, up to 76 k

using different mixtures of AI13 and of a polycation prepared by reaction of FeCl, and

Na2C03 as pillaring species. The specific surface areas reached values between 148

and 246 m2g-1 and specific pore volumes between 0.18 and 0.24 crrr'g".

Zhao et aJ. [126] have also described the intercalation of a montmorillonite

with mixed solutions of AI/Fe. as well as with solutions containing only Al or Fe.

Ratios from 0.1 to 2.0 were used yielding solids with basal spacings of 15.5-19.8 A

and specific surface areas of 170-237 nr'g", Various characterisation techniques

such as IR spectra of adsorbed pyridine, temperature programmed desorption (TPD)

of n-butylamine, Mossbauer spectroscopy and H2-TPR were used to elucidate the

properties of the catalysts. They have concluded that the incorporation of Fe into an
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alumina pillar decreases the Bronsted acid concentration and the surface acid strength

of the resulting pillared clays.

De Stefanis et al. [127] investigated the adsorption of several molecules on an

Al-pillared lenith montmorlllonite (AlA) and an AI/Fe pillared lenith
•

montmorillonite (FAZA) and also their catalytic properties. The adsorption of cyclic

(aromatic and non-aromatic) and linear chain/cyclic non-aromatic hydrocarbons.

among others. was studied. Mixtures such as hexane-hexene, hexane-heptane and

cyclohexane-hexene were used and their separation could be performed at

200~350°C. Aromatic chlorohydrocarbons could also be separated. The catalytic

activity of these solids towards isopropanol decomposition reaction was carried out

by Ladavos et al. [128]. The iron containing solids showed specific surface areas of

205-207 m2g- l
, total pore volume of 0.142-0.148 crrr'g" and 2.2x10 18 acid sites per

square metre. The activity for isopropanol decomposition was high (AlA was more

active than FAlA), but lower than that of iron-free clays. The products were mainly

propene and diisopropyl ether, with a selectivity to propene of 0.8-0.9. irrespective of

the reaction temperature.

Catalytic transformation of the gases evolved during the thermal

decomposition of high-density polyethylene (HOPE) was carried over AlA and

FAZA solids by Breen and Last (129). Thermal decomposition of the plastic yielded

n-alkanes, alk-l-cnes. alk-x-enes. and a,C-dienes in the range C4-C20• These

products were catalytically converted into light gases and aromatic species such as

toluene. xylene. trimethylbenzene and tetramethylbenzenes. When using AZA and

FAlA as catalysts a large yield of aromatics was observed. The high production of

aromatics over AlA and FAlA pillared clays suggested the presence of

dehydrocyclisation sites associated with the pillars.

Colombo and Violante [130] have described the effect of ageing on the nature

of mixed hydroxy Fe-AI montmorillonite. Fe/AI ratios from 0.1-10 were used.

Specific surface areas up to 316 m2g
-I and basal spacings of 18.2 A were observed.

Up to 4.55 wt% of Fe was fixed by the pillared solids. The degree of interlayering

was always greater in the samples with Fe/AI ratios between 0.5 and 4.0. Gibbsite

and haematite. with traces of goethite or non crystalline Fe oxides were detected

depending on the ratios used. Bakes et al. [131] have prepared an Fe-AI pillarcd
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montmorilionite using an intercaiating solution containing equal amounts of Al and

Fe chlorides (Fe!AI=1.0). About 4 \\1% of Al and 17 \\1% of Fe were found to be

fixed by the solid during intercalation. A basal spacing of only 15.6 Awas obtained

and it reduced to 12.6 A upon calcination at 500°e. A maximum value for the
~

specific surface area of 127 m2!:fl (which is comparatively 10v.:). was reached. The

nature of the AI-Fe oxides in the pillars was studied by Mossbauer spectroscopy

under both oxidising and reducing conditions. When calcined in air.

aluminium-substituted maghemite was formed. which was converted to aluminium­

substituted magnetite following H2 reduction. The reduction led to decomposition of

the pillars. which did not sinter during subsequent oxidising stages.

1.14.2 Mixed Cr-AI PilIarcd Clays

Incorporation of Cr into alumina pillared clay or the preparation of mixed

Cr-AI pillared systems has attracted considerable attention due to the catalytic

electron transfer properties and acidic properties of chromium. A comparative study

of mixed Fe-AI and Cr-AI pillared systems has shown that an uptake of up to

5.64 wt% of Fe and 10.2 wt% of Cr were taking place during the pillaring process

respectively [105]. Due to the lesser fixing of Cr into the clays, Cr-AI pillared

systems were found to be more stable towards acid attack compared to Fe-AI systems

[105]. A study of the mixed Cr-AI solids by DRS and EPR [50] showed that Cr(I1I)

cations existed in two different environments, in the micropore structure and in the

pillars. When chromium is exchanged before aluminium pillaring, it is believed that

it is present in the micropores and when intercalated with a solution containing both

Cr and Al oligomers, Cr is present in the pillars. These solids were subjected to

catalytic activity studies towards n-decane hydrocracking. The activity of mixed Cr­

Al systems were distinctly higher than that of single Al pillared clay. The activity

depended on the location of Cr(III) cations in the clay. Pillar-bound Cr yielded the

highest stabilities and catalytic activities.

Lenarda er al. [132] have studied the activity of Cr-AI pillared clays in the

vapour-phase deep oxidation of chlorinated hydrocarbons. A sample with a basal

spacing of 18.2 A and specific surface area of 350 m2 s" showed higher activity than

a chromia-pillared clay for the combustion of methylene chloride, a refractory

halocarbon. in the 300-400~C temperature range.



Studies of lhao et al. [106] on Cr-AI pillared montmorillonites led to the

conclusion that CriAI ratios greatly affected the pillar structure. the surface area. the

acidity and the thermal stability of the pillared clay. The surface acidity and thermal

stability increased when the amount of AI was increased in the intercalating solution.

The pillars obtained with a CriM ratio < 1 had a Keggin structure similar to that of a
1

hydroxy AI pillared clay and chromium was mostly dispersed in the alumina pillars

and was easily oxidised. On the contrary, large polyoxochromium complexes similar

to those of hydroxy Cr-pillared clay were obtained for Cr/Al ~ 1 and Cr(lII) was

easily converted to a-Cr203. The authors proposed a moderately strong interaction

between Cr and Al in the pillars. enhanced for low CriAl ratios. Catalytic activity for

the disproportionation of 1,2.4-trimethylbenzene was also found to be higher for

mixed Cr-AI systems when compared with single pillared systems.

Toranzo et al. have pillared a saponite with aluminium-chromium solutions

containing different AI/Cr ratios [107, 133. 134]. The solids containing both Al and

Cr cations had properties intermediate between pure Al and pure Cr pillared clays. In

particular, the thermal stability strongly depended on the amount of Al fixed by the

solids, reaching 500°C when AI/Cr ratios> I were used. Pure Cr-pillared system was

not thermally stable above 200°C whereas pure Al pillared system was found to be

thermally stable up to 600°C. The specific surface area and the porous structure of

the pillared solids were also closely related to the thermal stability. These clays were

used in the deep oxidation of acetone. reaching 100% conversion to C02 at

300-340°C. For a given amount of Cr20J fixed in the solids, which is assumed to be

the catalytically active phase. the activity strongly depended on the acetone

accessibility to this phase (i.e., on the surface area and the porous structure of the

solids. both of which are related to the amount of Al pillars in the pillared clay). This

is a good example of the co-operative effect between two cations on at least two

important properties of the final solids. namely the thermal stability and the catalytic

activity.

Kirisci et ai. [135) have prepared CriAl pillared montrnorillonites with

various CriAI ratios. Basal spacings of 18.4-19.1 A and specific surface areas of

152·265 m2g- 1 were obtained. These authors investigated the presence of chromium

in the pillars. finding that Cr3
+ cations did not incorporate into the structure of the



Chapter I

Ai13 polycations. nor were there Isomorphous subsutution of Cr. 27Al NMR studies

always showed ar, /\ :oc,/AI1cl ratio dose to 12. irrespective of the presence of

chromium. However. possible polymerisation of Cr3
+ was not investigated. The

pillared solids were tested in tife oxidation of l-phenyl-l-propanol to propiophenonc,

1.14.3 Other Mixed Metal/AI Pillared Clays

Extensive studies on Gal AI. SilAl and ZrlAl pillared clay systems have also

been reported. Gallium is known to have dehydrogenation properties [102. 136].

Furthermore. the tetrahedral site in the AID structure is rather distorted due to the

relatively smaller size of the aluminium cation. Replacement by a slightly larger

cation. such as gallium or zinc, would increase the stability of this Keggin structure

[107]. Studies of Bradley and eo-workers [102. 107. 137. 138] revealed that in the

Keggin cation of mixed Oa-AI polymer. one central tetrahedral Ga is surrounded by

12 Al octahedra. The increase in symmetry due to the incorporation of Ga in the

Al Keggin structure is reflected in the thermal stability which increases in the order

Ga PILC < Al PILe < Oa-AI PILe. In catalytic reactions. Gan pillared clays mainly

exhibited dehydrogenation. whereas AI- and Ga-Al pillared clays showed strong

cracking activity in addition to dehydrogenation [92].

Different preparation routes were followed by different authors for the

preparation of mixed silicalalumina pillared clays. Initially Gaaf et al. [139J

employed refluxing of a mixture of aluminium chlorohydrol and sodium silicate for

24 hours. Occelli [108. 109] used commercially available sub-micron positively

charged colloidal particles of alurnina-coated silica and Sterte and Shabtai [140]

employed the hydrolysis of a mixture of orthosilicic acid and AICb with NaDH for

getting hydroxy silico-aluminium oligomer. The acidity of mixed Si/AI pillared

clays is found to be considerably higher than the acidity of Al pillared clays and also

increased with increasing SilAl ratio of the pillars [140]. This is due to the formation

of acidic surface silanol groups. These clays exhibited a higher cracking activity and

disproportionation/alkylation activity compared to Al pillared clays [141].

Mixed Zs!Al pillared clays have mainly been prepared by the research group

of Occelli [1OR-11 0.1421 using commercially available zirconyl-alumino

halohydroxy complexes like REZAL 67 or RET2EL 360. The resulting solid

exhibited a basal snaring o! 17.3 A and BET surface area of250 rrr'g". The cracking



activity for gas oil conversion was found to be higher for these solids compared to Al

pillared days.

Apart from the above discussed mixed rnetal/Al pillared clays. other systems

such as UOzlAI [143], Cu-AI (144, 145), Mo-AI [146-147], etc. have also been
,

reponed. Al free mixed systems such as Fe-Cr and Fe-Zr pillared clays were also

reported [148-151]. It is to be mentioned that during our literature survey, we could

find only limited number of reports in mixed pillared clays containing pillars with

more than two metal cations [152-154].

1.15 Physical Characteristics of Pillared Clays

The dooI spacing. the pore-size distribution, the specific surface area and the

thermal stability are the essential physical characteristics of pillared clays. These

properties will depend on the exchange and distribution of the cations within the

particle of the clay. These will. in turn, depend on the presence of other cations. the

concentration and pH of the pillaring solution. Generally many ionic species

differing in charge and size are present in the intercalating solution. The cation

exchange process must then be described as a competition between these ions and the

original cations of the clay. The selectivity of cation exchange in silicates depends

on both the charge and size of the cations. The selectivity is higher for highly

charged cations and the rate of exchange is expected to be lower for bulkier species.

The initial cations of the clay also exhibit some influence on pillaring [36]. Better

intercalation is observed when the initial cations of the clay bear a higher positive

charge. This influence can readily be explained by the competition between these

initial cations and the pillaring agent. The competition between Na" and the

polyoxocation possessing a high charge such as +7, is much more favourable to the

incorporation of the polyoxocation than the competition between a highly charged

ion like Ce3
+ and the polycation. In the absence of a strong competitor, the exchange

takes place rapidly. But in presence of ions like Ce3+ or Ce.J+. a homogeneous

distribution of the polycation results and hence a large surface area is obtained.

In theory, the concentration of the pillaring agent should also have an

intluence on the distribution of the cations. Whatever the nature of the pillar. getting

a pillared clay with an interlayer spacing of at least about 16 A and specific surface

area of at least 150 m2g-1 after calcination at 500°C always requires a critical
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concentration of the pillaring agent. This critical concentration depends upon the

nature of the pillaring agent and the clay. Studies have revealed that the

concentrauon of the polyoxocation is mostly dependent on the Ollvrnetal ratio and

much less on the total metal concentration. At higher concentration of the pillaring
•agent. the competition between the macro cation and the other cations is decreased

and the distribution of the pillars should be less homogeneous.

The pH will have an influence on the equilibrium of formation of the polymer

and the competitive exchange with the protons and will affect the concentrations of

the macro cation and thus the distribution of cations.

1.15.1 Porosity- Influence of Drying

The purpose of pillaring layered materials is to introduce microporosity and

to enable permanent access to the intracrystal gallery spaces. The porous properties

of pillared clays are thus of primary importance. The drying conditions of a

polyoxocation-exchanged clay, influence surface area and pore structure [65]. Air­

drying leads to the reorganisation of edge-to-face and edge-to-edge aggregates

(delaminated) to face-to-face aggregates. Thus zeolite like products which do not

adsorb 1.3.5-triethylbenzene or perfluorotributyl amine with kinetic diameters of 9.2

and lOA A [65] are obtained. In contrast, freeze-dried clays show an appreciable

adsorption for these two molecules indicating the presence of wider pores resulting in

a 'house of cards' structure. In the 'house of cards' structure, edge-to-face and edge­

to-edge arrangement is predominant whereas in well-pillared system face-to-face

arrangement is predominating. The different types of aggregations are shown in

Figure 1.11. The method of drying is thus believed to control the porosity of the

resulting material. It should be added that the particle size of the clay is also an

important factor for the pore structure of the pillared product. Clays with small

particle size like laponite and certain saponites tend to yield delaminated rather than

truly pillared products upon intercalation with polycation [155, 156].

The size of the micropores is relatively difficult to estimate. The height of the

micropores is easily obtained from X-ray diffraction. However, the interpillar

distance (discussed in section 1.9.1) is difficult to be evaluated because pillared clays
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Figure 1.11 Schematic representation of (a) a lamellar and (b) a 'house-of-cards'
like aggregation

are not crystallographically ordered in the 'in-plane' direction. N2 adsorption and

Xe-NMR [157] can also provide estimation of pore size but the values again are in

the range of the pore height rather than the interpillar distance. However, through an

X-ray diffraction study and a thermodynamic study of xenon and krypton adsorption

in pillared montmorillonite. an inter pillar distance of 1.8 nm was obtained [158].

1.15.2 Thermal Stability of Pillared Clays

If pillared clays are to be used as catalysts for reactions such as cracking.

these should have good thermal and hydrothermal resistance. The hydrothermal

stability of rnontrnorillonites has long been known to depend on the nature of the

interlayer cations [159]. Two factors appear to control the thermal and hydrothermal

stability of pillared clays namely, the density of the pillars and their distribution

within the particle. The best hydrothermal stability reported to date concerns a clay
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intercalated by hydroxy silica-aluminium ions. After 6 h. at 1033 K in I mm. of

steam. this clay retains a surface area of 165 m::g· 1 compared to an initial surface area

of353 m~g·l after caicmation at 810 K [44].

,.
The thermal stability of the pillared clays is associated with the

dehydroxylation of the clay lattice. Dehydroxylation of the clay lattice of pristine

clay minerals occurs above 600°C. but that of pillared minerals occurs much below

this temperature. Thermal activation (calcination) is always the necessary final step

in the preparation of the pillared clay. Upon calcination. the pillars are first

dehydrated and their structure is modified accordingly. This does not involve clay

lattice reconstruction. at least when calcination is carried out below the temperature

at which the clay octahedral layer dehydroxylates. It should be stated that pillaring

lowers the dehydroxylation temperature of the clay lattice. During the activation

process. the water and protons are removed from the pillar. They may react in

different ways with the clay sheet. For instance. protons can migrate inside the clay

lattice and interact with the OH groups within the octahedral sheet. Moreover. when

sheets are propped apart by pillars. water molecules nucleated within the octahedral

layer do not experience the diffusion barrier that they meet in migrating within a

collapsed structure. The result is to lower the dehydroxylation temperature of the

pillared clay [160].

1.16 Chemical Properties of Piliared Clays - Acidity

Smectite surfaces are acidic. This results from the high degree of dissociation

of water of hydration of the cation and is a consequence of the bidimensional

structure [161. 162]. It is well-known that the residual water molecules belonging to

the hydration shell of exchangeable cations are very acidic [160J. The exchangeable

cation-clay association is like a cation-anion association but the "anion" namely the

clay lattice. has an infinite radius of curvature. Thus, the electric field created by the

cation strongly polarises a hydration water molecule in the first co-ordination shell.

One of the protons is probably delocalised on the network of water filling the space

between the cations, while the remaining OH" remain co-ordinated to the cation. The

acidic properties of pillared clays have been studied by many authors with several

well established an:' useful techniques. In pillared cb~:._ acidity can originate from

the clay layer sheets and pillars [163). There is a general agreement on the existence

of both Lewis anc Bronsted acidic sites 011 piliarcd montmorillonites. Structurally
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montmorillonite comprises a central sheet of octahedrally co-ordinated aluminium

and magnesium in the form of their oxides and hydroxides sandwiched between two

sheets containing tetrahedrally co-ordinated silicon essentially in the form of its

oxide. The Bronsted acidity for both montmorillonite and pillared rnontmorillonite is

provided mainly by structural GJH groups in the 2: I layers. The strong dependence of
1

Bronsted acidity on the structural OH groups has been evidenced [163}.

Al(VI)-O-AI(VI) and AI(VI)-O-Mg linkages comprise most of the structural OH

groups of pillared clays and only a small part of the structural OH groups can become

Bronsted acid sites during adsorption. The linkage of Al(VI)-O-Mg compared with

the linkage of Al(VI)-O-AI(VI), seems more liable to donate H+ by transferring

negative charge to Mg atoms which are located in the dioctahedral sheet. Hall [164]

and Davidtz [165] pointed out that co-ordinatively unsaturated Al exposed at crystal

edges. may become either Bronsted acid sites or Lewis acid sites. However, their

contributions are limited by the site density.

Apart from the acidic sites present in the clay layers. acidic sites can exist on

the surface of the pilIars also. There is a general agreement on the presence of higher

proportion of Lewis acidic sites than Bronsted acidic sites in pillared clays [166-169}.

In calcined pillared clays. the pillars are metal oxide clusters and hence the

contribution of pillars to the acidity of the pillared clays is mainly of Lewis type.

However. there are reports showing the unavoidable contribution of Bronsted acidic

sites by the pillars [170-172]. Occelli [170,171] found by IR studies that Al-pillared

Na-bentonite showed a doublet in the OH stretching region indicating the existence

of two types of hydroxyls- one vibrating at 3650 cm" and the other at 3700 cm". The

former vibration was assigned to the lattice OH and the latter was believed to be

associated with the pillar hydroxy groups. The spectra of Al pillared Ca-bentonite

also showed two types of bands in the OH region. However. at cracking temperatures

and in the absence of H20. pillarcd bentonite have acidity predominantly of the

Lewis type.

In calcined pillared clays. Bronsted acidity is found to disappear slowly

during the process of thermal activation [163]. This disappearance of Bronsted

acidity upon calcination is often attributed to a migration of the protons of the

interlayer space into the clay lattice sites where the negative charge originates. These

sites are in the octahedral sheet in the case where the octahedral isomorphous
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substitution occurs and In the tetrahedral sheet in the case where there is tetrahedral

isomorphous substitution. The loss of Bronsted acidity of a pillared clay is much

faster than that for an unpillared clay since the former loses its structural OH groups

much more easily upon heating than the original clay mineral [163]. Figueras [36]

have explained several categories of acidic sites. which indeed are known to exist at

the surface.

1. One type may be connected with the initial sites of ion exchange. not

occupied by the pillars that represent approximately 30% of the initial

exchange capacity of the clay.

2. A second type could be the Si-O-AI(lV) linkages.

3. A third type can be connected with the pillars since it is widely admitted that

hydrolytic reactions of the following type can occur.

The co-existence of these different types of acidity complicates the situation.

and the localisation of the acid sites is hence much more difficult than in the case of

well crystallised structures such as zeolites.

1.16.1 Determination of Acidity

In general, pillaring of clays enhances the acidity and the pillars have been

assumed to generate Lewis acid sites [163]. Adsorption of bases such as ammonia,

pyridine or aliphatic amines like n-butyl amine has been used for the determination

of the acidity of the solid surfaces [173]. These bases, after chemisorption on acidic

surfaces. interact with acidic protons. electron acceptor sites and hydrogen from

neutral or weakly acidic hydroxyl groups.

in situ IR spectroscopy studies of pyridine and ammonia adsorbed solid

provide the best information regarding the nature of interaction between adsorbed

bases and the acid sites on the surface of the solid. Different peaks are obtained for

different association of the base with the surface. A quantitative determination of the

two types of acidities can be done by measuring the area of the IR absorption peaks.

The band at 1545 cm'] was considered as characteristic of Bronsted acidity and the

band at 1456-1448 ern" of Lcwis acidity when the solid is adsorbed with pyridine.

As to piliared montmorillonitcs. Tichit et al. [174] observed that Bronsted acidity is



weak as pyridinium ion disappears upon thermal treatments above 570 K. whereas

Lewis sites are strong and hold pyridine up to 750 K and it is concluded that the

acidity of pillared clays as a whole is comparable to that of zeolite-Y. Flego et al.

[153] also detected acid sites of both Bronsted and Lewis types by pyridine

adsorption of Al. Ce and AI-C~-Mg PILCs. They have observed a shift in Lewis

absorption peak due to a chang~ in the environment of the Lewis sites. The acidic

properties of Cr-Al pillared system was studied by Zhao et al. [106] and those of

Fe-AI system was studied by Storaro et al. [118] using pyridine IR technique.

Shabtai et al. investigated the acidity of Ce-Al pillared smectite [175] by ammonia

and pyridine adsorption, using IR and indicated that the acidity decreased with

reducing pillar density.

Temperature programmed desorption of ammonia (TPO) is another useful

and well exploited technique for investigating the acidity of solid surfaces. This

enables one to evaluate the total acidity and its distribution (concentration and

strength). However. this technique lacks the detection of the distinction between

Lewis and Bronsted acid sites [176]. The already adsorbed ammonia over the catalyst

surface is subjected to desorption at different temperatures and is assigned to weak.

medium and strong acid sites. The distribution of acid sites among the various

regions is thus possible from the ammonia TPO method.

The acid contents of AI. AI-Cr and Cr-pillared derivatives of

montmorillonites and saponites were established by Moreno et al. [177] by TPO

method. They observed that the pillared saponites exhibited higher acid contents than

the pillared montmorillonite, regardless of the nature of the pillar. Narayanan et al.

extensively studied the TPO of ammonia over various solid acid catalysts [178. 179].

Acidity study of Al pillared samples of various OH"/Al ratios and also a comparison

of acidity of Ce, Al pillared and Ce-AI pillared montmorillonites [178] were reported.

The total acidity and its distribution in the three temperature regions (weak. medium

and strong) for Al pillared sample were almost the same for OH"/AI ratios of 1.5. 2.0

and 2.25. They also observed that pillared samples have much stronger acidity than

parent and Ce-exchanged montmorillonite. The total acidity of Al pillared and Cc-AI

pillared montmorillonitcs were found to be aimost the same but their distribution was

different. Acidity was almost equally distributed in Ce-Al pillared sample whereas AI

pillared sample showed comparatively more sites in the strong region.
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Canizarcs Cl U/. r180] have also used this technique for the comparison of acidity of

various single oxide pillared systems and mixed oxide pillared systems. They have

observe.. " maximum acidity for CrPILe and minimum for FePILC. Likewise. it was

observed that pillared clays with mixed oxide pillars of AI and Fe have higher acidity
1

than those with single oxide pillars.

Other methods of determining acidity of solid acids include adsorption studies

of aromatic molecules such as substituted benzenes [181-183]. comparative

adsorption studies of pyridine, piperidine and 2.6-dimethylpyridine (184.185),

perylene adsorption studies [186] and calorimetric methods [173].

Adsorption studies of aromatic molecules owing to their poor basicities. are

useful to detect the strongest acidic sites present in the catalyst. Liu and Hsu [187]

showed that substituted benzenes could be used as adsorbates to evaluate

superacidity of solid catalysts. Comparison between the adsorption of pyridine and

piperidine gives a measure to obtain strong acidic sites and total acidic sites

respectively. Adsorption of 2.6-dimethylpyridine helps to detect Bronsted acidic sites

owing to its selective adsorption over these sites. which is attributed to the steric

hindrance imparted by the two methyl groups. On the contrary. adsorption of

perylene helps to determine the electron acceptor sites, i.e., the Lewis acidic centres

in presence of Bronsted acidic sites [173].

1.16.2 Catalytic Test Reactions for Acidity

The acidity of catalyst surface can also be estimated using appropriate test

reactions. The most widely used examples include decomposition of alcohols,

crackingof alkyl aromatic hydrocarbons and isomerisation of alkenes [173].

a) Cracking of Alkyl Aromatics- Cumenc Cracking

The cracking of alkyl aromatic hydrocarbons is a very specific reaction. The

aromatic nucleus of the molecule such as cumene is practically inert towards

fragmentation. The splitting of C-C bond is thus limited to the non-aromatic part of

the hydrocarbon and the most sensitive part for the reaction is the CaTOm-Caliph bond as

shown below.
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6 o + C,H",

41

Figure I, 12 Cracking of alkyl aromatic hydrocarbons

Cumene is a convenient modei compound for the catalytic studies. because it

undergoes different reactions over different types of active sites [188-190]. The

conversion of cumene proceeds in two ways (a) cracking to benzene and (b)

dehydrogenation to u-methylstyrene. Cracking to benzene proceeds over Bronsted

acid sites through a carbocation mechanism [188, 191]. The other product of this

cracking reaction is propene. Dehydrogenation reaction of cumene occurs on Lewis

acid sites to convert it to n-methylstyrene [192]. Selectivity towards cracking

products is directly proportional to the Bronsted acidic sites whereas selectivity

towards dehydrogenation reaction is proportional to Lewis sites. Thus it is possible to

estimate and compare both the Bronsted and Lewis acid sites in a catalyst through the

study of cumene conversion reaction.

b) Decomposition of Alcohols- Cyclohexanol Decomposition

The most important properties of a metal oxide from a catalysis point of view

are its acidity, basicity and redox properties. Alcohol decomposition reactions are

quite interesting and useful since more than one parameter can be established by

doing a single reaction. A good deal of information about both the acidic and basic

sites present in the catalyst can be obtained by carrying out alcohol decomposition

reaction. The reaction proceeds through different routes on different active sites. The

nature of the active site. whether it is acidic or basic. can then be identified by

examining the products of the reaction. The amphoteric nature of alcohols permits

their interaction with acidic and basic centres. Hence. in a metal oxide containing

both acidic and basic sites. the alcohols can interact with both the centres. Different

interactions lead to different reactions.

It was observed that both dehydration and dehydrogenation of alcohols are

catalysed by metal oxides. Dehydration leads to the formation of the olefin with the

elimination of water and dehydrogenation leads to the formation of an aldehyde (in

the case of prirnarv alcohols) or a ketone (in the case of secondary alcohols) with the
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elimination of hydrogen. Many authors ascribe the dehydration activity of oxides to

their surface acidity. whereas the dehydrogenation reaction is related to their surface

basicity [193-1991. Tnu., the selectivity exhibited by a catalyst is related to its surface

acid-base properties. In cyclohexanol decomposition reaction. dehydration yields, .

cyclohexene and dehydrogenation yields cyclohexanone.

1.17 Vanadium Impregnation over Clays

Supported vanadium oxide catalysts are important In industrial processes

[200-202]. Use of supporting vanadium oxide on another oxide has several

advantages over an unsupported oxide. such as higher mechanical strength. better

thermal stability and larger surface area. [203]. There are, several reports regarding

the dispersion of vanadium oxide over basic. amphoteric and acidic oxides

[204-206]. It is possible that the dispersion of vanadium oxide as well as the structure

can be understood on the basis of acid-base character of the supports used. The basic

and amphoteric oxides favour the bidimensional dispersion. often with the formation

of compounds. The agglomerisation of vanadia species to form crystalline vanadia is

favoured with the acid character of the support. The formation of these different

types of vanadia species can be accounted as follows. Since vanadia is comparatively

acidic. it reacts easily with basic oxides with the preferential formation of vanadates

such as ortho and pyrovanadates. But a weaker interaction with the acidic supports

favours the aggregation of VOx leading to the formation of crystalline V20;.

Vanadium oxide is supported over the oxides usually by the wet impregnation

method. The term impregnation denotes a procedure whereby a certain volume of

solution containing a compound of the active element is totally adsorbed into the

pores of the support. This well exploited method involves the stirring of the support

with required amounts of ammonium metavanadate in oxalic acid solution. followed

by evaporation to dryness. By employing this method. it is possible to produce any

desired loading OfV20 5 over the support [207].

Except a few reports [208. 209]. work on vanadia impregnation over clays is

very rare. Over acid activated montrnorillonite, namely K10. vanadia loading by wet

impregnation method was attempted and compared with vanadia- silica by

Narayanan et a. ~_ ;Jo They have inferred that th. I}P~ of interaction of vanadia

with KlO montrnorillonite and SiO."! is different. Vanadia is well dispersed as V20 ;
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crystallites in both the supports. An interaction of vanadia with the support occurs in

the case of silica whereas such interaction is absent in montmorillonite KlO. An

interaction between vanadia and the support leads to the hyperfine splitting of ESR

spectra, and is observed with the case of silica but not with K10 montmorillonite.

To our knowledge, there are hardly any reports on vanadia impregnation over

pillared clays. In our present investigation, apart from the preparation of various

pillared clays, we have also prepared various vanadia loaded pillared clays by the wet

impregnation method.

1.18 Catalysis by Pillared Clays

The pilIaring of clays increases the accessibility of reactant molecules to the

interlayer catalytic sites, resulting in a possibly high catalytic activity.

Simultaneously, the interlayer and interpillar distances exert a shape selective effect,

which control the diffusion rates of reactants, reaction intermediates and products. A

large variety of catalytic reactions such as cracking, disproportionation, alkylation

and acylation, methanol conversion, oxidation reactions, etc. have been reported to

take place over the pillared clays and most of these reactions are based on the acidic

properties of the catalyst. Table 1.4 (on page 48) summarises some of the catalytic

reactions attempted on pillared clays.

One of the important catalytic processes based on shape selectivity is the

production ofp-xylene by alkylation of toluene with methanol. The selectivity for the

pillared clays in this reaction is surprisingly higher than that of the zeolite. ZSM-5

[210]. However. an opposite result has been reported by Occelli et al. [211].

Alkylation of toluene with ethylene produced p-ethyltoluene in equilibrium amounts

by use of AIPILC. p-Ethyltoluene is a larger molecule than p-xylene and therefore.

the reaction is shape selectively controlled. for p-ethyltoluene to be produced

selectively, In the methylation of toluene. the low activity for isomerisation of

p-xylcne seems to lead to a high selectivity for its formation.

Alkylation of 1.2A-trimethylbenzene with methanol was studied by Mastuda

et al, [212]. A high selectivity to the L2A.5-tetramethylbenzene isomer was achieved

in the absence of methanol. i.e.. via disproportionation, while the selectivity

decreased with Increase III conversion due to isomerisation of the,



1.2.4.5-tetramethylbenzene. However. isomerisation of 1.2.4.5-isomer was not

observed in alkylation with methanol. Moreover. the increase in methanol content in

the teed enhanced the selective formation of 1.2.4.5-tetramethylbenzene isomer.

These results indicate that methanol retards isomerisation of

1.2.4.5-tetramethylbenzene isomer once produced. because of preferential adsorption

of methanol on acid sites than aromatic hydrocarbon.

Kikutchi et al. [213) observed a restricted transition state type shape

selectivity 111 the disproportionation of 1.2.4-trimethylbenzene to yield

1.2.4.5- tetramethylbenzene on pillared clays. When AIPILC having a layer distance

of 8 A was used as a catalyst. 1.2.4.5-tetramethylbenzene and o-xylene were

produced more aboundantly than expected from thermodynamic equilibrium

calculations. Preferential formation of the specified isomers was attributed to

restricted transition state selectivity.

Shabtai et al. [214) have reported that AlPILC is more active for dealkyaltion

and cracking of large organic molecules than Y-type zeolites. The high activity of

PILCs has been attributed to the large pore size that allows bulky hydrocarbon

molecules to reach the interior active sites. It has also been pointed out by the same

authors (215] that higher activity is obtained when rare earth exchanged clays are

cross linked rather than ion exchanged subsequent to cross linking.

An interesting outlook on the commercial application of pillared clays has

been provided by Occelli and eo-workers. [142. 216, 217]. They showed that gas oil

cracking catalysed by pillared clays gave high and selective yields of gasoline under

moderate conditions. The activity and selectivity are affected by the nature of clays.

Hectorite exhibits a gasoline selectivity and minimises light gas production. although

it is not so active as montmorillonite. However. they pointed out some problems like

high coke formation and lack of hydrothermal stability while using PILC as a

catalyst.

Cracking of cumene and n-paraffins were conducted by He et al. [163} on

AIPILCs. Cumene cracking was carried out as a test reaction for Bronsted acidity by

conducting the reaction at 250°C with catalvst nreheated at various temperatures. The

conversion was found to fall rapidly after treatment at 400°C or above which is due

to the 10s5- of structural hydroxyls and Bronsted acidity. When the reaction of



n-heptane was conducted on a dried AI-pillared montmoriilonite, cracking was

initiated at 120°C and the conversion level increased steadily to a maximum at about

240°C. then decreased with further increase in the reaction temperature. This unusual

behaviour can best be explained by the loss of Bronsted acidity of AI-pillared

montmorillonite upon heating ~uring reaction. The cracking activities for n-C]{) and

n-C12 hydrocarbons were also s'tudied and the activities showed a similar trend as that

of n-heptane.

Barrault et al. [144. 218} have studied the catalytic wet peroxide oxidation of

phenol over mixed AI-Fe and mixed AI-Cu pillared clays. The study of the catalytic

oxidation by hydrogen peroxide of an aqueous solution of phenol on an AI-Fe

pillared clay catalyst has shown that under mild reaction conditions. about 80% of the

initial amount of phenol was transformed into C02 at 70°C in 2 h under atmospheric

pressure [144]. The catalyst leaching remained very low even after three cycles of

reaction and represented less than 0.2% of the total amount iron contained in the

catalyst. The low leaching and its high catalytic activity showed that mixed AI-Fe

pillared catalyst could be one of the most promising catalysts for an industrial

depollution process. The same authors observed a high degree of phenol conversion

to CO2 for mixed AI-Cu pillared systems [218]. Castillo et al. [219] conducted the

phenol oxidation reaction over Ti-pillared montmorillonite. They have observed

dihydroxy benzenes such as catechol and hydroquinone and also benzoquinone as the

major products. They have studied the influence of solvent as well and the

observations are related to the nature of the solvents. Hydroquinone was observed as

the major product with a protic solvent such as methanol and catechol was found to

be the major product with an aprotic solvent such as acetone.

The use of chromia-alumina pillared saponites as catalysts in the deep

oxidation of acetone have been reported [107]. All the Cr-AI pillared saponites were

active catalysts for the complete oxidation of acetone. reaching 100% conversion to

C02 at temperatures ranging from 573 to 613 K. A significant effect of the Ae+/CrJ+

ratio of the pillared clay on the catalytic activity has been found. The combined effect

of this ratio on the chromium dispersion and pillared clay surface areas as well as the

saponite intrinsic activity seemed to be the main factors that control catalytic activity.

Selective catalytic reduction (SCR) of 0l0x (x>l or 2) with ammonia is the

most efficient technology for its abatement tlom power plant exhaust gases. SCR has
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been extensively studied in recent years because of its environmental importance.

Various nillared clay catalysts also have been tried for the reaction. Fe3~ exchanged

titanium piltarec era; catalysts were employed by Long er al. [220]. They have

proposed a possible reaction scheme also for the SCR reaction on Fe-TiO~-PILC.

Nitrogen originates mainly frorn the reaction between gaseous or weakly adsorbed

NO and adsorbed NH3 species,

Different ion exchanged AIPILC. ZrPILC and TiPILC were used for selective

catalytic reduction of NO by ethylene in presence of O2 by Yang et al. [221]. Cul
-'­

exchanged TiPILC showed the highest activities at temperatures below 370°C. while

Cu2
+ exchanged A1PILC was most active at above 370°C. and both catalysts were

substantially more active than Cu-ZSM-5. They have also carried out the deactivation

by H20 and SOl. and found that both slightly deactivated the SCR activity of

Cu-TiPILC whereas severe deactivation was observed for Cu-ZSM-5. Also. the

catalytic activity of Cu-TiPILC was found to depend on the method and amount of

Cu loading.

Apart from the above, Table 1.4 gives an account of a few more catalytic

reactions over pillared clays. However. the great multitude of catalytic studies

reported over pillarcd clays limits us not to make this review exhaustive.

1.19 Reactions Selected for the Present Study

Pillared clays are well-known for their acidic properties. Hence various acid

catalysed reactions such as benzylation and benzoylation of toluene and alkylation of

aniline are selected for the present study. The efficiency of various pillared clays as

catalysts for an oxidation reaction namely catalytic wet peroxide oxidation of phenol

is also tested.

a) Friedel-Crafts Alkylations and Acylations

The Friedel-Crafts reactions are of great interest due to their importance and

common use in synthetic and industrial chemistry. These are important means for

attaching alkyl chains to aromatic rings and are widely used in the synthesis of large

number of fine chemicals such as drugs. fragrances. dyes and pesticides [229. 230].

The alkylation an.' ~:.' '.btion are traditional i> pcrformc.. with alkyl or acyl halides

using Lewis acid catalysts such as BF:; and AlCl.' or with alcohols using Bronsted



Table 1.4 Some catalytic applications of pillared clays

Pillared Catalytic
system application Reactants References

AI, AI-Ga, Ga Cumene [222] I
I

Al, LA-AI Cumene I [223] I
, I

AI, Si-AI ; Cumene [141 ] I

I
IAI, La-AI Cracking n-Heptane [224]

Fe, Fe-AI, AI n-Decane [111 ]

lr, lr-AI, Al Gas oil [142]

AI, Ga-AI Toluene [225]

Al T01uene/methanol [210]

AI, Al-lr Alkylation Toluene/ethylene {21t]

AI, Al-lr 1,2,4-Trimethylbenzene/methanol [211 ]

Al 1,2,4-Trimethylbenzene/methanol [212]

La-AI, Al 1,2,4-Trimethylbenzene [223]

AI, Si-AI. Si Disproportionation 1,2.4-Trimethylbenzene [141 ]

o, Cr-AI, Al 1,2,4-Trimethylbenzene [106]

Cr, Cr-AI, Al l-Butene [132] I

Ga-AI Isomerisation n-Heptane [226,227]

Ru-AI, Al Chlorinated hydrocarbons [120]

Cr-AI, Cr Deep oxidation Chlorinated hydrocarbons [132]

Cr, Cr-AI. Al Acetone [107]

Cr, Cr-AI, Al l-Phenyl-I-propanol [107]

Cr, Cr-Al, Al Oxidation Cyclohexane [87]

Cu-AI Phenol [218]
IFe-AI Wet peroxide Phenol [144]

Ti oxidation Phenol [219] \

Fe Fischer-Tropsch COIH2 [228,48] I
synthesis

AI, Fe-AI Alcohol Isopropanol [128]
decomposition

Ti-exchanged SCR of NOx NO, [220] I
I

AI, z-, Ti. NOx [221 ]
i

I
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acids. typically H2S0J [231-233]. However. these catalysts pose several problems.

The use of these substances involves technological and environmental problems due

to their corrosive nature. the difficulty of recycling and the formation of large

amounts of harmful wastes. with consequent economic and environmental problems.

Although alkylation reaction proceeds in the presence of a catalytic amount of Lewis

acid. the acylation reactions require more than a stoichiometric amounts of the

traditional Lewis acids. which form complexes with both the acylating reagent and

the carbonyl product. This necessitates work-up to decompose the complexes and the

catalyst is not reusable. Yet another disadvantage is polyalkylations and

rearrangements that are difficult to avoid. One important consequence of the new

environmental legislation and the drive towards "clean technology" is the thrust

towards the development of "environmentally friendly heterogeneous catalysts" for

these reactions. Thus it is highly desirable to develop new processes that can reduce

the environmental and economic problems associated with the classical Friedel­

Craft's alkylation and acylation catalysts [234, 235]. Active research has been

directed at substituting the traditional homogeneous catalysts with acid

catalysts such as clay minerals and zeolites [236].

b) Alkylation of Aniline

Alkylation of aniline is industrially very important as the major products of

this reaction form the basic raw materials for synthesis of organic chemicals and

intermediates in dye stuffs, pharmaceuticals and agro industries. N-alkylated

products such as N-methylaniline (NMA), N.N'-dimethylaniline (NNDMA).

N-methyl p-toluidine (NMT) and other C-alkylated products (toluidines) are formed

during the methylation of aniline. Initially, aniline was alkylated with methanol in the

liquid phase using acid or halide as homogeneous catalysts [237]. The use of

aluminium alkoxide and strong acids as catalysts has also been reported [238-241].

However, with the varying awareness of environmental issues, various solid acid

catalysts have been tried for the reaction. These include oxides, zeolites, AEL type

molecular sieves and clays [209, 242-250]. The various alkylating reagents used

include oletins, alcohols and dimethyl carbonate [246-248, 251-253].

Aniline alkylation reaction is an acid-catalysed reaction and proceeds through

an electrophilic substitution mechanism. The electrophile i.e.• the carbocation is



formed from the alkylating agents, viz., olefins, alcohols or alkyl halide with the help

of acid sites on the catalyst surface. Alkylation of aniline is a consecutive reaction.

Nsalkyl aniline is the primary product which is further alkylated to

N,N'-dialkylaniline. Direct ring alkylation can also occur. N,N'-dialkylaniline can

rearrange to form N-alkyl toludines via N~ C shift [254].

c) Catalytic Wet Peroxide Oxidation of Phenol (CWPO)

Industrial processes and agricultural activities generate a large diversity of

waste-water containing organic pollutants. Thus ecologically friendly technology is

one of the most important subjects in present-day chemistry, in particular for partial

oxidation of organic compounds. Until now, many different solids were proposed as

catalysts for the oxidation of various organic compounds in water [144, 255-258].

Phenol constitutes one of the main pollutants to be removed from waste-water. Hence

the disposal of phenol by a 'clean' technology is very much advisable. Catalytic Wet

Peroxide Oxidation (CWPO) is reported to be a suitable method to achieve a high

conversion of the organic pollutants at soft conditions and at the lowest cost [259].

Phenol is a very simple organic compound, easily soluble in water at different

conditions of acidity. It will be of added advantage, if this phenol is converted to

useful products. The hydroxylation products of phenol namely catechol and

hydroquinone (diphenols) are extensively used as photographic developers,

ingredients for food and pharmaceutical applications and antioxidants.

1.20 Main Objectives of the Present Work

Pillared clays have attracted considerable attention as catalysts for a variety of

acid-mediated reactions. The catalytic properties of pillarcd clays are a result of the

propping apart of the clay structure, thereby increasing the surface area and pore

volume, and exposing much of the inter layer region and any acid sites therein to

reactant molecules. Furthermore, in addition to expanding the layer structure, the

metal oxide pillars are themselves thought to possess a certain amount of acidity and

activity.

Owing to the presence of both Bronsted and Lewis acidic centres on pillared

clays, they have been used as efficient catalysts for cracking, alkylation,

isomerisation. hydroconversion, etc. Addition of a second metal into the pillared clay
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structure is known to improve the acidity, thermal stability and catalytic activity of

single oxide pillared systems. Our synthetic programme. hence. has focused on the

preparation of mixed pillared systems and a comparison with single pillared systems.

Furthermore. vanadia is known to improve the catalytic activity of metal oxides that

act as supports for vanadia. Reports of vanadia impregnation over clays are very

sparse.

In the present work. we report the preparation and characterisation of single.

mixed and vanadia loaded pillared montmorillonites. AI3+ , Fe3
+ and Cr3+, are known

to be acidic. Hence their individual and mixed pillaring solutions are selected for

pillaring the parent clay, namely montmorillonite. We are interested and curious

about their catalytic behaviour towards certain industrially important reactions, which

are discussed in the section 1.19.

The main objectives of the present work can be summarised as

• To modify a naturally occurring clay mineral, namely montmorillonite

through pillaring.

• To synthesise single metal oxide pillared montmorillonites such as

Al-pillared, Fe-pillared and Cr-pillared montmorillonites. Another major

objective is to synthesise mixed metal oxide pillared clays namely Fe-AI and

Cr-AI pillared montmorillonites with various Fe/AI (Cr/AI) ratios.

• To investigate the influence of vanadia loading over iron pillared

montmorillonite.

• A thorough characterisation study of all the prepared catalytic systems for an

understanding of their textural characteristics is another objective. Various

characterisation techniques include EDX, XRD, IR, BET surface area and

pore volume measurements and TO studies.

• To explore the acidic character of all the catalysts through various

independent techniques such as thermodesorption study of

2,6-dimethylpyridine, adsorption of perylene, temperature programmed

desorption (TPD) of ammonia. decomposition of cyclohexanol and cumene

conversion test reaction.



• To investigate the catalytic efficiency of the samples towards the industrially

important reactions namely Friedel-Craft's benzylation and benzoylation of

toluene.

• To study the aniline methylation reaction which IS another industrially

important reaction. over.all the catalyst systems.

• Phenol is a major water pollutant and its removal by oxidation to harmless/

useful products is highly desirable. So the last objective is to test the

efficiency of the catalysts for the wet peroxide oxidation of phenol to

industrially important chemicals namely the diphenols.
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Chapter 2

Experimental

2.0 Introduction

The activity of a catalyst is generally influenced by the method of catalyst

preparation and the conditions of pre-treatment. apart from the reaction parameters.

Variations in the method of preparation affect the physical and chemical properties of

a catalyst and this affects the catalysts' activity profoundly [1]. In the case of pillared

clays. the physical and chemical properties of the final pillared solid is extremely

sensitive to the preparation history of the samples. Hence the preparation procedure

is very crucial to get the catalyst with optimum properties.

In this chapter. the preparation procedures of the various catalysts and their

characterisation techniques are discussed in detail.

2.1 Preparation of Catalysts

We have synthesised single oxide pillared montmorillonites such as

aluminium-pillared, iron-pillared and chromiium-pillared montmorillonites. Mixed

pillared systems such as iron-aluminium and chromium-aluminium pillared

montmorillonites with various Fe (Cr)!Al ratios were also prepared. Finally. we

have impregnated iron-pillared montmorillonite with various amounts of vanadia.

Materials:

1. Montmorillonite (KSF) obtained from Fluka.

2. Aluminium nitrate, ferric nitrate and chromium nitrate obtained from Merck

3. Ammonium metavanadate from s.d. fine chem. ltd.,

4. Sodium carbonate from s.d.fine chem. ltd.

2.1.1 Preparation of Single Oxide PilIarcd Montmorillonites

The initial step of the pillaring process is the preparation of respective

pillaring agents. Pillaring agent for alurninium-pillared montmorillonite was

prepared as follows. O.:! M aluminium nitrate solution was partially hydrolysed using

0.3 M sodium carbonate as the base at a base!metal ratio of 2.0 under vigorous

SUITmg a: 70°C for two hours and the surnng was continued for six hours at room



temperature. Then the pillaring agent was flushed with nitrogen to free from carbon

dioxide and it was then aged for 24 hours at room temperature. Meanwhile, a 1%

suspension of the parent montmorillonite in distilled water was also prepared and

kept overnight. The pillaring solution. after ageing was then treated with the clay

suspension for six hours at 70°C. A13
+ to clay ratio was maintained as 20 mmolg" of

clay in the final reaction mixture. After reaction. the material was washed until

flocculation appeared and it became nitrate free. It was then dried at 110°C. followed

bycontrolled calcination in dry air at 400°C for five hours to get aluminium pillared

montmorillonite catalyst.

A similar method was adopted for the synthesis of iron-pillared and

chromium- pillared montmorillonites. Ferric nitrate and chromium nitrate were used

respectively. All the preparation steps were same, except that chromium pillaring

agent was prepared at 95°C and this warm solution was used for pillaring the clay,

without ageing.

2.1.2 Preparation of Mixed Oxide PiIlared Montmorillonites

Mixed iron-aluminium and chromium-aluminium pillared montmorillonites

were prepared by the eo-hydrolysis of ferric nitrate or chromium nitrate and

aluminium nitrate.

Requisite volumes of 0.2 M Fe(N03h.9H20 or Cr(N03)3 .9H20 were added

to 0.2 M **AI(N03)J solution to get various solutions with an Fe(Cr)/Al ratio of O. L

0.2. 0.3. 0.4, 0.5 and 1.0. Each of these solutions was then partially hydrolysed with

sodium carbonate solution so as to acquire a base/metal ratio of 2.0. Further

procedures for mixed iron-aluminium pillared montmorillonites were the same as that

of iron-pillared montmorillonite. Those for chromium-aluminium pillared

montmorillonites were the same as that of chromium-pillared montmorillonite.

2.1.3 Preparation of Vanadia Impregnated Iron-Pillared Montmorillonites

Impregnation of vanadia over iron-pillared montmorillonite was done by the

conventional wet impregnation method (2]. 2. 5. 7. 10. 15 and 20 weight percentages

of vanadia were added on iron-pillared montmorillonite. Calculated amounts of

ammonium metavanadate was dissolved in aqueous oxalic acid soiution and stirred

with iron-pillared montmorillonite for 3 hours using a magnetic stirrer. Excess
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solvent was tnen evapourated te dryness on 2. water bath. The materia! was then

dried in an air-oven overnight and calcined at 400°C for five hours.

2.2 Notations of Catalysts

M - Parent montmorillonite

AIPM - Aluminium-pillared montmorillonite

FePM • lron-pillared montmorillonite

CrPM - Chromium-pillared montmorillonite

FeAlxPM - Mixed iron-aluminium pillared montmorillonite

with Fe/AI ratio = x: (x ;:::0. l , 0.2. 0.3. 0.4. 0.5 & 1.0)

CrAlxPM - Mixed chromium-aluminium pillared montmorillonite

with Cr/Al ratio = x; (x =0.1. 0.2.0.3.0.4,0.5 & 1.0)

XVFe • Vanadia impregnated iron-pillared montmorillonite with

X weight % of vanadia loading (X = 2, 5. 7, 10. 15 & 20)

2.3 Characterisation Techniques

2.3.1 Energy Dispersive X- ray Flourescencc Analysis (EDX)

Energy Dispersive X-ray (EDX) flourescence analysis is one of the most

successful method for the qualitative and quantitative elemental analysis of solid

samples. The requirements for EDX instrumentation are

a) Si (Li) detector for receiving undispersed characteristic X-rays from a

fluorescing specimen.

b) multi-channel pulse height analyser for digesting and accumulating the pulses in

channels, each channel representing a small range of energy and

c) powerful microcomputers for the calculation of elemental concentrations.

Principle:

The principle is based on the strong interaction of electrons with matter and

their appreciable scattering by quite small clusters. When electrons of appropriate

energy impinge on a sample they cause emission of X-rays, whose energies and

relative abundance depend upon the composition of the sample. This can be

explained as follows. An electron beam from a scanning electron micrograph ejects

an electron fre:: an inner shell of the S::1111plo.: atom. The vacancy caused by this

removal of th- electron is filled by another electron from a higher energy shell.
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While falling to the lower energy state, this vacancy-filling electron will emit the

difference in energy between the two shells as electromagnetic radiation. Since this

energy difference is fairly large for inner shells, the radiation appears as X-rays. As

every element has a unique configuration of electron energy levels, the X-ray pattern

spectrum will be a unique characteristic of a particular element. Thus from the

X-ray pattern obtained. the element can be identified. Additionally, the number of

X-rays emitted by an element will be directly proportional to the concentration of

that element in the sample. Thus the elemental composition can be determined as

well. from the integrated peak areas.

However, the method has some limitations namely, 1) the Si (Li) detector

cannot detect elements lighter than sodium and the resolution of low energy

radiation is poor and 2) it is not possible to achieve high sensitivities of weak peaks

when strong ones are also present.

The attractive feature of this analysis is that the technique is practically

non-destructive in most cases and the requirements for sample preparation are

minimal.

2.3.2 X-Ray Diffraction Analysis (XRD)

X-ray diffraction is one of the most widely used techniques in the field of

heterogeneous catalysis. It is used to study the three dimensional structure of the

solid substances, their composition and crystallinity. Transition to different phases,

allotropic transformation and purity of the substance can also be identified by this

technique. The mean crystallite size of the substance can also be determined from

the broadening of an X-ray diffraction peak. The instrumental aspects of the X-ray

diffractorneter are (i) X-ray generating equipment with Cu or Mo as target

(commonly called X-ray tube) associated with high voltage generators and

stabilisers, (ii) collimator for limiting the divergence of the rays that reach the crystal

and (iii) a filter to reduce the intensity of the line of shorter wavelength. A common

target of X-ray tube is Cu and the filter used is Ni.

Principle:

X-ray diffraction method depends upon the wave character of X-rays and the

regular spacing of the planes in a crystal. Virtually monochromatic radiation is
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obtained by reflecting X-rays from crystal planes. The relationship among the

wavelength of the X-ray beam. the angle of diffraction e. and the distance between

eacn :-,..:, 0, atomic Planes of the crystal latucc d. is given by Braggs equation,

The Braggs equation can be represented as

ni. = 2 d sin8

where n is the order of diffraction. Since I. is a constant for a particular source. for a

given order of refraction. d spacing will be inversely proportional to sin8.

Montmorillonite. a natural clay is characterised by large platelets with face to

face stacking. The distance between two layers of the clay is called the interlayer

distance. denoted as dool spacing. The major application. of XRD in the field of

pillared clays is to determine this dool spacing. During the pillaring process. a lattice

expansion is noticed in the 001 direction. This leads to larger dool spacing.

Consequently. the 28 value corresponding to 001 reflection shifts to lower region.

Thus from the XRD data. we can see whether expansion and hence pillaring has

taken place. From the relative intensities, the extent of pillaring can also be found

out.

However, one major disadvantage regarding the application of XRD in the

field of smectite clays is that these are poorly crystallised systems and hence usually

show only broad XRD patterns, instead of very sharp peaks. Smectite clays exhibit

turbostratic stacking. which means that the layers stack flat (face to face) upon one

another. but without alignment of the 'ab' planes. This defect contributes to the line

broadening of the 001 reflection. While considering pillared clays, differences in

pillar density can lead to a distribution of basal spacings. This also will lead to

broadened XRD peaks.

The XRD patterns of all the prepared samples were obtained using RIGAKU

D/MAX-C instrument with 9 equal to 1.5418 A.

2.3.3 BET Surface Area and Pore Volume Measurements

Determination of surface area is considered to be an important requirement in

catalyst characterisation. In spite of various theoretical limitations, the Brunauer­

Emmctt-Teller (BET) method contir.r, to be widely used for the evaluation of the

surface area from adsorption isotherm data. It is now generally agreed that the BET



method is based on an oversimplified model of physisorption and that it is necessary

to ensure that certain conditions are fulfilled before any BET area accepted as the

truevalue.

The adsorption of molecules in the first layer is assumed to take place in an

array of surface sites of uniform energy. These molecules act as sites for the second

layer. This arrangement is extended to multilayer. A Simple isothermal equation is

obtainedafter making the following assumptions.

a) In all layers after the first, the adsorption-desorption conditions are identical.

b) In all layers except the first, the energy of adsorption is equal to the condensation

energy.

c) When P=Po, the saturated vapour pressure of the adsorbate, the multilayer has

infinite thickness.

The BET equation is conveniently expressed in the form,

PI [(Po-P) V] = 1/ rv, Cl + [(C-l) NmC] X [P/Po] where

Vm =volume of the adsorbate required to form a complete monolayer on the surface

of unit mass of the adsorbant, defined as monolayer capacity.

V =volume adsorbed at equilibrium pressure, P.

Po =saturated vapour pressure of the adsorbate and

C =a constant for a given system at a given temperature and related to the heat of

adsorption.

A linear plot of P/[(Po-P)V] against P/Po values gives slope equal to

(C-I)tvmC and y-intercept equal to Itvme. From the slope and intercept. Vm is

calculated.

The specific surface area is obtained after deriving the monolayer capacity

(Vm). Multiplying Vm with the average area occupied by the adsorbate molecule (ie.,

the molecular cross-sectional area - am) in the filled monolayer and Avagadro number

(No) will give the surface area.

Surface area (m2g. l
) = (Vm)(am) (No)

Nitrogen gas at 77 K is generally considered to be the most suitable adsorbate

for the determination of the surface area of non-porous and porous solids.
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The surface areas of all the catalysts were determined by BET nitrogen

adsorption at liquid nitrogen temperature using a Micromeritics Flow Prep 060

instrument. Previously activated samples were prehcated and degassed at 200ae for

two hours under nitrogen flow. The catalyst is then brought to 77 K using liquid

nitrogen for adsorbing nitrogen gas at various pressures.

The total pore volumes of the samples were also measured using the same

instrument. The pore volume is measured by the uptake of nitrogen at a relative

pressure of 0.9.

2.3.4 Infrared Speetroscopy

Vibrational spectroscopies are among the most promising and most widely

used methods for catalyst characterisation. This is because very detailed structural

information can be obtained from vibrational spectra. In situations where X-ray

diffraction techniques are not applicable, vibrational spectroscopy can often provide

information on phase transitions, changes in compositions of bulk catalyst materials,

their crystallinity and on the nature of functional groups.

Conventional dispersive infrared spectroscopy is gradually being replaced by

Fourier Transform Infrared Instrument (FTIR) due to many advantages such as

improved spectral quality, higher sensitivity and suitability for use in the low

frequency region. The KBr technique is routine for IR transmission-absorption

spectroscopy of powdered samples.

Infrared spectroscopy is concerned with the study of molecular vibrations.

Upon interaction with infrared radiation, portions of the incident radiation are

absorbed at particular wavelengths. The instrumentation part includes radiation

sources, optical system and detectors. For the region 200-4000 cm-1 the source is

usually Nernst glower or Globar or coil of nichrome wire. The optical system

consists of two or four plane diffraction gratings with either a fore prism

monochromator or infrared filters. Detector can be thermopile, thermistor or

pyroelectric materials.

FTIR spectra of the powdered samples were measured by the KBr disk

method over the range 4000-400 cm". Shimadzu OR 8001 instrument was used for

the purpose. The entire frequency range of electromagnetic waves transmitted
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through the sample was recorded simultaneously and the output of the detector was

fed to a computer. which reinforces the spectrum using Fourier transformation,

For pillared clays. IR is of no special use other than detecting the vibrational

bands of different bonds and checking the intensities of OH bands. But for vanadia

impregnated pillared samples. this characterisation technique has a prominent role in

identifying the dispersed species of vanadium.

2.3.5 Thermogravimetric Analysis

Thermogravimetry (TG) provides the analyst with a quantitative measurement

of any weight change associated with a transition. TO directly records the loss in

weight of a sample with time while its temperature is raised through a temperature

programme. Changes in weight are as a result of the rupture and/or formation of

various physical and chemical bonds at elevated temperatures that lead to the

evolution of volatile product or the formation of heavier reaction products. The usual

temperature range is from ambient to l2DDoC with inert atmosphere.

To get the thermogram, the weight is plotted against temperature. From the

thermogram we can ascertain dehydration and decomposition and also the thermal

stability of the samples.

The method needs a crucible in which the sample is placed and it is attached

to an automatic recording balance. The accessories associated with the balance

enable to detect the mass change as a result of thermal treatment.

Shimadzu TGA-5D instrument was used for carrying out thermogravimetric

studies. About 20 mg of the sample was used and the heating rate was maintained as

10°C / minute in the nitrogen atmosphere. The TO data were computer processed to

get the thermograrns, The horizontal portion of the thermogram indicates regions

where there is no weight loss and that the sample is thermally stable. Curved

portions of the graph indicate weight loss.

2.3.6 Acidity Determination Studies

The acid-base character of a catalyst plays the most important role in its

catalytic activity towards an organic reaction. Hence. a through understanding of

these properties is very essential. It is well documented that smectite clays and their



modified forms are rich In acidic sites and the presence of basic sites are almost nil.

The acidity of the solids used as catalysts or catalyst carriers has been the subject of

nurnc ~ .'us Investigations and reviews for nearly four decades [3]. It is well

established that the acidity plays a very important role in virtually all orgaruc

reactions occurring over solid catalysts. Determination of the strength of the acidic

sites on the catalyst as well as their distribution is a necessary requirement to

understand the catalytic properties of acidic solids.

It is very well established that clays possess both Bronsted and Lewis acid

sites [4. 5J. Infrared spectra of the catalysts after chemisorbing with a basic molecule

such as NH3 or pyridine can clearly distinguish between .Lewis and Bronsted acid

sites. Also various methods are reported for obtaining the numbers and the strength

of Lewis and Bronsted sites independently.

Bronsted and Lewis acid sites play different roles in various types of catalytic

reactions and the strength of respective acid sites strongly affects the catalytic

performance [6]. Therefore there is a significant motivation to develop easy and

reproducible methods for the measurement of Lewis and Bronsted acid sites

separateIy.

We have employed the gravimetric adsorption of 2.6-dimethylpyridine

(DMPY) for determination of Bronsted sites. 2,6-Dimethyl pyridine preferentially

adsorbs on Bronsted acid sites [7-9]. Electron accepting properties can be correlated

with Lewis acidity of the samples and this is determined by perylene adsorption

method. Useful information regarding Lewis acidity in presence of Bronsted acidity

can be obtained using this procedure [8].

However, the most promising methods of determining acidity are temperature

programmed desorption (TPD) and calorimetric measurements [IOJ. We have

employed temperature programmed desorption of ammonia as a single technique to

find the total acidity of the systems including both Bronsted and Lewis acidity. but

discrimination between the two was not possible here.

Thus a thorough study of the acidity of the prepared systems was done using

three independent techniques viz ..



I) Adsorption of 2,6-dimethylpyridine followed by its thermodesorption for

evaluating Bronsted acidity.

2) Perylene adsorption study for evaluating Lewis acidity and

3) Temperature programmed desorption ofammonia for investigating total acidity.

a) Adsorption of 2,6-Dimcthylpyridine- Evaluation of Bronsted Acidity

Previously activated catalysts were kept in a desiccator saturated with vapours

of 2,6 Dimethylpyridine at room temperature for 48 hours. Then the catalysts were

subjected to thermogravimetric analysis when the weight loss of the adsorbed sample

was monitored for the range 40-500oe at a rate of 20°C/min. The fraction of weight

loss in the range 2S0-500oe was found out and taken as a measure of the Bronsted

acidity of the samples.

b) Surface Electron Accepting Properties - Lewis Acidity by Perylene

Adsorption

Electron accepting studies were carried out using perylene as the electron

donor. The principle is based on the ability of the catalyst surface site to accept

electrons from an electron donor, like perylene to form charge transfer complexes

and the amount of adsorbed species is measured quantitatively by spectroscopic

studies [11, 12].

Perylene was obtained from Merck and benzene used as the solvent was

obtained from Qualigens. Benzene was purified according to the method reported

earlier [13]. The catalysts were activated at sooae for two hours before each

experiment. Different concentrations of perylene in benzene were prepared and

stirred with about 0.5 g of the activated catalyst at room temperature for four hours.

Due to adsorption of peryiene on the catalyst surface from the solution, its

concentration in the solution will be less after adsorption. The difference in

concentration before and after adsorption was determined by means of a Shimadzu

UV-VIS spectrophotometer. The absorbance were measured at a Ama.~ of 439 nm.

c)Temperature Programmed Dcsorption of ammonia

The ammonia TPD method is widely employed to characterise the acidity of

solid catalysts. However. this method lacks in selectivity because ammonia can

titrate acid sites of any strength and type.
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The method is based on adsorbing ammonia on solid which is then heated at a

programmed rate and the amount of desorbed ammonia is estimated volumetrically.

About 0.75 g of the ore'. .ously activated cataiyst wa; dcgasscd by heating in a

stream of nitrogen at 300°C. It was then cooied to room temperature. The ammonia

was allowed to be adsorbed on the catalyst by injecting 15 mL of ammonia gas at

27°C and at I atmospheric pressure into a stainless steel reactor of 30 cm length and

I cm diameter in which the catalyst was kept. The catalyst was then heated through a

temperature programme in nitrogen flow. At each interval of 100°C. the ammonia

desorbed was trapped using nitrogen as the carrier in a stoppered conical flask

containing a known excess of 0.025 N sulphuric acid for the temperature range

100 - 600°C. It estimated by the back titration of the excess sulphuric acid using

standard NaOH. The amount of ammonia desorbed was distributed in the weak

(lOO-200°C). medium (200-400°C) and strong regions (400-600°C).

2.4 Catalytic Activity Measurements

2.4.1 Liquid Phase Reactions

The liquid phase catalytic reactions performed were benzoylation of toluene.

benzylation of toluene and catalytic wet peroxide oxidation of phenol.

All the liquid phase reactions were carried out in a 100 mL/50 mL round

bottomed flask equipped with an oil bath. a magnetic stirrer and an air condenser/

water condenser. The oil bath was attached to a dimmerstat so that the temperature

of the oil in the oil bath can be adjusted between the room temperature and its boiling

point and the temperature required for the reaction can be attained.

a) Benzylation of Toluene

For the benzylation of toluene. both benzyl chloride and benzyl alcohol from

s.d fine-chem. ltd were used without further purification. 0.1 g of the activated

catalyst was kept in the round-bottomed flask after mixing the alkylating agent and

substrate in the desired molar ratio. The temperature of the oil bath was kept at the

desired value by means of the dimmer stat. After the reaction time. the catalyst was

separated from the reaction medium and the products were analysed using a gas

chromatograph fitted with 3 flame ionisation detector. The analysis conditions are

described in Table 2.:.



b) Benzoyiarion of Toluene

]-:;1zeyiation of toluene was carried out in the liquid phase using benzoyl

chloride as the acylating agent. Benzoyl chloride was obtained from Merck and was

used without further purification. Benzoyl chloride and toluene were mixed in the

desired ratio in the round-bottomed flask. 0.1 g of the catalyst was activated at

500ae and put into the flask and the mixture was kept for one hour at the refluxing

temperature. The R.B. was fitted with a water condenser. Reaction mixture. freed

from the catalyst was analysed for the products. Analysis details are given in

Table 2.1.

d) Catalytic Wet Peroxide Oxidation of Phenol (CWPO)

Ecologically friendly technology is one of the most important subject in

chemistry, in particular for the partial oxidation of organic compounds. Catalytic wet

peroxide oxidation (CWPO) of phenol is a typical example for ecologically friendly

technologies by using catalysts. which is widely applied in industrial chemistry for

the preparation of catechol and hydroquinone. Moreover, one of the major organic

pollutants in waste-water is phenol. We have thus focused to check the efficiency of

pillared clays for the room temperature wet oxidation of phenol using H202 as the

oxidising agent.

Phenol and hydrogen peroxide (30%) were obtained from Merck. The

catalytic peroxide oxidation was carried out at room temperature in a 50 mL round

flask equipped with an air condenser and a magnetic stirrer. 1.097 g of phenol was

mixed with 5 mL of water. which was used as the solvent in almost all cases. 5 mL

(or the required amounts as the case may be) of 30% H202 was introduced into the

glass reactor in one lot. 0.1 g catalyst, which was previously activated. was added

into the reaction mixture and the mixture is magnetically stirred for one hour. The

catalyst was then freed from the reaction mixture and the reaction mixture was

analysed by Gc. the details of which is discussed in Table 2.1.

2.4.2 Vapour Phase Reactions

The applicability of liquid phase reactions is limited due to the impossibility

of carrying out the reaction above the boiling point of the least boiling component in

the reaction mixture. Reaction at much higher temperatures can be performed using



vapour phase set up wnere tne reactants will be In the vapour state and undergoes

reaction over the catalyst surface.

We have performed the cumene conversion reaction. decomposition of

cyclohexanol and methylation of aniline over the pillared clay samples in the vapour

phase. The reactions were carried out at atmospheric pressure in the fixed-bed.

vertical. down-flow quartz reactor placed inside a double-zone furnace. Powdered

catalysts were placed at the centre of the reactor in such a way that the catalyst was

sandwiched between the layers of inert porcelain beads. The upper part of the reactor

serves as a pre-heater. All heating and temperature measurements were performed

using a temperature controller and indicator instruments, A thermocouple was

positioned at the centre of the catalyst bed to monitor the exact temperature of the

catalyst. Before each run, the catalysts were activated at the required temperature in

a flow of dry air for two hours. The reactant (single reactant/ mixture of reactants)

was fed into the reactor by means of a syringe pump at required feed rate. The

products and the unreacted reactant were condensed by means of a cold water

circulating condenser and collected from the bottom of the set up at required time

intervals. A schematic representation of the whole set up is shown in Figure 2.1.

a) Conversion of Cumcne

Exactly 0.5 g of the activated catalyst was placed at the centre of the reactor.

cumene obtained from Merck is fed as such into the quartz reactor. The temperatures

in the range 350-500°C were selected for the reaction. For comparing the catalytic

activities of all the systems, a common temperature of 40QoC was selected. Table 2.1

reveals the anaysis conditions of the reaction mixture.

b) Decomposition of Cyclohexanol

The amount of catalyst used was exactly 0.5 g, after activation at the required

temperature. LR grade cyclohexanol from s.d.fine chem. ltd., was used as such

without further purification. The cyclohexanol was fed into the reactor, which is set

at the required temperatures before every start of the reaction, with the help of the

feed pump. Analysis of the collected sample was done gas chromatographically.

Details are shown in Table 2.1.

c' Methylation of Aniline

Exactly 0.4 g of the cat..lyst was used for performing the reaction. Aniline

from Merck was purilied according to the reported procedure [13]. Methanol



.' I

(Merck) was used as such. Aniline and methanol were mixed in the required molar

ratio and the mixture was fed into the reactor. The various aniline to methanol molar

ratios studied were in the range l :1 - 1:9. The temperatures selected were in the

range 300-450°C. The products were analysed using Chemito-8610 Gas

Chromatograph and the details of the analysis conditions are given in Table 2.i.

Table 2.1 Analysis conditions for the various catalytic reactions.

Analysis Conditions I
Catalytic 1 I I Temperature !

Reaction I Column! GC programme for Injector Detector I
II column Temperature, Temperature i

Benzylation & I '1
;

Benzoylation SE-30 ChemitoGC 100- 3 - 5·210* 250°C 250°C I
of Toluene -8610 I

Oxidation of SE-30 ChemitoGC 170-Isothermal 270°C 270°C
\

phenol -8510

Cumene SE-30 ChemitoGC 120-Isothermal 250°C 250°C
Conversion -8610

Cyc1ohexanol Carbo- ChemitoGC 70- 5-3-170
200°C 200 0 e

Decomposition wax -8510 I
IMethylation of SE-30 ChemitoGC 140-Isothermal 275°C 275°C

Aniline -8610 i .-

* Initial temperature-duration-rate of increase-final temperature
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1. Syringe pump

2. Gas Inlet

3. Furnace
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4. Quartz reactor
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Figure 2.1 Exucri.ncntri S~[ u. for conducting vapour phase reactions at
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Chapter 3

Textural And Acidic Properties

3.0 Introduction

The catalyst systems synthesised were characterised by adopting techniques

such as EDX analysis. XRD analysis. surface area and pore volume measurements.

infrared spectra. thermogravirnetric analysis and acidity determination studies. The

results are discussed in the present chapter.

3.1 Energy Dispersive Xvray Fluorescence Analysis (EDX)

The compositions of all the pillared samples and vanadia impregnated

samples were determined using EDX analysis, performed over an EDX-JEM-35

instrument (JEOL Co. link system AN-IOOO Si-Li detector, sensitivity> 0.1 wt%).

The chemical compositions of mixed Fe-AI pillared montmorillonites are shown in

Table 3.1. Those of mixed Cr-AI systems are shown in Table 3.2 and the chemical

compositions of vanadia impregnated iron-pillared montmorillonite catalysts are

shown in Table 3.3.

The silicon and aluminium weight percentages of the parent montmorillonite

were 59.57 and 21. 05 respectively. The iron weight percentage was 10.73. PilIaring

of montmorillonite with Al polyoxocations increased the weight percentage of AI

from 21.05 to 29.51% (Table 3.1). Thus an excess of 8.46% AI was fixed by the

pillared solid. The drastic decrease of Ca from 3.48 to 0.04% during this pillaring

process indicated that the cation exchanged to a great extent was Ca2
+. Almost one

third of Na+ was retained after the pillaring process.

Pillaring the montmorillonite with Fe polycations increased its iron content

from 10.73 to 29.01%. Here also, the calcium content is reduced remarkably

(Table 3.1).

Various pillaring agents were prepared by the eo-hydrolysis of aluminium

nitrate and ferric nitrate in the Fe!At ratios 0.1 to 0.5 and 1.0 with sodium carbonate

as base, TI:Uc\ inc pillaring agent cornain.ng Cv~,1 aluminium and iron polyoxocations

were used for pillaring montmorillonitc. Piliaring of montmorillonite with a mixture



of Fe and A! polycations increased both Al content and iron content. As the Fe/AI

ratio increased from 0.1 to 0.5, there was a clear increase of Fe content, and decrease

of Al content was also observed. However. at equimolar concentration of iron and

aluminium in the pillaring agent, the amount of iron incorporated was less. Thus

maximum uptake of iron was for FeAlo.sPM. The pillaring agent with lower Fe/AI

ratios such as 0.1 or 0.2 resembled more to aluminium pillaring agent and the

amount of iron incorporated into the solid was less. At a higher Fe/AI ratio of 0.5,

more iron was incorporated into the clay sheets than aluminium. However, at a much

higher Fe/AI ratio of 1.0. the amount of iron introduced into the clay structure was

lessthan that for the ratio 0.5.

Table 3.1 Chemical composition of the various elements in mixed Fe-AI pillared
systems

Catalyst

M

Si

59.57

Al

21.05

Weight percentages
Fe Ca K

10.73 3.48 1.86

Mg

2.32

Na

0.97

AIPM 56.43

FeAlo.1PM 57.09

FeAlo.2PM 55.58

FeAIo.3PM 54.63

FeAlo.sPM 50.97

FeAIl.oPM 53.68

FePM 47.49

29.51.

27.02

26.92

24.01

22.10

21.63

22.42

20.37

10.20

12.81

14.60

17.41

20.08

24.44

19.61

29.01

0.04

0.02

0.10

0.08

0.02

0.04

0.08

0.09

1.59

1.10

1.50

1.57

1.10

0.79

1.47

1.10

1.86

1.39

1.39

1.39

1.07

1.58

1.93

1.57

0.35

0.57

0.37

0.90

0.62

0.52

0.79

0.36

Table 3.2 shows the chemical composition of Cr-pillared and mixed Cr-AI

pillared montmorillonites. When the parent montmorillonite was pillared with

chromium polycations, 19.20% of chromium was fixed into the solid. For

aluminium-pillared montmorillonite. the excess aluminium introduced into the solid

as a result of pillaring process was 8.46%. For the mixed Cr-Al pillared

montmorillonite. chromium was introduced along with aluminium. The chromium

weight percentage reached a maximum of 11.73 for CrAlojPM. However, further

increase of CriAl ratio from 0.5 to 1.0. only reduced the chromiumcontent.
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An interesting observation while comparing the pillaring process involving

iron and chromium pillaring agents was the enhanced replacement of sodium ions.

along with calcium ions. during the pillaring procc- involving chromium. Almost in

all cases of mixed Cr-Al systems. there is a considerable reduction in the weight

percentage of Na.

Table 3.3 shows the chemical composition of vanadia impregnated

iron-pillared montmorillonites. While preparing. adequate amounts of ammonium

Table 3.2 Chemical composition of the various elements in mixed Cr-AI pillarcd
systems

Weight percentage~

Catalyst Si Al Fe Cr Ca K Mg Na

AlPM 56.43 29.51. 10.20 0.00 0.04 1.59 1.86 0.35

CrAlolPM 56.78 27.09 10.73 2.08 0.10 1.38 1.79 0.05

CrAlo.2PM 56.50 24.95 10.85 4.35 0.23 1.43 1.67 0.00

CrA1o.3PM 57.89 23.82 9.83 5.21 0.21 1.19 1.83 0.01

CrAlo4PM 57.32 22.26 9. I I 6.54 0.10 1.51 1.92 0.24

CrAlo.sPM 57.94 22.88 9.68 11.73 0.00 1.34 1.82 0.01

CrAI\oPM 55.31 23.98 10.21 7.10 0.24 1.21 1.75 0.20

CrPM 50.80 17.71 9.15 19.20 0.25 1.19 1.73 0.05

Tablc 3.3 Chemical compositions of vanadia loaded iron-pillared systems

Weight percentages
Catalyst Si Al Fe Ca K Mg Na V

FePM 47.49 20.37 29.01 0.09 1.10 1.57 0.36 0.00

2VFe 48.23 20.65 25.66 0.10 1.12 1.83 0.43 2.01

5VFe 48.00 19.64 24.02 0.24 1.15 1.53 0.36 4.98

7VFe 46.06 18.92 24.79 0.09 0.84 1.52 0.36 7.40

10VFe 45.10 17.67 23.84 0.12 0.91 1.39 0.41 10.55

15VFc 43.8] ]6.01 21.84 0.09 1.37 1.51 0.35 15.02

20VFe 41.05 15.31 20.74 0.24 1.07 1.31 0.24 20.04
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metavnnadate in oxalic acid corresponding to 2, 5, 7, 10. 15 and 20 weight

percentages of V were used for impregnation. The EDX data showed that satisfactory

impregnation ofvanadia took place on the pillared clay.

3.2 X-Ray Diffraction Analysis (XRD)

The XRD patterns of the prepared samples were recorded using Rigaku

Model D/Max C instrument. The most important property of a smectite clay

(montmorillonite) from the standpoint of catalyst design. is its ability to expand

beyond a single molecular layer of intercalant. This swelling capacity along with

cation exchange capacity enables the propping up of the layers of the clay with

stable metal oxides. which act as pillars. Obviously, this pillar intercalation process

increases the interlayer distance and it can be determinedfrom the XRD pattern.

3.2.1 XRD of Single Metal Oxide PilIared Systems

Figure 3.1 shows the XRD patterns of parent montmorillonite (M),

aluminiurn-pillared montmorillonite (AIPM), iron-pillared montmorillonite (FePM)

and chromium-pillared montmorillonite (CrPM). PilIared clays are poorly

crystallised materials. The broad band obtained in the XRD pattern, instead of sharp

peaks. can be attributed to the predominant amorphous nature of the clay. The

characteristic dool spacing of the parent montmorillonite (M) is obtained at a 28

value of 9.00 corresponding to 9.82 A. For AIPM. this doei value increased to 16.74

Acorresponding to 28 value of 5.26. For FePM, the interlayer distance was 15.48 A

(28 ==5.72) and for CrPM, dool was 18.l0A (28 == 4.87). Shifting of 28 values from

9.00 to lower region clearly suggests the expansion of the clay layer, during the

pillaring process.

The major aluminium species in the pillaring solution prepared by the partial

hydrolysis of A13
+ at a base/metal ratio of 2.0 was presumed to be the All) polymer.

(AlI)04(OHh4(H~O)12]7+ (1]. The interlayer cations are exchanged by this

polyoxocation during the pillaring process. Dehydration and dehydroxylation lead to

discrete aluminium oxide clusters. which act as pillars. tightly held into the interlayer

region. This accompanied the layer expansion and was identified from the XRD

pattern.
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Similar reaction took place with iron oligomeric and chromium oligomeric

solutions. Various investigations like electrometric measurements [2],

conductometric titrations [3], spectrophotometric measurements [4, 5] Raman

spectroscopy [6] and magnetic measurements [7] for determining the size and nature

of polymeric iron cations revealed that the solution chemistry of Fe is complex.

Although the dissolution of Fe(lII) salts in water is known to result initially in simple

hydrolysis products such as Fe(OHl+, Fe2(OH)2+, Fe2(OHh4+ and Fe3(OH)45+ [8. 9],

further hydrolysis leads to the formation of discrete spherical polycations. They

gradually grow in size and have diameters ranging from 1.5 to 3.0 nm and eventually

link up to give rods comprising 2 to 6 spheres. Further hydrolysis eventually results

in the precipitation of ferric hydroxide. For the polymeric solution, hydrolysis was

stopped before the precipitation. The spherical polycations enter into the swelled clay

layer and replaces the interlayer cations. Calcination leads to the propping apart of

the layers with stable iron oxide pillars. Thus we prepared an iron-pillared

montmorillonite of interlayer distance 15.48 A.

Chromium pillaring agent contained polycations ofchromium such as a dimer

[Cr2(OH)2(H20)g]4+ which is bluish green species, higher polymers such as trimers

and others [10-12] (more details in section 3.3). Intercalation of the polycation

resulted in the larger interlayer distance of 18.10 A.

3.2.2 Stability of the PilIarcd Structure Assigned from XRD Data

An investigation by X-ray diffraction reveals the behaviour of the three

single pillared solids towards thermal treatment (Tables 3.4-3.6 and Figures 3.2-3.4).

Here. by using XRD. we plotted both the intensities of 001 diffraction and the values

of dool as a function of pretreatment temperature. The intensity of 001 peak can be

regarded as an indication of the stability of the whole structure of pillared

montmorillonite while dool is a measure of the distance between the two layers in the

pillared montmorillonitc.

As the pretreatment temperature increased. no significant change of dool was

observed (Figures 3.2-3.4). However, the intensity of dOOl peak declined sharply as

the temperature of calcination increased for AIPM and FePM. The decrease was not

so sharp for CrPM as that for AIPM and FePM. More or less similar values of dool for

the different pretreatment temperatures in all the cases indicated the stability of the
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pillar under thermal treatment. But the decrease in intensity of the dool peak showed

that the lattice structure of the pillared montmorilionite is liable to change upon

heating.

Pillaring or cross-linking IS the process of cation exchange In nature.

However. the pillars arc usually hydroxy poiycation with large size and abundant

positive charge. During the process of pillaring. while large cations are propping up

the interlayer spacing. 7 Na- ions in the interlayer space are exchanged by one

Keggin ion (in the case of AIPM). Thus the distribution of cations within the

interlayer space will be changing greatly. The negative charge and also the structural

OH groups of octahedral sheet are mostly located towards the six membered ring

formed by silicon tetrahedra in the tetrahedral sheet. Hence the Na' cation in the

interlayer space will be correspondingly located opposite to, and very possibly

blocking. the six membered rings. Thus most structural OH groups arc hardly

accessible as acidic sites and rather stable during thermal treatment. The pillaring

processes release quite a number of Na+ cations from blocked six member rings and

makes many structural OH groups (and possible acidic sites) accessible and liable

to elimination on heating. The lattice vacancies caused by the loss of OH groups

favour more and more structural shrinkage during thermal treatment and

accordingly reduce the thermal stability of pillared clay. For FePM, the extent of

pillaring was high, (intensity of 001 diffraction being 69.21) compared to AlP M

and CrPM. When the extent of pillaring is high more Na+ blocking cations from six

member rings are liberated and hence the structural shrinkage is more.

Table 3.4 Variation of d spacing and relative intensity with calcination
temperature of AIPM

Calcination dool Relative
temperature (OC) (A) intensity

400 16.74 38.23

500 16.40 24.13

550 16.10 15.10
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Table 3.5 Variation of dool and relative intensity with calcination temperature of
FePM

Calcination duo, Relative
temperature (0C) CA) intensity

400 15.48 69.21

500 15.21 40.11

550 15.00 29.89

20 50 20 80

0 -0 40 15 60 .f'15 .q VI
VI -- ~

30 ~
ti-- -< 'E0«(

'-'
10 .5 --::10 40 .~

0 'IJ g
.~0

20 ·f ~
~ a

(I:l

5 20 ~QJ
5 10 a::

0 0
0 0

400 500 550
400 500 550 Ternperature (CC)

Tern erature (0C)

I--O--d (001) -e- Relative intensity I-o-d (001) ~ Relative intensity

Figure 3.2 Stability pattern by XRD of
AIPM.

Figure 3.3 Stability pattern by XRD of
FePM

Table 3.6 Variation of duol and relative intensity with calcination temperature of
CrPM

Calcination dODI Relative
temperature (0C) (A) intensity

400 18.10 41.36

500 18.00 38.49

550 17.41 35.94
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3.2.3 XRD of Mixed Pillared Systems

Table 3.7 shows the XRD details of mixed Fe-AI pillared clays. The dool

spacing of AIPM was 16.74 A. An attempt to introduce iron in order to obtain a

mixed pillar system resulted in slight variation in d spacing. For FePM the d spacing

was 15.48 A. For mixed Fe-AlPMs, dOOI values were intermediate between those of

AIPM and FePM. This is in agreement with the results obtained for Zhao et al. [13],

though in the present case, the difference in d spacing between the various mixed

Fe-AI pillared montmorillonites was less prominent. At low Fe/AI ratios the dOOI was

closer to that of AIPM and at high Fe/AI ratios (0.5 and 1.0) the d spacing was closer

to that of FePM. These results indicate that the dimension of hydroxy iron-aluminium

cross-linking species with Fe/AI in a direction vertical to the smectite layers was

similar to that of hydroxy AllJ oligomer when Fe/AI ratio is low (~0.4) and the

structure of the pillaring species with Fe/AI ratio ~ 0.5 was similar to that of hydroxy

iron oligomer [14]. Zhao et al. proved the same observation using 27AI NMR [13].

Canizares and coworkers also concluded that at low metal/Al ratios. the Keggin

structure seems to predominate whereas in those with high metal!Al ratios, the

resultant structure approaches that of pillared clays with single oxide pillars of the

respective metal [15].

Table 3.8 depicts the XRD details of mixed Cr-AI pillared systems. As in the

case of mixed Fe-AI systems. the dool values for the mixed Cr-AI systems with low

Cr/AI ratios were more SImilar to that of AIPiv1. Hence it can be assumed that the

pillars obtained with chrorno-alumina oligomeric solution having low CriAl ratios



Table 3.7 XRD data of mixed Fe-AI pillared montmorillonites

28 doot Relative
Catalyst (Degree) (A) intensity

M 9.00 9.82 87.42

AIPM 5.26 16.74 38.23

FeAlo.1PM 5.40 16.38 40.45

FeAlo.2PM 5.54 16.01 49.23

FeAlo.JPM 5.46 16.14 51.36

FeAlo.4PM 5.48 16.11 59.32

FeAlo.sPM 5.66 15.62 69.54

FeAll.0PM 5.53 15.98 57.21

FePM 5.72 15.48 69.21

had a Keggin like structure similar to that of Al oligomeric solution. For CrPM, dool

was 18.10 A and dehydroxylation during the calcination process yielded the large

gallery height. At high Cr/AI ratios, the dool spacing was closer to CrPM [16]. This

was even applicable to CrAlo.4PM. Hence only at very low CriAl ratios (0. I. 0.2 and

0.3) the oligomeric solution resembled that ofAIPM.

Table 3.8 XRD data of mixed Cr-AI pillared montmorillonites

28 doo l Relative
Catalyst (Degree) (A) intensity

AIPM 5.26 16.74 38.23

CrAlolPM 5.20 17.01 42.32

CrAlo2PM 5.17 17.04 43.65

CrAlo.JPM 5.10 17.32 42.66

CrAI(J~PM 5.01 17.61 43.00

CrAlosPM 5.00 17.66 43.25

CrAI'oPM 4.99 17.73 39.22

CrPM 4.87 18.10 41.36
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Tables 3.7 and 3.8 also show the relative intensities of the dool peak. Wc can

see that the intensities were dependent on the Fe (er)!AI ratios. The intensity of the

d00 1 peak can be related to the cfncicncy of piliaring (extent of pillaring) as well as

the stability of the systems [17). As the Fe/AI ratio increased from 0.1 to 0.5. the

relative intensity also increased and the introduction of pillars inside the clay layers

was maximum when Fe!AI ratio was 0.5. When the ratio increased to 1.0. the

intensity decreased. This observation is supported by the EDX data. which showed

that maximum incorporation of iron was for the ratio 0.5.

As the Cri Al ratio increased. the intensity variations were not very significant.

The only significant observation was that there was a slight decrease of intensity

when the ratio was changed from 0.5 to 1.0 probably due to the lesser incorporation

of Cr-Al pillars. as evidenced by the chemical composition data obtained from EDX

analysis.

3.2.4 XRD of Vanadia Impregnated Iron-Pillared Montmorillonites

Table 3.9 shows the XRD details of all the vanadia impregnated iron-pillared

systems. It is well-known that loading of vanadia over basic oxides results in

compound formation such as orthovanadate or pyrovanadate formation [18, 19J. But

with acidic oxides, no such compound formation is expected. Instead. V205

aggregates dispersed over the solid surface are observed [20J. Clays, especially

pillared clays are well-known as acidic oxides. Hence dispersion of V205 over the

solid surface was expected. In Table 3.9. X-ray diffraction patterns of FePM and the

various vanadia loaded systems, along with pure vanadia are presented. The addition

of vanadia up to 7 wt% on iron pillared montmorillonite. did not exhibit any

characteristic peak shown by pure V205• However, with the increased loading of

vanadia of 10 \\1% and above, peaks characteristic of vanadia started to appear. It is

clear from the Table 3.9 that the intensity of the vanadia peak increased with the

vanadia content. We can also note that the peak corresponding to the expansion of

layers during pillaring in FePM. becomes weak and it almost disappeared when the

vanadia loading reached 10 wt%. These facts suggested the distribution of vanadia

on the pillared montmorillonite. as very small crystallites, not detectable by XRD.

especially when the vanadia content is 7% or below. The crystallite size of vanadia

seems to increase with vanadia loading beyond 7% and becomes detectable by XRD.

Studies of vanadia impregnation on silica arc thoroughly studied by Narayanan et al.



[21]. They could not observe any characteristic peak of V205 on vanadia loaded silica

even up 10 a weight percentage of 25. They have suggested the formation ofV-O-Si

species, vanadia being present as V204 species contributing to the hyperfine splitting

in the ESR spectrum. In another publication, Narayanan et al. revealed the effect of

vanadia loading on K10 montmorillonite. a commercial acid activated clay [22].

Similar to our observation, they also found the fine dispersion of vanadia as V205

over the montmorillonite clay, vanadia being undetectable by XRD up to a weight

percentage of 10. Above that loading, vanadia peaks started to appear in the XRD

pattern.

In the present case, we have observed XRD peaks corresponding to vanadia

for a weight percent of 7 and above. In [22] the authors confirmed the absence of

any interaction of V205 with the clay surface for the formation of VeO-Si linkage as

in the case of silica, by checking the ESR spectra of vanadia impregnated Kt 0

montmorillonite. The ESR spectra did not show any hyperfine splitting and hence

such an interaction on the clay surface is ruled out. Thus in our case also, we can

conclude that vanadia is finely dispersed as V205 on the pillared clay surface.

Table 3.9 XRD data of vanadia loaded-iron pillared systems

Catalysts Position (26) of the XRD peaks

FePM 5.72 (69.21)·,19.7 (100), 25.2 (30.10)

2VFe 5.71 (51.10), 19.8(100),25.1 (27.89)

5VFe 5.72 (38.10), 19.75 (100), 25.1 (26.24)

7YFe 5.71 (26.41), 19.66 (lOO), 25.15 (28.81)

10YFe 19.66 (100), 25.15 (17.81),26.10 (26.10),32.05 (24.10), 35.65
(28.10), 54.0 I (24.01)

15VFe 19.91 (lOO), 25.48 (16.10). 26.18 (28.09), 32.14 (24.51), 35.15
(31.01), 54.08 (22.08)

20YFe 19.76 (lOO), 25.15 (19.62),26.04 (31.04), 32.28 (27.91), 35.65
(44.44),55.01 (28.04)

Y20 S 20.05 (lOO). 26.20 (63.87).32.45 (29.31), 34.45 (45.22),
55.75 (15.52)

• Figures in parenthesis give the relative intensity of the corresponding peak.
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3.3Visible Spectroscopy of Chromium and Mixed Chromium-Aluminium

PilIaring Solutions

The various pillaring solutions prepared for the synthesis of mixed Cr-AI

pillared montmorillonites were subjected to visible spectroscopy. A certain amount

of 0.2 M aqueous chromium nitrate was gradually added to the aqueous 0.2 M

aluminium nitrate solution, resulting in the product solutions having various CrIAl

ratios. Aqueous 0.2 M sodium carbonate was added to the solutions with constant

stirring until a final base/metal ratio of 2 was reached. Visible spectra of these

solutions were taken using Shimadzu UV-VIS spectrophotometer for the range

350-800 run. The spectra are reproduced in Figure 3.5. The positions of the bands

are summarised in Table 3.10.

The chemistry of Cr in solution is complicated. While adding base to a

solution of c-", the dimer [Cr2(OHh(H20)st+, the trimer [Cr3(OH)4(H20)9]S+, the

tetramers [Cr4(OH)6(H20) I 1]6+ and [Cr4(OH)sO(H20)lOt+ and even a pentameric and

hexameric polycation, not studied in detail may exist [11, 23, 24]. The solution

obtained when dissolving chromium nitrate in water is blue in colour, with two peaks

in the visible spectrum at 408 and 576 run. The addition of base to this solution

makes it change to green and for the base/metal ratio 2, the peaks shifted to 420 and

584 nm respectively. The ratio between their extinction coefficient was 1.53 (Table

3.10). Stunzi and Marty [11] in a very thorough study of the solution chemistry of

cf3+, found that the two d-d band maxima (ca 420 and 580 nm) and the ratio between

the extinction coefficient of these maxima (E1/E2) provides information about the

polymerisation of Cr species. The positions of the bands and the corresponding ratios

of the extinction coefficients for the various polymeric solutions of chromium,

obtained by these authors are also furnished in the Table 3.10 so that a comparison

between the results obtained for us and for Stiinzi and Marty can be made. They

obtained bands at 408 and 575 nm (E / E2 = 1.17) for the monomeric form; 417 and

582 nm (E1/E2 = 1.18) for the dimeric form; 425 and 584 nm ( E1/E2= 1.60) for the

trimeric cation and 426 and 580 nm (E l / E2 = 1.95) for the tetrameric polycation.

Aluminium and chromium species co-exist in the mixed Cr-AI pillaring solutions.

The position of the bands varied depending on the stoichiometry of the pillaring

solution. The comparison of the data from these spectra with those reported by Stunzi

and Mart)' indicated that Cr formed only the monomer for the CriAl ratios
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Table 3.10 Positions of cl-cl bands and the ratio of their extinction coefficients for
the various Cr containing solutions

Cr/AI ratio in the pillaring solution A1max A2max E 1/E2

0.1 570.0 391.5 1.16

0.2 573.0 397.0 1.12

0.3 580.5 406.5 1.16

0.4 578.0 408.5 1.12

0.5 580.0 412.0 1.20

1.0 583.0 414.0 1.19

00 584.0 420.0 1.53

#Cr3+ 576.0 408.0 1.17

*Monomer 575.0 408.0 1.17

*Dimer 582.0 417.0 1.18

*Trimer 584.0 425.0 1.60

*Tetramer 580.0 426.0 1.95

# Solution of chromiumnitrate. not hydrolysed by base; ·Reproduced from [11]

1.0
2.~

2.0

4J 1.~
us
~

1.0'"
~

0.5

0.0

3:X)

Wave length (nm)

Figure 3.5 Visible spectra of mixed Cr-Al pillaring solutions with various CriAl
ratios.
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0.1-0.4 and formed mainly the dirner for the ratios 0.5 and 1.0. The pillaring solution

ofCr without Al mainly formed the trimer, [Cr3(OH).tO-120 )9] 5T

The different polymerisation degree of Cr depending on the CriAl ratio may

be explained by the acid properties of both the cations. The cationic radius of AIJ
+

(0.535 A) is smaller than that of Cr3
+ (0.615 A). Hence A13

+ is more acidic than Cr~l+.

having a higher tendency to form hydroxo bridged polynuclear species and easier

forming polymeric cations [25]. Moreover. the formation of AII3 polycation involves

a large amount of OH groups (2.46 OH per aluminium atom), while the formation of

chromium polymeric cations involves lower amounts of hydroxyl groups (1.0 and

1.33 OH per chromium atom for the dimer and the trimer respectively). While

adding OH to a solution containing both A13
+ and Cr3

+ cations, A13
+ first polymerises

and only when the polymerisation of this cation is completed does the polymerisation

of Cr3
+ begin. In solution with CriAl ratios 0.1-0.4. the large amount of A13

+ in the

solutions makes it consume all the hydroxyl groups. and Cr3
+ cannot polymerise. For

solution containing CriAI ratios 0.5 and 1.0. the amount of A13
+ is relatively less and

when the polymerisation of this cation finishes. the amount of OH groups is

sufficient to permit the dimerisation of chromium, but not the formation of higher

polymers.

3.4 BET Surface Area And Pore Volume Measurements

Table 3.11 shows the BET surface areas and the pore volumes of mixed Fe-AI

pillared montmorillonites. M has a BET surface area of 6 m2g.1 only with a pore

volume of 0.0043 crrr'g" after degassing at 200°C. Pillaring with polycation

increased the surface area and the pore volume. AlPM has a surface area of

102,5 m1g" after calcination at 400°C with a pore volume of 0.0888 crrr'g". This

suggested efficient pillaring of the parent montmorillonite.

For FePM, still further increase of BET surface area was observed with much

higher pore volume (188.67 cnr'g" and 0.1435 cnr'g" respectively). As the FelAI

ratio increased from 0.1 to 0.5. surface area and pore volume also increased. Further

increase. however. only reduced both. This is consistent with the observation from

XRD data and EDX data. FeAl o.5PM exhibited maximum surface area (198 rrr'g')

and pore \'Ojl:;11~ (0.1723 cm\-l i. C·:;'r.:'··:n~· v.ith the single systems. ie.. AIPM and

FePlV!. this catalyst possessed more surface area and pore volume. All other mixed



systems were inferior to FePM with respect to pore volume and surface area. This

result pointed towards the fact that the use of a mixture of Fe-AI oligomeric solution

with a particular Fe/AI ratio of 0.5 only, can improve the pillared solid in terms of

surface area and pore volume.

Table 3. 11 Surface area and pore volumes of mixed Fe-AI pillared
montmorillonites

BET Surface area (m.! gol) Pore volume (cm3g- l
)

Catalyst 400 0 e soo-c (400°C)

M 6.60 0.0043

AlP M 102.50 88.62 0.0888

FeAlo,PM 83.01 61.56 0.0559

FeAlo.2PM 103.70 99.87 0.0863

FeAlo.3PM 123.80 116.12 0.0913

FeAlo4PM 146.80 139.81 0.1213

FeAlosPM 198.00 188.60 0.1723

FeAll.oPM 131.20 101.90 0.0922

FePM 188.67 169.11 0.1435

The surface area and pore volumes of the mixed Cr-AI PMs are shown in

Table 3.12. CrPM has a surface area of96.33 m2/g with pore volume 0.0731 cnr'zg.

The surface area and pore volume of mixed Cr-AI systems do not show any

significant difference among each other. The surface area and pore volume data of

these systems after treating them at sooae are also furnished in Table 3.12. All the

pillared systems containing Cr showed an interesting property. At a higher

pretreatment temperature, the surface area and the pore volumes increased

significantly. The surface area increase was due to the creation of more and more

pores inside the clay layers when the Cr containing systems are pretreated at high

temperatures [26]. Increase in pore volume associated with high temperature

treatment aiso suggests the same reasoning.

Table 3.13 gives the surface area and pore volume of vanadia-impregnated

systems. Table shows that there was a continuous decrease of surface area and pore

volume due to vanadia addition. It is already seen from XRD data the formation of
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Table 3.12 Surface area and pore volumes of mixed Cr-AI pillared
montmorillonites

BET Surface area (m~/gj Pore volume (cnr'Ig)
Catalyst 400()C 500uC 400°C 500"C

AIPM 102.50 88.62 0.0888 0.0784

CrAlo1PM 106.49 121.21 0.0722 0.0799

CrAlo2PM 110.54 124.31 0.0748 0.0802

CrAlo. 3PM 107.59 118.21 0.0712 0.0781

CrAlo-1 PM 113.43 131.18 0.0749 0.0831

CrAlo. 5PM 112.19 129.21 0.0752 0.0811

CrAll.oPM 70.83 92.36 0.0521 0.0684

CrPM 96.33 113.73 0.0699 0.0731

Table 3.13 Surface area and pore volumes of vanadia impregnated iron-pillared
montmorillonites

Catalyst BET surface area (m2g- l ) Pore volume (cm 3g-1
)

FePM 188.67 0.1435

2VFe 124.89 0.1017

5VFe 93.97 0.1040

7VFe 72.37 0.0732

10VFe 36.62 0.0378

15VFe 25.99 0.0344

20VFe 14.63 0.0210

V20 5 on FePM while treating it with ammonium metavanadate. The decrease in

surface area and pore volume further suggested the intrusion of vanadia species on

the pores of FePM. As the percentage of vanadia loading increased. the surface area

and pore volume decreased. The surface area of 20VFe was dramatically reduced to

14.63 mg". which suggested almost complete blocking of the pores by the vanadia

species. The gradual decrease of surface area am' core volume as the percent of
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vanadia loading increased. pointed towards greater intrusion of vanadia inside the

pores. Similar results were obtained for Narayanan et al. also [27]. The BET surface

area of FePM started to decline upon vanadia addition. The pore volumes were also

found to decrease upon the increase in vanadia loading. When 2% vanadia is loaded

on iron-pillared montrnorillonite, the surface area changed from 188.67 m2g.1 to

124.89 m2g' l
• and pore volume changed from 0.1435 to 0.1017 crrr'g" (Table 3.13).

Probably vanadia is occupying the micropores present in the iron-pillared clay,

thereby reducing the surface area and pore volume. As the percentage of vanadia

increased. more vanadia entered into the pores. causing significant reduction in

surface area and pore volume. When the vanadia loading reached 20%. the surface

area drastically reduced to 14.62 m2g. l
, suggesting the complete blocking of pores by

the vanadia species. Pore volume. consequently reduced to 0.0210 crrr'g'. The

broadening of the peak corresponding to the pillaring in FePM in the XRD pattern

also supports the entrance of V205 inside the pores of the pillared clay. However.

definitely there is the possibility ofdispersing V205 over the clay surface also.

3.5 Infrared Spectroscopy

Figure 3.6 shows the infrared (IR) spectra of parent montmorillonite, single

and some mixed piIlared samples. Broad band near 3416-3443 cm,l indicated the

OH group. For the parent montmoriUonite. this was a very intense peak. The

intensity of this peak considerably reduced for the pillared samples showing the loss

of hydroxyl groups upon pillaring followed by calcination at 400°C. For all the

pillared samples there were two bands corresponding to the hydroxyl groups. onc

probably assigned. to the pillar OH group and the other assigned to layer hydroxyl

groups [28]. Comparison between the parent montmori1lonite and the pillared

samples showed that the basic structure of clay was not at all altered during the

pillaring process since all the main peaks are retained in the pi1lared samples.

Figure 3.7 shows the IR spectrum of FePM and those of 2VFe. 5VFe. 7VFe.

lOVFe. 15VFe and 20VFe after subtracting the IR spectrum of FePM. This

subtraction enables to find out the modification caused by vanadia impregnation

alone. The characteristic mode of V205 at 1020 ern" (V=O stretching) is shown by

the vanadia impregnated FePMs [29]. As the percentage of vanadia increased. the

intensity of this peak also increased. Thus the formation of V205 over FePM was

again confirmed by IR spectroscopy.
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Figure 3.6 IR spectra of M, FePM and CrAlo.4PM
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3500 .3000 2.500 2.000 15DO 1000

Wave number(ern")

Figure 3.7 IR results of various vanadia loaded iron-pillared montmorillonites after
subtracting the IR of FePM
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3.6 Thcrmogravrmctric Analysis

The TG-DTG diagrams of some oven-dried samples are shown in Figure 3.8.

Till: sharp dip near 1:WeC for all the samples indicates a cumulative weight loss

corresponding to the removal of physically adsorbed water from the clay structure.

For the parent montmorillonite. from 120 to around sooae. the weight loss was

negligible. while after sooec up to SOO°e. there was a significant weight loss. This

second weight loss was due to dehydroxylation of the clay structure. for pillared

samples also. the major weight loss was near the 120°C region. However. after that

also. they showed a continuous loss of weight. This was associated with the

formation of the pillars. For FePM. there was a small dip appeared around 300eC and

for AIPM. this was around 600oe. This weight loss was due to the dehydroxylation

of the clay structure and of any remaining hydroxide from the pillars. For CrPM. the

seconddip was near 500°e.

Thus the TG curves show that pillared systems lost more weight than their

unpillared counterpart during calcination. More specifically. the parent clay lost a

small amount of weight in the range 120-S00ee while the pillared clays showed a

steady weight loss above 120°C.

3.7 Acidity Studies

3.7.1 Evaluation of Brdnsted Acidity- Adsorption of 2,6-Dimcthylpyridinc

Bronsted and Lewis acid sites play different roles in various types of catalytic

reactions. and the strength of the respective acid sites strongly affects the catalytic

performance [30]. Therefore, there is significant motivation to develop an easy and

reproducible method for the measurement of strength and amount of Bronsted and

Lewis acid sites separately. 2,6-Dimethylpyridine (DMPY) is a useful probe

molecule for the selective determination of Bronsted acid sites. Several researchers

applied DMPY as a probe for Bronsted acid sites [31-34]. DMPY desorbed above

250ee is solely attributed to the Bronsted acid sites. The selective adsorption of

DMPY on Bronsted acid sites is attributed to the steric hindrance of the methyl

groups [3S].

T(, evaluate the Bronstcd ar..': of the various samples, we had carried out

the adsorption of 2.6-dimethylpyridin~: (DMPY) over the solids by keeping the

calcine.' samples in a dcssicator, inside or which is saturated with vapours of DMPY.
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for 48 hours. The samples were then allowe d for controlled thermal treatmen t under

nitrogen atmosphere. During this treatment. the adsorbed DMPY will get desorbed

from the acid sites. DMPY dcsorbcd above ::!50"C IS proportional to the

concentration of Brcn sted acid ic sites present in the sample.

Figure 3.9 gives the thermodesorption data of mixed Fe-AI systems along

with M. FePM and AIPM. All of these catalysts were activated at 500°C. befo re

placing them into the DMPY vapours. The weight loss was due to the desorprion of

DMPY alone up to 500"C. It is clear that the parent rnontmorillonite possessed only a

very low Bronsted acidity compared to those of pillared systems. This Bronstcd

acidity can be due to the structural hydroxyl groups of the clay layers. Figure 3.10

shows a schematic structural model of the clay layer of montmorillonitc along with

pillar intercalation. The locat ion of the possible acid sites can be seen from this

figure.

Montmorillonite has an idealised stoichiometric compo sition corre sponding

to (AI2•xMg•.)Si..O IO(OHh. Structurally it comprises a central shee t containing

octahedrally co-ordi nated Al and Mg in the form of their oxides and hydrox ides

sandwiched between two sheets containing tetrahedrally co-ordinated silicon

essentia lly in the form of its oxide . The structural OH groups associated with

Al(VI)-O-Al(VI) and Al(Vl) -O-Mg linkages are responsible for the Bronsred acidity.

However. only a small part of the structural OH groups can becom e Brbnsted sites
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Figure 3.9 Thermodcsorption d:.lt<t of DMPY over mixed Fe-AI pillared
montmorillonites
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Figure 3.10 Acid sites on the pillared solid; T: • Tetrahedral sheet, 0: - Octahedral
sheet. P- Pillar and CUS: - Co-ordinatively unsaturated AI.

during adsorption as suggested by the small total Bronsted acidity value of M. The

linkage of Al(VI)-O-Al(VI) seems more liable to donate H+ by transferring negative

charge to Mg atoms. which locate in the dioctahedral sheet. Also, it was shown by

Hall [36] and Davidtz [37] that Al (CUS) i.e.. co-ordinatively unsaturated AI.

exposed at crystal edges can become either Bronsted or Lewis acid sites.

During pillaring, there was a clear enhancement of Bronsted acidity.

More amount of DMPY was desorbed at all temperature regions for the pillared

samples than the unpillared sample. Though the generally accepted view regarding

the acidity of pillared clays is that Lewis acid sites are mainly resident on the metal

oxide pillars [28] and Bronsted acid sites are associated with the structural OH

groups present on the host clay [28. 38}, Bodoaro et al. have reported that the pillars

can also contribute a significant number of Bronsted acid sites [39]. Also it was

observed that AlPM was superior to FePM in this regard. Increasing the Fe/AI ratio

decreased the number of sites more or less in a regular fashion up to a ratio of 0.5.

Further increase to 1.0. however. caused a positive effect. This observation is
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supported by the iron content from the EDX data (Table 3.1) and pillar density from

XRD data (Table 3.4}. The presence of iron decreased the Bronsted acidity. For

Fc:\ 1r hP ~ 1. the amount of iron was less and consequently it possessed a greater

Bronsted acidity.

Figure 3.11 gives the thermodesorption data of Cr- and mixed Cr-AI pillarcd

systems. Among these also. A1PM has the highest DMPY adsorption. Incorporation

of Cr signifi cantly reduced the DMPY adsorption. CrAlo,PM has onI)' a value of

0.~5. which is much less than 0.068. the DMPY adsorption value of AIPM. Funher

increase of Cr reduced the DMPY adsorption. Hence samples containing more AI

possessed more number of Bronsted acidic sites. Low Fe/AI and Cr/AI ratios led to a

comparatively high value for DMPY adsorption. Zhao et al. also observed that at low

Fe/AI and low CrlAI ratios Breasted acid ic sites were more [13. 16]. These results

suggest that the acidity of the pillared clays varied with the pil1aring. composition.
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Figure3.1l Thermodesorption data of DMPY over mixed Cr-AI pillared
montmorillonites

Figure 3.12 displays the thermodesorption data of vanadia impregnated iron

pillared montmorillonites. Yanadia addition improved the Bronsted acidity for the

loading of 5VFe. 7VFe and IOVFe. As the vanadia loading increased from 2%. the

amount of DMPY desorbing from the catalyst also increased. up to 7% and then it

decreased. We have already seen that vanadia is well dispersed over the clay surface

up to the weight percentage 0; 7. After that only. large crystallites Of V205 formed

over the surface. These er .;:..ilites entered into the pores and thus redueed the

surface area and also pore volume. It is reported that vanadia loading creates
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Bronsted acidity. assigned to the V-OH species of crystalline V,O, [40]. The well

dispersion of V20~ increased the Brcnsted acidity considerably. the case of7VFe.
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Figure 3.12 Thennodesorption data of DMPY over vanadia loaded iron pillared
montmorillon ites.

3.7.2 Electron Accepting Studies using Perylene , Evaluation of Lewis Acidity

Apart from the in situ IR adsorption of bases such as pyridine or NH3. the

only procedure suitable to gain qualitative infonnation regarding Lewis acidity in the

presence of Bronsted sites is based on the investigation of the ability of the surface to

accept a single electron. For the investigation of one-electron acceptor properties of

solids. polyarom::J.tic hydrocarbons such as perylene, pyrene and chrysene [41. 42}

have mainly been used as electron donors.

The determination of the surface sites which act as acceptors of single

electron is based on the measurement of the amount of these adsorbed molecules.

which can easily donate one electron. They form charge transfer complexes with

surface active sites which exhibit characteristic ESR spectrum. the intensity of the

corresponding esr signals being a direct measure of surface active sites. It can also

be stated that the investigation of the interaction between one-electron acceptor sites

and adsorbed donor molecule is an indirect determination of the electron deficient

sites. An alternative method for the determination of active sites through ESR

spectra is the spcctrcscopic monitoring of the amount of electron donor left in the

solution after adsorption.

Pcrvlcnc was used as the electron donor and it \v"as adscrbed at room

temperature from a solution in benzene on the previously activated samples. The



pale yellow colour of AlPM changed to a mottled lavender colour due to the

adsorption of perylenc on the surface. OWIng to the dark brown colour of FePM and

Fe-AlPMs and the dark green colour of CrPM and Cr-All'Ms, the change in colour of

these catalysts due to adsorption of perylene was not clearly visible. Perylcne being

an electron donor transferred electron to the Lewis acid sites and got itself adsorbcd

as perylene radical cation [43). Thus after adsorption. the concentration of pcrylcne

in the solution decreased. This decrease was found out using absorbance

measurements at I"max equal to 439 nm and corresponds to the amount of perylcne

getting adsorbed on the surface. which in turn corresponds to the Lewis acidity of the

system. As the concentration of perylene used for adsorption was increased. the

amount of perylene getting adsorbed on the solid surface also increased. But after a

particular concentration of perylene in benzene, the amount of perylene adsorbed

remained constant. This constant value is referred to as limiting amount. The

limiting amount of perylene indicated the surface electron accepting capacity or in

other words. the Lewis acidity of the samples. A clear picture of the adsorption and

limiting amount of perylene adsorbed can be obtained by plotting the amount of

perylene adsorbed against its equilibrium concentration, as shown in the Figures 3.13

and 3.13fQ...)
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Result. G,' r~T ... ..;;; adsorption over mixed Fe-AI pillared systems.



These graphs convince a Langmuir type of adsorption over the solid surfaces. The

limiting amounts of the various series of systems are shown in Tables 3.14. 3.15 and

3.16. As evident from Table 3.14 and Figure 3.13. the limiting amount obtained for

AIPM was significantly lower than that of FePM. This suggested the lower electron

accepting capacity and lower Lewis acidity of AIPM compared to FePM. This can

be attributed to the intrinsic character of iron pillars which are more Lewis acidic

than alumina pillars. An increase on Fe/AI ratio increased the limiting amount. and

was found to be maximum for FeAlo.sPM. Among mixed Fe-Al pillared systems. the

increase of limiting amount with increasing iron content proposes that the Lewis

acidity was proportional to iron content. This suggests that more and more electron

accepting centres are associated with iron content of the pillared samples. Only

FeAlo.5PM possessed more Lewis acidity than FePM. Thus a mixed system of Fe~AI

pillared montmorillonite with Fe/AI ratio 0.5 was superior to the respective single

metal oxide pillared systems. in this regard. And it is unambiguous that the presence

of iron is responsible for the increase in Lewis acidity.

Table 3.14 Perylene adsorption data over mixed Fe-AI pillared montmorillonites.

Limiting amount
Catalyst (10-2 mmolg")

M

AIPM 0.7366

FeAlo.IPM 0.3024

FeAlo.2PM 0.4870

FeAlo.3PM 0.4996

FeAlo.4PM 0.5186

FeAlosPM 1.2615

FeAI,oPM 0.6368

FePM 1.2104

Table 3.15 and Figure 3. 13Q. give the adsorption results for CrPM and mixed

Cr-AIPMs. Chromium containing pillared systems exhibited higher Lewis acidity

than AIPM. However. no regular gradation in limiting amount with CriAl ratio
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variation was observed. Any way. we can state that the incorporation of Cr along

with alumina pillars enhanced the Lewis acidity, probably due to the intrinsic Lewis

acidity of Cr.

Table 3.15 Perylene adsorption data over mixed Cr-AI pillared montmorillonites

Limiting amount
Catalyst (10.2 rnmolg")

AlPM 0.7366

CrAlo.lPM 1.1602

CrAlo.2PM 0.9372

CrAlo.3PM 1.2452

-
CrAlo.4PM 1.2852

CrAlo.sPM 1.1101

CrAII.oPM 0.9862

CrPM 0.9392
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Figure 3.13ct Results ofperylene adsorption over mixed Cr-Al pillared systems.

Another simple. but important observation was that the parent

montmorillonite was not responding towards perylene adsorption. This observation



is in consonance with the general agreement that the contribution of pillars to the

acidity of pillared clays is mainly Lewis type. From the DMPY experiment, we

observed that a small adsorption of DMPY took place on M. Thus though parent

montmorillonite possessed some Bronsted acidity, it lacks detectable Lewis acidity

with perylene. This behaviour can also be attributed to the very low surface area of

M also (6 m2g. I
) .

Table 3.16 present the limiting amount of perylene adsorbed on the vanadia

impregnated samples. Vanadia is a very weak acid and exhibits mainly Bronsted

acidity [44, 45,46]. From the IR and XRD studies we had concluded that vanadia is

dispersed as V205 inside the pores and surface of the clay lattice. Now, during the

perylene experiments, we observed a significant loss of Lewis sites which are

responding to the adsorption of perylene. It can be confirmed that loading of vanadia

and there by dispersal of vanadia as V20 5 did not enhance the Lewis acidity of iron­

pillared systems. Not only that, addition of vanadia significantly reduced perylene

adsorption, due to the blocking of surface acidic sites by vanadia species.

Table 3.16 Perylene adsorption overvanadia loaded Fe pillared montmorillonites

Limiting amount
Catalyst (l0-2 mmolg")
FePM 1.2104

2VFe l.1010

5VFe 0.9088

7VFe 0.7316

10VFe 0.4140

15VFe 0.3421

20VFe 0.2461

At low vanadium loadings of 2 and 5%, Lewis acidic sites are not very much

reduced. But at higher vanadium loadings, Lewis acidity was diminished due to the

coverage of catalyst surface with particles of V20S. At low vanadium loadings,

Lewis acidity due to exposed Fe and Al ions were present. Lewis acidity can be

assigned to unsaturated vanadium ions also, due to the adsorbed V-oxide on the clay

surface to some extent. At high vanadium loadings, crystalline vanadia covers

almost the major portions of the clay, and reduced the Lewis acidity.
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3.7.3 Temperature Programmed Desorption of Ammonia (TPD)

Among the various basic probe molecules (n-butyl amine, pyridine and

ammonia), ammonia is widely employed to characterise the acidity of solid catalysts

by the method of temperature programmed desorption. n-butyl amine being a

stronger base (pKb = 7.00) can titrate even the weaker acidic sites. But it may not

have a considerable access to the various sites, due to its large size. Comparing

pyridine and ammonia. ammonia is smaller (kinetic diameter = 2.65 A) and more

basic (pKb = 4.77) than pyridine (kinetic diameter is 5.8A and pKb= 8.75). Hence

we have chosen ammonia as the probe molecule for conducting the temperature

programmed desorption experiments. Apart from titrating acid sites of any strength

and type, ammonia molecule can be adsorbed by a hydrogen bond or a dipolar

interaction [47, 48].

Table 3.17 give the distribution of acid sites of M, AIPM, FePM and mixed

Fe-AIPMs among various regions, determined by TPD ofNH3• Total acidity is also

shown along with the sum of weak and medium sites. Almost all samples showed a

maximum of acid sites in the weak acid region. M also possessed a little acidity,

mainly from the weaker acid sites. Pillaring with various polyoxocations increased

the acidity considerably. Pillaring process (the process by propping up the clay

layers) exposes the Bronsted and Lewis acid sites of the layers. Further more, the

pillars add acid sites to the already existing hydroxyl groups and to AI. Pillars are

known to increase especially the Lewis acidity [49, 50]. Pillaring increased the

number of acid sites of various strengths. AIPM has a total acidity of

0.5352 mmolg" with 0.3084 in the weak, 0.1814 in the medium and 0.0454 rnmolg"

in the strong acid region. FePM possessed a slightly higher acidity among weak and

medium region, but do not differ much from that of AIPM. But FePM clearly

possessed much more strong acid sites which is arising from the presence of iron

pillars. The variation in the distribution of acidity with respect to variation in Fe/AI

ratio, at first sight, seemed very irregular. But quite a clear picture can be obtained, if

we count the weak plus medium acidity as a whole and the strong acidity separately.

Increasing the Fe/AI ratio from 0.1 to 0.4, the weak plus medium acidity increased,

though no regular gradation could be observed when we examine weak and medium

acidity separately. Increasing Fe/AI ratio from 0.4 to 0.5 reduced the weak plus

medium acidity, but the total acidity was found to be higher for the ratio 0.5, than the



Table 3. 17 Acid site distribution of Fe-AI pillared montmorillonites

Weak Medium Strong Weak + Total
Catalyst (lOO-200°C) (200-400°C) (400-600°C) Medium (mmolg")

M 0.01003 0.00600 0.00 0.01603 0.01603

AIPM 0.3084 0.1814 0.0454 0.4898 0.5352

FeAlo.IPM 0.1867 0.1401 0.0992 0.3268 0.4260

FeAlo.2PM 0.2081 0.1207 0.1612 0.3287 0.4898

FeAlo.3PM 0.1370 0.2740 0.1793 0.4110 0.5823

FeAlo.4PM 0.4752 0.4234 0.1811 0.8986 0.8797

FeAlo.sPM 0.3544 0.4807 0.3056 0.8351 1.1407

FeAll.oPM 0.3090 0.1902 0.0475 0.4992 0.5466

FePM 0.2726 0.1992 0.1163 0.4718 0.5880

ratio 0.4, owing to the fact that the increase from 0.4 to 0.5 greatly increased the

strong acidity. Thus when the ratio was changed from 0.4 to 0.5, weak + medium

acidity decreased from 0.8986 to 0.8351 mrnolg" and strong acidity jumped from

0.1811 to 0.3056 rnmolg". However, further increase of FelAl ratio did not cause an

increase in acidity. Strong acidity also showed a similar trend. FeAIl.oPM has

smaller values in all ranges and total acidity, mainly due to the lesser incorporation of

Fe as evidenced from EDX data.

Table 3.18 gives the acidity distribution of Cr-AIPMs. CrPM possessed a

total acidity of 0.775 mmolg", with 73.75% contribution from weak plus medium

region. The total acidity was more than that of AIPM. Thus CrPM is the most

acidic among AIPM, FePM and CrPM. CrPM possessed highest acidity in the weak

plus medium region, and the least in the strong region, FePM has the maximum

strong acidity. Comparing the Bronsted acidity obtained from DMPY adsorption.

AIPM was found to be most acidic and FePM was found to be the least acidic.

Comparing Lewis acidity obtained from perylene adsorption, FePM was the strongest

and AIPM was the weakest one.

As experienced from perylene adsorption. we could not get a regular variation

in the distribution of acidity with change in Cr/AI ratio. Mixed Cr-AI systems are
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Table 3. 18 Acid site distribution of Cr-AI pillared montmorillonites

Weak Medium Strong Weak +
Catalyst (lOO-200°C) (200-400°C) (400-600°C) Medium

AIPM 0.3084 0.18 i4 0.0454 0.4898

CrAlo.IPM 0.2677 0.0850 0.1404 0.3526

CrAlo.2PM 0.1976 0.0093 0.1517 0.2069

CrAlo.3PM 0.1513 0.0091 0.1603 0.1603

CrAlo4PM 0.1010 0.0117 0.1793 0.1127

CrAlo.5PM 0.0986 0.0151 0.1082 0.1137

CrAIl.oPM 0.2026 0.0964 0.1318 0.2990

CrPM 0.3617 0.2040 0.0034 0.5717

It::!

Total
(rnmolg")

0.5352

0.4931

0.3586

0.3207

0.2920

0.2219

0.3309

0.7751

found to possess enhanced strong acidity when compared with respective single

pillared systems i.e., CrPM and AIPM. However, the total acidity of the mixed Cr-AI

systems was in between those ofCrPM and AIPM.

Another noticeable point while comparing the acidity data obtained from

perylene adsorption and NHrTPD was the large difference in magnitude of acidity

values. Hundred times higher values are obtained from NH3-TPD than those from

perylene measurements. NH3 being smaller and stronger, can detect almost all

types and strengths of acid sites where as perylene being larger, along with its sole

ability for binding with electron accepting centres, has access only to certain exposed

Lewis sites. Though perylene measures only Lewis acidity, the difference between

acidity values of NH3-TPD and perylene adsorption could not be attributed to

Bronsted acidity alone, since this value will be very much higher than that expected

for pillared clays in which there is a general agreement of a large excess of Lewis

acid sites than Bronsted acid sites [50]. This also suggests that there remained Lewis

acid sites undetectable by perylene molecule, the effect of which could be attributed

to its large size.

The distribution of acid sites and total acidity values of the various vanadia

loaded iron-pillared montmorillonites are shown in Table 3.19. We can see that the

total acidity values considerably enhanced upon vanadia loading. We have already

seen the increase in Bronsted acidity and decrease in Lewis acidity upon vanadia
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addition. Thus we can assign the increase in total acidity as the effect of increasing

Bronsted acidity. For 7VFe. the total acidity measured was three times greater than

that of the parent iron-pillared montmorillonite. It is evident from the limiting value

of perylene adsorbed on the solids. that Lewis acidity decreased. However. we

Table 3.19 Acid site distribution ofvanadia impregnated iron-pillared systems.

Weak Medium Weak + Strong
Catalyst (lOO-200°C) (200-400°C) Medium (400-600°C) Total

FePM 0.2726 0.1992 0.4718 0.1163 0.5881

2VFe 0.2985 0.1610 0.4595 0.1314 0.5909

5VFe 0.4263 0.4225 0.8488 0.3726 1.2214

7VFe 0.5095 0.8006 1.3101 0.6186 1.9280

lOVFe 0.3887 0.2682 0.6569 0.3754 1.0324

15VFe 0.3207 0.1781 0.4988 0.0534 0.5522

20VFe 0.1810 0.1011 0.2821 0.0190 0.3011

cannot rule out the possibility of NH3 molecule being adsorbed on those Lewis acid

sites which perylene molecule could not. It may be suspected that the total acidity

values increased when determined by temperature programmed desorption of NHJ

due to this factor also. along with enhancement of Bronsted acidity. The catalysts up

to 10 wt% vanadia loading, possessed more acidity than the parent iron pillared

montmorillonite, where as 15VFe and 20VFe had lesser number of acidic sites. when

determined by NH3-TPD method.

3.8 Cumene Conversion Reaction as a Test Reaction for Acidity

Cumene conversion reaction proceeds in two ways. On Bronsted acidic sites,

cracking takes place to produce benzene and propene. On Lewis acidic sites

dehydrogenation takes place to produce c-methylstyrene [51-53]. Dealkylation to

toluene and ethylbenzene can also occur [54]. Thus cumene conversion reaction can

be chosen as a test reaction to check the presence of Bronsted and Lewis acid sites

and also to correlate the product distribution with acidity data. Hence. the main

incentive to carry out cumene conversion reaction was to correlate the activity and

selectivity with acidity of the prepared catalysts. The selectivity for cracking relates

to Bronsted acidity whereas selectivity for dehydrogenation relates to Lewis acidity.
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Thus an attempt to correlate the results obtained from cumene conversion reaction

with those of DMPY adsorption and perylene adsorption has been done. In order to

optimise the reaction parameters. we have investigated their influence on the

reaction.

Cumene cracking reaction was carried out in the vapour phase in a fixed bed.

down flow. vertical glass reactor of 2 cm diameter and 40 cm length inside a double

zone furnace. 0.5 g catalyst was used in the powder form. The catalyst was activated

at required temperatures in air for 2 h before every catalytic run. Cumene obtained

from Merck was used as such. It was fed into the reactor by a syringe pump at a

desired rate. The products. condensed to liquid by a water condensor, were collected

and analysed by GC and identified by the comparison of the GC retention times of

the samples with pure components expected during the reaction.

3.8.1 Process Optimisation

In order to study the effect of contact time, reaction temperature and

activation temperature, FeAlo.IPM was selected as a representative of all the

catalysts. To study the effect of contact time. cumene was fed at different flow rates

keeping other conditions constant. Similarly, to study the effect of reaction

temperature, the temperature of the double zone furnace in which the reactor was

kept, was set at different temperatures keeping other conditions alike. The catalyst

was activated at different temperatures to elucidate the role of activation temperature

on the reaction. The reaction was continued to run for five hours to find out whether

the catalyst is prone to deactivation during this reaction.

a) Effect of Flow Rate: A typical activity profile of cumene conversion as a

function of feed rate over FeAlo.1PM is shown in the Figure 3.14. The reaction was

carried out at 400°C and the catalyst was activated at 500°C before use. Benzene.

toluene, ethylbenzene, styrene and a-methylstyrene are the observed products.

Benzene is the normal cracking product and a-methylstyrene, the dehydrogenation

product. Dealkylation and side chain cracking resulted in the formation of

ethylbenzene and toluene. Dehydrogenation of ethylbenzene formed during the

reaction can result in the formation of styrene. Benzene and a-methylstyrene are
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found to be the major products. As the feed rate increased from 4 to 6 mLh· l
, the

conversion steadily decreased from 20.73% to 13.36%. At higher flow rates, the

contact time will be less and hence the conversion will be less. Maximum selectivity

for benzene is obtained at a flow rate of 6 mLh· l
. More than 70% selectivity to

n-methylstyrene can be explained by pointing out the high temperature of activation

of the catalyst. Activation at high temperatures drastically reduces the Bronsted acid

sites that are responsible for cracking. The catalyst is possessing large number of

Lewis acid sites and hence dehydrogenation was favoured more. The selectivity

for other products gradually reduced as the flow rate increased. As contact time

decreases (which is a consequence of increasing flow rate), the rate of side reaction

also decreased and this resulted in the higher yield of benzene. However. the

selectivity for dehydrogenation did not vary much with flow rates and hence the ratio

of benzene to a-methyl styrene increased (Figure 3.14).

b) Effect of Reaction Temperature: In another series of experiments, the effect of

reaction temperature was studied. Temperatures from 3500 e to 5000 e were selected.

Figure 3.15 shows the influence of reaction temperature on the conversion and



Chapter .: ) 16

selectivity pattern, As the temperature increased. conversion also increased as

expected. The conversion was very low. only about 8.51% at 350 oe. The Bronsted

o~o

"\

-.~=mion .\.~.
-.- Selectivity to benzene \
-.- Selectivity to ec-methylstyrene,
~- benzene/ cc -methylstyrene \0.s->:
·------=:><o~o
o ._________..

100

90

80

70

,.., 60
~-- 50..-...
Oll 40
~

~ 30

20

10

0
350 400 450

Temperature (0 C)

500

~

0.3 ~

:>-.
V;

~

4J
E

0.2 •

{
c
~
c
~

c::l
0.1

Figure 3.15 Effect of reaction temperature on the conversion and selectivity for
cumene conversion. (Reaction conditions: Fe-Alo.1 PM-0.5g, activation
temperature - 500oe, Flow rate- 5 rnl.h", TOS-2 h.)

acid sites are lost considerably as temperature is increased to soooe. This resulted in

the decrease in selectivity for benzene as the temperature increased. However,

selectivity for c-methylstyrene is not much influenced during the temperature range

of 350-450oe. Instead, a gradual increase of side products is observed indicative of

the side reactions, which occur at high temperatures. At the very high temperature

of soooe, the amount of both o-methylstyrene and benzene were low, as compared to

those at other temperatures. Instead, dealkylation occurred at an increased rate to

produce other products at this temperature. The sharp decrease in benzene to

u-methylstyrene ratio when the temperature changes from 400 to 450°C may be

understood in terms of the fact that the Bronsted acid sites got considerably destroyed

during this temperature change.

c) Effect of Activation Temperature: The cumene conversion experiments were

performed for a series of activation temperatures of the catalyst and the data are

shown in the Figure 3.16. As the activation temperature of the catalyst was increased.

conversion first increased up to soooe and then decreased. At higher temperatures of

550 and 600°(, layer collapse of the pillarcd clay occurred to some extent and this
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caused the reduction of surface area. The benzene selectivity gradually decreased due

to the gradual loss of Bronsted acid sites as the temperature increased. A concomitant

increase in the selectivity for u-methylstyrene was also observed. At higher

activation temperatures, dealkylation was not observed, may be due to the structural

collapse of the clay. The variation of ratio of benzene to u-methylstyrene from

0.3698 to 0.0995 also suggests the negative effect of temperature on the number of

Bronsted acid sites and the temperature independent nature ofLewis sites [51].

d) Effect of Time on Stream - Deactivation Studies

By allowing the reaction to run for five hours, the stability of the catalyst was

established. Figure 3.17 show that even after five hours, neither the conversion nor

the selectivities vary much. This may be due to the fact that the coke formed during

the reaction may not be bulky to block the whole pores of the catalyst [55].
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3.8.2 Catalyst Comparison

For carrying out the reaction over various catalysts the reaction was optimised

for the following conditions. Activation temperature and reaction temperature were

selected as 5000e and 4000e respectively. Flow rate is selected as 5 mLh· l
. Reaction

temperatures lower than 4000 e led to lower percentage conversion and reaction

temperatures higher than 4000 e led to higher yield for side products. Also, the

conversion was maximum at an activation temperature of 500°C. Hence it was

selected as the activation temperature for all the catalysts.

The conversion and selectivity for various products are furnished in

Table 3.20 for M, AlPM, FePM and mixed Fe-AIPMs. In all the systems,

dehydrogenation of cumene to c-methylstyrene was the predominant reaction.

Except for AIPM, more than 70% selectivity was observed for Kmethylstyrene.

It is noteworthy that M produced o-methyfstyrene almost exclusively

(selectivity being 96.59%). The conversion, however, was very low. It is well

documented that dehydrogenation takes place on Lewis acid sites to give

o-methylstyrene. Adsorption experiment showed that M was neutral towards the

adsorption of perylene. DMPY got adsorbed on M to a considerable extent.
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Table 3.20 Data on cumene conversion reaction over Fe-AI systems (0.5 g
catalyst activated at 500°C. reaction temperature - 400°C, flow rate- 5
mL h-I and TOS= 2 h.).

Catalyst Conversion Selectivity for
(%) Benzene Toluene Ethylbenzene Styrene u-methylstyrene

M 1.80 3.14 96.59

AIPM 12.10 38.61 1.08 5.83 1.11 52.37

FeAlo.IPM 16.78 23.06 1.97 1.31 72.56

FeA1o.2PM 18.21 19.81 0.99 0.31 78.89

FeAlo.JPM 19.00 19.06 1.01 0.40 79.53

FeAlo.4PM 21.08 15.41 0.81 0.54 83.24

.FeAlo5PM 23.41 6.73 0.31 0.16 92.80

FeAll.oPM 17.34 14.16 1.00 0.36 83.48

FePM 18.09 6.31 0.43 0.31 92.95

Contrary to these observations, we obtained c-methylstyrene and benzene with

percentage selectivity 96.59 and 3.41 respectively for cumene conversion reaction in

the case of M. cc-methylstyrene formation was attributed to the Lewis acidity

imparted by the exchangeable cations present in the clay [54]. Though perylene

molecule could not reach these sites to get adsorbed, cumene was able to get

adsorbed and undergo reaction. though only to a small extent (conversion very low).

From the very low selectivity of benzene. it can be concluded that the exposed clay

layer surface was not very active for cracking to benzene. One montmorillonite layer

consists of a sheet of aluminium octahedrally co-ordinated by oxy anions and

hydroxyls, sandwiched between two silicate sheets. So the exposed surface will be a

silicate sheet, which could not provide Bronsted acidity [54].

Catalytic activity for AlPM was 12.10%. Compared to other cases in

Table 3.20. AIPM produced a significantly high amount of benzene. the cracking

product. This is accountable since this catalyst possessed a comparatively high value
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for DMPY adsorption. The Bronsted acid sites were even responsible for an

appreciable side chain cracking to produce ethyl benzene and toluene. Dealkylation

of cumene to toluene was observed only in the case of AlPM. Dehydrogenation of

ethylbenzene. which was formed during the reaction. occurred over the Lewis sites to

yield styrene, Anyhow. we can state that the principal reaction taking place was the

dehydrogenation of cumene to give u-methylstyrene, since its selectivity was found

to be the highest (52.37%).

Incorporation of iron along alumina pillars clearly enhanced the conversion of

curnene. Selectivity for benzene decreased and that for c-methylstyrene increased.

For iron containing systems, selectivity of o-methylstyrene was found to be in the

range 72-93%. This can be attributed to the intrinsic Lewis acidity of iron. AIPM

showed a selectivity of 52.37% whereas iron systems exhibited the above range.

Increasing Fe/AI ratio from 0.1 to 0.5 increased the conversion from 16.78 to

23.41%. The benzene selectivity decreased and u-methylstyrene selectivity

increased. Figure 3.18 shows the trend of Bronsted acidity and selectivity for

cracking products among the various Fe-AI systems. It is clear that cracking reaction

is dependent on the number of Bronsted acidity. The trend for Bronsted acidity and

cracking selectivity follows the same direction (Fig. 3.18). When the Fe/AI ratio was
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for cumene reaction over Fe-Al systems.



increased from 0.5 to 1.0. Bronsted acidity slightly increased and accordingly an

increase for cracking products also observed with a concomitant decrease in

selectivity for dehydrogenation.

Limiting amount adsorbed from perylene adsorption experiments and the

dehydrogenation selectivities of cumene conversion reaction are presented in

Figure 3.19. The figure shows that dehydrogenation selectivity was directly

proportional to the limiting amount, which amounts the Lewis acid sites. Thus it was

concluded that Lewis acid sites were responsible for dehydrogenation. However, a

contradiction can be noticed when FePM and FeAlo.sPM were compared. Though the

limiting value of FeAlo.sPM was higher than that of FePM, dehydrogenation

selectivity was found to be higher for FePM. FePM contains exclusively iron pillars.

whereas FeAlo.sPM contained mixed iron-alumina pillars, the latter might have more

number of Bronsted acid sites than the former. In effect, this caused a slightly higher

yield for cracking products for FeAlo.sPM and hence reduced the yield of the

dehydrogenation product. Thus the lower dehydrogenation yield, in spite of its higher

Lewis acidity is due to its higher number of Bronsted acid sites. By plotting total
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Figure 3.19 Comparison of perylene adsorption data with dehydrogenation
selectivity on cumene conversion reaction.

acidity and percentage conversion of various systems in a single graph (Fig 3.20). we

can also conclude that conversion is proportional to total acidity. When the Fe/AI
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ratio varied from 0.5 to 1.0. the total acidity determined by NHJ-TPD and Lewis

acidity determined by perylene adsorption decreased significantly, whereas Bronsted

acidity increased. The decrease in total acidity and Lewis acidity was responsible for
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Figure 3.20 Comparison of total acidity from NH)-TPD and conversion of cumene.

the decrease in percentage conversion and yield of dehydrogenation products

respectively. Though the decrease in total acidity reduced the percentage conversion.

the increase in Bronsted acidity enhanced the selectivity of cracking products. This

effect is very much pronounced when we compare FePM and AIPM also

(Table 3.20).

The results for cumene conversion reaction over mixed Cr-AI systems are

presented in Table 3.21. In agreement with the total acidity variation (Table 3.18) for

mixed Cr-AI systems. the conversion decreased from the ratio 0.1 to 0.5 and then the

percentage conversion slightly increased for the system CrAIl.oPM. CrPM exhibited

higher percentage conversion than the mixed Cr-AI systems and AIPM. It is also

worth to note that selectivity for benzene formation was very low in all cases

whereas the selectivity for the formation of a-methylstyrene was always around or

greater than 85%. Chromia is reported to be a strong Lewis acid [56]. The presence

of chromium in the clay lattice was responsible for their high Lewis acidity and

hence the dehydrogenation selectivity was high. The comparatively high value of
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limiting amount for perylene adsorption also supports that Lewis acidity of

Cr containing systems was high.

Table 3.21 Cumene conversion reaction over Cr- Al systems

Catalyst Selectivity for
Conversion Benzene Toluene Ethylbenzene Styrene a-methylstyrene

AIPM 12.10 38.61 1.08 5.83 1.11 52.37

CrAlo,PM 10.84 9.11 90.89

CrAlo.2PM 10.09 10.13 89.87

CrAloJPM 8.43 6.31 93.69

CrAlo.4PM 7.01 5.04 94.96

CrAlosPM 6.37 5.02 94.98

CrAIl.oPM 6.99 6.94 93.06
...

CrPM 14.61 14.03 0.81 0.41 84.75

Table 3.22 presents the cumene conversion results for the vanadia

impregnated systems. Vanadia impregnation increased the catalytic activity only

slightly. Higher loading resulted in the decrease of percentage conversion. This can

be attributed to the decrease in the acidity for the high loaded samples. Cracking

selectivites were found to be very much higher for the systems with high vanadia

loadings (22.13-43.62% for 7-20VFe) and correspondingly dehydrogenation

selectivities were low for the high loading systems, compared to low loading systems

and the parent iron-pillared montmorilionite. Thennodesorption values of DMPY

over the solids increased from 2VFe up to 7VFe and then reduced, whereas limiting

amount of perylene adsorbed over the solids continued to decrease even from 2VFe.

20VFe directed the reaction almost equally towards cracking and dehydrogenation,

and the low percentage conversion was due to the very low surface area and

pore volume (14.63 m2g. 1 and 0.0210 crrr'g" respectively) and the very low acidity

values. The inhibition of Lewis acidity due to the high loading led to the reduction of

percentage selectivity of a-methylstyrene significantly while that for cracking (only

benzene) increased.
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Table 3.22 Cumene conversion reaction over vanadia loaded iron-pillared
montrnorillonites (0.5 g catalyst activated at 500°C, reaction
temperature - 400°C. flow rate- 5 ml, h-I and TOS= 2 h.)

Catalyst Selectivity for
Conversion Benzene Toluene Ethylbenzene Styrene oc-ethylstyrene

FePM 18.09 6.31 0.43 0.31 92.95

2VFe 18.01 7.01 0.30 92.69

5VFe 20.11 12.34 0.61 0.74 0.24 86.07

7VFe 26.13 19.88 1.31 0.94 0.51 77.36

10VFe 19.99 25.11 0.86 0.31 73.72

15VFe 10.61 28.64 71.36

20VFe 4.21 43.62 56.38

3.9 Cyclohexanol Decomposition Reaction as a Test Reaction for Acidity

Cyclohexanol decomposition reaction is usually adopted to check the acid­

base property of the catalyst system [57,58]. The amphoteric character of the alcohol

permits its interaction with both acidic and basic centres. As a result of this,

dehydration and dehydrogenation are catalysed by the oxide system resulting in the

formation of cydohexene and cyclohexanone respectively [59, 60]. Dehydrogenation

takes place with the intervention of both acidic and basic sites and dehydration takes

place with the participation of acidic sites only. Figure 3.21 shows the mechanism of

formation of cydohexene and cyclohexanone over the oxide catalyst surface.

The decomposition of cyclohexanol was carried out in the vapour phase. A

glass reactor of length 40 cm and diameter 2 cm was used. The liquid products

collected were analysed by a Chemito 8610 GC analyser fitted with FID using

carbowax column (2 m). Products detected were cydohexene, cyclohexanone,

benzene, methylcyclopentene and cydohexane. Products such as benzene.

methylcyclopentene and cydohexane were taken together and labelled as 'others' in

the tables. However, these three products are due to the further transformation of

cyclohexene formed during the reaction.
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Figure 3.21 Mechanism of (a) dehydrogenation and (b) dehydration of
cyclohexanol on oxide surface

The selectivity was calculated as '-ene' selectivity (C=C) and <one'

selectivity (C=O). 'Others' are also included in the '-ene'selectivity, since all of these

were formed by the further transformation of cyclohexene. The formation of phenol

is reported by the transformation of cyclohexanone [61]. In the present case. no

phenol is detected in any instance. Hence 'others' can be undoubtedly incorporated in

the '-ene' selectivity.

Here. we report the optimisation of the various reaction parameters for the

vapour phase decomposition of cyclohexanol over iron-pillared montmorillonite and

also the comparison of activity and selectivity of the various catalysts. The results

obtained are correlated with the acidity data also.

3.9.1 Process Optimisation

a) Effect of Reaction Temperature: Table 3.23 shows the influence of reaction

temperature towards the conversion and selectivity. As the temperature increased. the

percentage of conversion also increased. The C=C selectivity was found to be more

than 95% at all temperatures. The conversion reached a maximum of 87.82% at a
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temperature of 450°C. The formation of cyclohexanone was very little as evident

from its yield and selectivity. Cyclohexanone was formed by the involvement of both

acidic and basic sues i59. 60]. Though enough number of acidic sites was present.

absence of basic sites on the clay surface restricted the formation of cyclohexanonc.

Negligible amounts of cyclohexanone were formed at all temperatures compared to

cyclohexene. As the temperature increased, the yield of 'others' also increased to a

large extent (Table 3.23). At higher temperatures, further transformations of

cyclohexene were more feasible and this resulted in the higher percentage yield of

benzene. cyclohexane and methylcyclopentene.

Table 3.23 Effect of reaction temperature on cyclohexanol decomposition reaction
over FePM (Reaction parameters: Catalyst ', FePM (0.5 g), flow rate
- 5 mLh-I

, activation temperature- 500°C, TOS-2h)

Reaction Conversion Product Distribution (Yield) (%) Selectivity (%)
Ternp.I''C) (%) Cyclohexene Cyclohexanone Others C=C C=O

250 25.79 23.17 1.08 1.535 95.79 4.21

350 91.26 62.32 1.61 27.33 98.24 1.76

450 97.82 68.66 1.81 27.35 98.15 1.85

b) Effect of Feed Rate: The reaction was carried out at different flow rates viz.. 4. 5

and 6 mLh-1 to understand the influence of flow rate on the reaction. As the flow rate

increased, conversion gradually reduced. However. no regular pattern for the <-ene'

and the '-one' selectivities was seen. Maximum selectivity for C=C was observed

at a flow rate of 5 mLh-1
• At a flow rate of 4 ml.h", the yield for cyclohexene was

less. This is due to the increased transformation of cyclohexene to other products

such as benzene, cyclohexene and methyl cyc1opentene, which is evident from the

comparatively high yield of 'others' (Table 3.24). At the high flow rate of 6 rnl.h",

cyclohexanol may probably wash out the cyclohexene from the catalyst surface and

reduces the further transformation of cyclohexene. Hence the yield of 'others' is less.

c) Effect of Activation Temperature: Table 3.25 gives the influence of activation

temperature on the reaction. The catalyst was preheated at various temperatures

before carrying out the reaction. When the catalyst. dried at 110°C was used as such

without calcination, almost 99% selectivity was observed for the formation of
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Table 3.24 Effect of flow rate on cyclohexanol decomposition reaction over
FePM. (Reaction conditions: FePM (0.5 g). reaction temperature­
350°C, activation temperature -500°C, TOS-2h)

Flow rate Conversion Product Distribution (Yield) (%) Selectivity (%)
(ml.h') (%) Cyclohexene Cyclohexanone Others C=C C=O

4 98.22 55.52 5.9 36.8 94.0 6.0

5 91.26 62.32 1.61 27.33 98.24 1.762

6 82.27 73.15 3.9 5.22 94.74 5.26

cyclohexene. The conversion was very low since the catalyst contains only Bronsted

acid sites almost exclusively. Lewis acid sites may not be generated at this drying

condition. Dehydration and dehydrogenation of the pillars take place and the

catalyst acquires conversion was very low since the catalyst contains only Bronsted

acid sites almost exclusively. Lewis acid sites may not be generated at this drying

condition. Dehydration and dehydrogenation of the pillars take place and the

catalyst acquires its actual structure and catalytic activity only after calcination at a

higher temperature. Calcination at higher temperature leads to high percentage

conversion. In all cases the selectivity for cyclohexanone was found to be negligible

while that ofcyclohexene was more than 96%.

Table 3.25 Effect of activation temperature on cycIohexanol decomposition
reaction over Fe PM (Reaction parameters: Catalyst- 0.5 g. reaction
temperature- 350°C. flow rate- 5 rnl.h", TOS- 2 h.)

Activation Conversion Product distribution (Yield) (%) Selectivity (%)
Temp.(OC) (%) C clohexene C clohexanone Others c=c C=O

110 38.62 38.01 0.61 98.5 1.50

300 43.62 35.43 1.37 6.82 96.86 3.14

400 78.69 68.31 1.52 8.86 98.07 1.93

500 91.26 62.32 1.61 27.33 98.24 1.76

d) Effect of Time on Stream

To study the intluence of reaction time on the catalyst's stability. three

different catalysts were studied under the time on stream condition. FePM. CrPM and

2VFe were selected for the deactivation study. For all the three catalysts. conversion
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considerably reduced as the time on stream increased (Figure 3.22). Maximum

deactivation was observed for 2VFe and minimum for CrPM. The initial conversion

of 92.32% of CrPM reached only 70.23% after the 5th hour of stream whereas that of

the 2VFe changed from 90.96 to 39.65%. For FePM, the change was intermediate

between these two cases. Deactivation was more for 2VFe compared to other two.

may be due to the presence of more strong sites in 2VFe compared with the other

two. Strong acidity is associated with faster deactivation of the catalyst.
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Figure 3.22 Deactivation study for cyclohexanol decomposition reaction over
FePM, 2VFe and CrPM. (Reaction parameters: Catalyst- 0.5 g.
reaction temperature- 350°C, flow rate- 5 mLh- l

, TOS- 2 h.)

3.9.2 Catalyst Comparison

Tables 3.28-3.30 depict the results of decomposition of cyclohexanol over the

various systems. Parent montmorillonite, owing to its very low surface area and

acidity. displayed only poor activity (Table 3.26). The increase in acidity increased

the activity for the modified systems. Though there is a general agreement that the

dehydration reaction is favoured by Bronsted acidity. we could not get any direct

relationship wit]: Bronsted acidity alone. It seems tin: the Lewis acidity also plays a

major role in deciding the activity, but not alone. Comparing the reaction data with

various acidity data. we could find a direct relationship of the activity and
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dehydration activity (r-ene' selectivity) with the sum of weak and medium acidity.

And of course. the reaction seems to be an easy reaction that could be catalysed by

the clay systems since the activity is more than 80% in most cases. The Lewis and

Table 3.26 Cyclohexanol decomposition over Fe-AI systems

Conversion Product Distribution (%) Selectivity

Catalyst (%) Cyclohexene Cyclohexanone Others -ene -one

M 29.49 28.10 1.39 95.29 4.71

AIPM 91.94 74.60 2.64 14.7 97.13 2.87

FeAlo.IPM 88.01 70.83 1.08 16.1 98.77 1.23

FeAlo.2PM 88.11 56.96 1.11 29.94 98.74 1.26

FeAlo.3PM 90.11 59.02 1.01 30.08 98.88 1.12

FeAlo.4PM 96.13 62.66 1.83 31.64 98.10 1.90

FeAlo.sPM 94.62 58.70 1.00 34.92 98.94 1.06

FeAll.oPM 91.84 73.68 2.05 16.11 97.77 2.23

FePM 91.26 62.32 1.61 27.33 98.24 1.76

Table 3.27 Cyclohexanol decomposition over Cr-AI systems

Conversion Product Distribution (%) Selectivity

Catalyst (%) Cyclohexene Cyclohexanone Others -ene -onc

AIPM 91.94 74.60 2.64 14.7 97.13 2.87

CrAlolPM 86.99 64.27 2.11 20.61 97.57 2.43

CrAlo2PM 80.76 56.79 2.98 20.99 96.30 3.70

CrAlo.3PM 78.41 52.76 1.04 24.61 98.67 1.33

CrAlo~PM 70.10 43.00 2.01 25.09 97.13 2.87

CrAlosPM 70.06 48.67 1.98 16.21 97.17 2.83

CrAl\oPM 84.61 62.76 2.44 19.41 96.11 3.89

CrPM 94.11 86.62 1.38 6.11 98.53 1.47
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Table 3.28 Cyclohexanol decomposition over vanadia loaded Iron pillarcd
montmorillonites.

Conversion Product Distribution (%) Selectivity

Catalyst (%) Cyclohexene Cyclohexanone Others -ene -one

FePM 91.26 62.32 1.61 27.33 98.24 1.76

2VFe 88.61 57.59 2.01 29.01 97.73 2.27

5VFe 95.39 57.79 2.98 34.62 96.88 3.12

7VFe 96.01 58.08 2.31 35.62 97.59 2.41

10VFe 83.00 49.44 2.56 31.00 97.82 3.08

15VFe 50.10 35.21 2.88 ' 12.01 94.25 5.75

20VFe 33.11 20.33 2.88 9.90 91.30 8.70

Bronsted acidity in the weak and medium range seems promoting the conversion of

cyclohexanol. The cyclohexene formed during the reaction is transforming to other

products such as benzene. cyclohexane and methylcyclopentene. These changes are

favoured by the strong acidity present on the systems. The very low percentage yield

of cyclohexanone confirms the absence of enough basic sites on the catalyst.

However. the presence of surplus acidity does not affect the conversion and

dehydration activity. This can be evidenced by comparing the data for FeAlo.3PM and

FeAlo.4PM. Though the sum of weak and medium acidity is two-fold greater for

FeAlo..tPM than FeAlo.3PM. both have almost same conversion. thus the change in

activity is not commensurating with the increase in acidity due to weak and medium

strong acid sites. Comparing 7VFe and FePM, the acidity due to weak and medium

strong acid sites is three times greater for the former than the latter. But the activities

are not very different. This again suggests the non-requirement of surplus acidity for

the reaction.
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Chapter 4

Catalytic Activity Of Pillared Clays In Liquid Phase

And Vapour Phase Alkylation And Acylation Reactions

4.0 Friedel-Crafts Reactions

Friedel-Crafts reactions (alkylation and acylation of aromatic compounds)

constitute a very important class of reactions, which are of common use in organic

chemistry. Lewis acids such as AICh or BF3 etc. are well-known for promoting

Friedel-Crafts alkylation and acylation reactions [1-5]. Protonic acids such as HF

and H2S04 have also been extensively studied for the reaction [6]. However, because

of the environmental problems posed by the use and disposal of these hazardous

homogeneous acid reagents, there has been a growing interest in using alternatives.

Active research has been directed at replacing the traditional homogeneous catalysts

with heterogeneous ones such as clay minerals and zeolites [7]. Sulphated zirconia

[8] and zinc chloride impregnated K 10 montmorillonite [9] are found to be efficient

heterogeneous catalysts in the Friedel-Crafts alkylation and acylation reactions. Zinc

chloride impregnated KlO montmorillonite, called 'clayzic' is found to be the most

efficient material that catalysed the alkylation of aromatics [9] and subsequently the

process is commercialised. Materials such as pillared clays and rare-earth exchanged

pillared clays, Keggin type heteropolyacids, sulphated zirconia and graphite have

been proven to catalyse acylation reactions [10-13]. Acid molecular sieves have also

been widely used as acylation catalysts and more specifically medium and large pore

zeolites have been presented as the ultimate catalysts for the future industrial

production of aromatic ketones [14].

He et al. studied alkylation reactions of benzene with benzyl chloride using

iron containing mesoporous molecular sieve materials [15]. They found that iron

containing mesoporous materials are very active benzylation catalysts with a

monoalkylated product selectivity of 100% under the experimental conditions.

Highly dispersed and/or impregnated Fe(III) species are found to be more responsible

for catalvtic activity than exchangeable h.'OH) species. Temperature and pore size

are convinced to be two critical factors influencing the activities of the investigated



systems. They also found that these efficient catalysts could not catalyse the said

reaction at temperatures ~ 40°C. Following this observation. they suggested a redox

mechanism operating during the reaction, which was previously suggested by

Choudhary et al. [16]. This mechanism involves the hemolytic rupture of the carbon­

chlorine bond followed by the oxidation of the radical. to give the benzyl

carbocation.

The redox mechanism is suggested by Choudhary et al. [16] after confirming

the influence of iron content of the various clay samples on which they studied the

benzylation reaction, on activity. Fe3
+ is an easily reducible cation and the presence

of larger amounts of this cation will lead to higher activity. Both the teams of

Choudhary [16] and He [15] could not find any correlation with acidity and activity.

Instead, they confirmed the influence of reducible cations and suggested the free

radical mechanism.

Benzylation of aromatics over clays exchanged by various ions was studied

by Cseri et al. [17] using two different benzylating agents. viz. benzyl alcohol and

benzyl chloride. They have exchanged the clays with Fe3+, Ti4+, Zr4
+, Cu2+, Zn2

+,

Ce3
+. C~+ and Sn2

+ ions and used for the reaction. They have established the

influence of reducible cations and hence proposed the redox mechanism. When

benzyl alcohol was used as the alkylating agent. the mechanism is purely ionic (a

carbocation mechanism). But when the benzylating agent was benzyl chloride. a

radical mechanism is found to be operating. The benzyl radical, being a powerful

reductant, gets readily be oxidised to benzyl cation in presence of reducible metallic

ions such as Fe3
+, Sn4

+ or Cu2
+. Hence activities were found to be high for systems

containing these ions.

The catalytic activity for the alkylation reaction depended significantly on

synthesis methods rather than structural differences for KIT-I, MCM-4I and MCM­

48, the mesoporous silica molecular sieves over which benzylation of benzene.

toluene and m-xylene were performed by Jun et al. [18].

Employing p-zeolites. acylation of toluene has been carried out by Botella

et al. [19]. p-Zeolite is found to be a good catalyst for the acylation of toluene with

acetic anhydride at low temperature (150°C). Though reasonable conversions with
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very high selectivities to methylacetophenone are obtained. the poisoning of the

active sites by adsorption of products and coke limit the extent of the reaction.

Baudry-Barbies et al. proved [20] that thermally activated rare-earth salts

deposited on solid inorganic supports such as K10 montmorillonite and silica are

very efficient catalysts for acylations of aromatic substrates. They have also found

that K10 montmorillonite is a better support than silica for preparing effective

catalysts.

Hino and Arata [21] employed solid superacids for acylation of toluene with

acetic anhydride and benzoic acid. They confirmed that under the experimental

conditions, the acid catalyst of Zr02 with an acid strength of Ho ::; -16.04 is most

effective in the reactions.

Benzoylation of o-xylene using vanous zeolite catalysts was reported by

Jacob et al. They found the selective formation of 3,4-dimethylbenzophenone [22].

We report in this section of the chapter, the results of Friedel-Crafts

alkylation (benzylation) and acylation (benzoylation) of toluene catalysed by the

various pillared montmorillonites and modified pillared montmorillonites. We have

also studied the influence of alkylating agent, temperature and moisture and the

extent of metal leaching for the alkylation reaction of toluene.

4.1 Benzylation of Toluene

Benzylation of toluene has been carried out using two different alkylating

agents namely benzyl chloride and benzyl alcohol. The reaction between benzyl

chloride or benzyl alcohol and toluene was carried out in liquid phase in a 50 mL

round-bottomed flask, equipped with a magnetic stirrer, a thermometer and a reflux

condenser with a CaCb guard tube. The heating was done in an oil bath, the

temperature of which was controlled by a dimmerstat. For each reaction, a mixture

of substrate and alkylating agent was taken in the desired molar ratio and the

activated catalyst was introduced into the reactor. After reaction, the mixture was

analysed using gas chromatography.

4.1.1 Benzylation of Toluene with Benzyl Chloride

The essential feature of the alkylation reaction is the replacement of a

hydrogen atom of an aromatic compound by an alkyl group derived from an
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alkylating agent. A schematic representation of the reaction between toluene and

benzyl chloride is shown below. The products identified were ortho and para­

methyldiphenylmethane (o-MDPM and p-MDPM respectively).

~ 0fi CH

catalyst
I 3 I..

6
+ CH2

I

0
Toluene Benzyl chloride o-methyldiphenybnethane

(o-MDPM)
p-methyldiphenylmethane

(P-MDPM)

Figure 4.1 Benzylation of toluene with benzyl chloride

For process optimisation, we have studied the influence of the presence of a

catalyst, temperature and moisture. We have tested the reaction for any metal

leaching to assess whether truly heterogeneous reaction is taking place.

a) Presence of Catalyst

First of all, we made the reaction run using benzyl chloride and toluene in the

absence of a catalyst (blank run) at the refluxing temperature of the mixture. In this

case, we observed a percentage conversion of 11.79 after five minutes of reaction.

However, when we tried the reaction using FePM catalyst, complete conversion of

benzyl chloride was obtained within five minutes. The data are shown in Table 4.1.

Low yield for the reaction in the absence of the catalyst is due to the higher activation

Table 4.1 Benzylation of toluene with benzyl chloride in the absence and
presence of a catalyst (0.1 g FePM activated at 500 0 e, benzyl
chloride: toluene molar ratio-I: 10, reaction temperature-l 1O°C)

Without catalyst

With catalyst

Time of reaction (min)

5

5

Conversion (%)

11.79

100



Chapter4 138

energy of the uncatalysed reaction. The addition of the catalyst significantly reduces

the activation energy as the reaction now proceeds through a different path with a

lower activation energy, resulting in a higher percentage conversion.

b) Effect of Temperature

To investigate the influence of temperature on the reaction between toluene

and benzyl chloride, a series of experiments were carried out at different

temperatures keeping other reaction conditions the same. The results are furnished in

Table 4.2. We have observed only monoalkylated products; the products were

identified as o-methyldiphenylmethane and p-methyldiphenylmethane. The

temperatures selected for the study were in the range,' 40 - 110°C. Complete

conversion of benzyl chloride was observed for temperatures 80°C and above. Also,

p-MDPM was formed selectively at these temperatures. Higher temperatures favour

the formation of the more thermodynamically stable product namely p- MDPM. At a

lower temperature of 70°C also, 100% selectivity was observed for p-MDPM, but

complete conversion of benzyl chloride was not observed. At 60°C, the conversion

was still low, but a distribution of products was established. However,p-MDPM was

the major product. At temperatures 50°C and 40°C, conversion was very low

compared to those at higher temperatures. Here also, the only product detected is

p-MDPM.

The data shown in Table 4.2 reveal that as the temperature increased from 50

to 60°C, the conversion jumped from 10.93 to 86.82%. But, the increase of

temperature from 60 to 70°C caused the conversion to increase only by a small

percentage. Thus it is clear that the sharp leap in conversion as the reaction

temperature changes from 50 to 60°C is not merely due to a temperature effect.

Some other cause such as a sudden turn in the reaction mechanistic route seems to

apply here and hence it is relevant to probe into the reaction mechanism. Fe3
+ is an

easily reducible cation. The reduction potential for Fe3
+ ~ Fe2

+ is + 0.77 eV.

This high reduction potential enables Fe3
+ ion to accept a single electron easily,

itself getting readily reduced to Fe2
+. This strongly suggests the possibility of a

redox mechanism. The existence of the radicals was substantiated by ESR studies

carried out by Cativiela et al. [:!3). However, there is a large consensus that Friedel-



Crafts reaction proceeds through carbocations [24] and that radicals are powerful

reductants, which should be readily be oxidised to cations in presence of reducible

Table 4.2 Data on the influence of temperature on benzylation of toluene with
benzyl chloride (0.1 g FePM, benzyl chloride: toluene molar ratio­
I: 10, 30 min. run)

Selectivity (%)

0- MDPM e. MDPMTemperature (QC) Conversion (%)

110 100

80 100

70 94.59

60 86.82

50 10.93

40 2.10

30

23.5

100

100

100

76.5

100

100

metallic ions such as Fe3
+. In consonance with the above statement, we can propose

a mechanism involving carbocations, the carbocations being formed by the oxidation

of the radical in presence of the reducible metallic cation, FeJ
+. A sudden jump in

conversion from 10.67 to 86.82% conversion when the temperature was increased

from 50°C to 60°C could then be ascribed to a different initiation of the reaction.

Homolytic rupture of the carbon-chlorine bond in benzyl chloride is the initiation

reaction to form benzyl radical and chlorine radical. Benzyl radical then gets

oxidised to benzyl cation as shown below.

C6HS CHz-Cl

C6HsCH2 • + Fe3
+

Fe2+ + Cl.

C6HsCH2+ + Fe2+

Fe3+ + er

Significant reaction occurred only at temperatures above 50°C. At 40°C, the

conversion was negligible. Below 40°C. there was no conversion. This suggests that

temperatures below 50°C are insufficient for starting the reaction. The formation of

radicals is not activated at these temperatures. Thus it can be deduced that the energy

required for the rupture of C-Cl bond will prevent it from taking place at

temperatures below 50°C or below. There are enough evidences supporting this
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acidity of the system. the latter being responsible for a carbocation mechanism.

Instead. a direct relationship of activity with the rcducibility of the cations is

established. Iron-pillared clays were claimed to be efficient catalysts for Friedel­

Crafts reactions by Choudhary et at. [16] and this is reasoned due to the easy

reducibility of Fe3
+ ion. They have well studied the influence of iron content and

found that as the iron content increased. conversion also increased. As in the case of

Cseri et al.. they also could not find any relationship between acidity and catalytic

activity [17]. He et al. also proposed the redox mechanism for explaining their

results. when they carried out the reaction over Fe containing mesoporous molecular

sieves [15].

The cation thus formed by the oxidation of the radical attacks the 0,.1110 and

para positions of the substrate and this results in the formation of 0- MDPM and

p- MDPM. The selectivities for the ortho and para products are also dependent on

temperatures. Both of the products are formed only for an intermediate temperature

of 60°C.

c) Effect of Metal Leaching

Benzylating toluene with benzyl chloride produces HCl as the by-product and

this can cause acid-activation of the parent clay. Treatment of clay with an acid

results in the removal of octahedral cations such as A13
+ and Fe3

+ from the clay

system. In the homogeneous Friedel-Crafts alkylation and acylation reactions. the

reaction is generally performed with metal halides such as FeCl, or AICh as

catalysts. When clays are used for the reaction with benzyl chloride. there is every

possibility for the formation of FeCh or AICl) in the liquid phase by the combination

of HCI formed during the reaction with the leached cation from the clay system.

Hence a question arises whether the reaction proceeds in a purely heterogeneous

manner or not. In view of this, we have removed the catalyst from the reaction

mixture by filtration after 30 minutes of reaction and the filtrate was again subjected

for reaction for 15 more minutes. The results are shown in Table 4.3. Even after

removing the catalyst from the reaction medium, the reaction between benzyl

chloride and toluene proceeded further to show a change in activity from 86.82 to

92.57%. A small amount of the filtrate is withdrawn from the reaction mixture and

tested for the presence or Fe" ions by adding thiocyanate solution to it. A blood-red
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.colouration confirmed the presence of FeJ
+ in solution. These ions in solution are

responsible for the reaction between benzyl chloride and toluene even in the absence

of the solid catalyst. From this, we can conclude that a 100% heterogeneous process

is not taking place during the reaction. Instead, a small part of the reaction is

occurring by the homogeneous catalysis as well.

Table 4.3 Metal leaching during benzylation of toluene with benzyl chloride
(0.1 g FePM activated at 500°C, Benzyl chloride: toluene molar ratio­
1: 10, reaction temperature-60°C)

Time (min)

30

Conversion (%)

86.82

Selectivity (%)

o-MDPM p-MDPM

23.50 76.50

45* 92.57 23.27 76.70

•After 30 minutes, the catalyst is filtered off and the filtrate is again subjected for
reaction.

This conclusion is supported by the results obtained for Arata and coworkers

when they carried out benzoylation reaction with sulphate and tungstate modified

Fe203 [25]. The reaction mixture turned brown due to the presence of Fe3
+ in the

solution. They have confirmed the presence ofer in the mixture. When the reaction

was performed with another reagent. benzoic anhydride, for which there is no

possibility of formation of HCI and hence Fe3
+ in solution, the reaction stopped when

the catalyst is removed from the medium.

d) Effect of Moisture

On of the disadvantages of homogeneous acid catalysts commonly practised

in Friedel-Crafts type reactions is that these catalysts are highly moisture sensitive

and hence demand moisture-free solvent and reactants. anhydrous catalyst and dry

atmosphere for their handling. Developments of solid acid catalysts having high

activity and little or no moisture sensitivity for liquid phase Friedel-Crafts

reactions. is therefore of great practical importance. In this context, we have tried to

study whether our catalysts are 'deactivated' by the presence of moisture.

To investigate the influence of moisture we have carried out two parallel runs:

in one system. fresh catalyst was used and in the other, catalyst adsorbed with

moisture was used. For adsorbing moisture on the catalyst. the catalyst was activated

at the required temperature of 500°C and then placed into a desiccator saturated with
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water vapour for 48 hours at room temperature. The substrate namely toluene was

also kept inside the desiccator for making it saturated with water vapour.

0.1 g each of fresh catalyst and moisture adsorbed catalyst was put into the

reaction mixture containing benzyl chloride and toluene with I: I0 molar ratio in

separate R.B. flasks and the reaction was carried out at 60°C. At regular intervals of

time, very small quantity of reaction mixture was withdrawn from each of the R. B.

flasks and analysed by gas chromatography. The results are shown in Table 4.4 and

Figure 4.2. The percentage conversion gradually increased as a function of time and

became 100% at 50 minutes of the reaction. when fresh catalyst was used for

reaction. But when the moisture-adsorbed catalyst was used for reaction, there was

negligible conversion even after fourty minutes. (At this time the conversion was

94.22% for the fresh catalyst). The percentage conversion suddenly raised from 5.29

to 69.99% in the time range 40-50 minutes. After this time, the conversion increased

steadily and became 100% after 60 minutes. Thus there was a time period for which

the catalyst was inactive towards reaction, when it is adsorbed with moisture. The

moisture gets adsorbed on the active sites, (Fe3+ and Ae+) present on the intcrlayer

and surface of the pillared clay and prevents the benzyl chloride molecule to react

over these sites. However, after the induction period, the reaction was as in the case

of fresh catalyst itself.

Table 4.4 Data on the influence of moisture adsorption over the catalyst for
benzylation of toluene with benzyl chloride (0.1 g FePM activated at
500°C, Benzyl chloride: toluene molar ratio-I: 10, reaction
temperature-60°C)

Time (min) Conversion (%)over Conversion (%)over catalyst
fresh catalyst adsorbed with moisture"

10 50.33 2.90

20 86.82 2.99

30 94.22 2.89

40 100 3.29

50 100 69.99

60 100 98.94

1]0 100 100

·The catalyst and toluene were kept in a desiccator containing water for 48 hours.
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Figure 4.2 Conversions of benzyl chloride over fresh catalyst and catalyst
adsorbed with moisture

This suggests that the benzyl chloride molecule is replacing the water

molecules, which have been adsorbed on the active sites. Once the sites are freed

from moisture, they are active towards the desired reaction. The induction period

(Figure 4.2) can be defined as the time required for the reactant(s), here benzyl

chloride, for replacing the adsorbed moisture on the catalyst to start the catalytic

reaction [26]. From the results, we can conclude that these catalysts are active even

in the presence of moisture.

e) Catalyst Comparison

Mixed iron-aluminium systems: Under optimised conditions such as a reaction

temperature of 60°C, benzyl chloride: toluene molar ratio of 1: 10 and for a reaction

time of 30 minutes, all the catalysts were tested for catalytic activity, after activating

at a temperature of 500°C. The results for mixed Fe-AI systems are illustrated in

Table 4.5. Iron incorporated systems showed excellent activity. The reaction yields

only ortho and para isomers namely o-MDPM and p-MDPM, which are expected for

a cationic mechanism. Besides. only monoalkylated products are detected during the

reaction. which could be ascribed to the high substrate to alkylating agent molar

ratio.
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Iron incorporated systems show a percentage conversion of more than 50%

whereas the parent monuuorillonite (M) and aluminiurn-pillared montmorillonite

(Alf'M) show lesser conversion. Though M and AIPM originally possess iron

contents of 10.73 and 10.23 \\1% respectively, the reaction is sluggish. Hence it can

be deduced that most of the iron present in these clays is not in the ion- exchanged

positions and hence cannot take part in reaction. We have already proposed a

different initiation for the formation of carbocations, the homolytic rupture of C-CI

bond of benzyl chloride. This rupture creates benzyl radical, which in presence of a

reducible cation oxidises to benzyl cation. The low percentage conversion with M

and AIPM suggest that the iron present in these systems is not active for the
-

homolytic rupture of C-CI bond in benzyl chloride. Incorporation of iron along with

aluminium resulted in the placement of iron at the ion-exchanged positions. The Fe3
+

ions having a high reduction potential (Fe3
+~Fe2+ reduction potential := + 0.77 ev)

are sufficient to rupture the C-Cl bond hornolytically and the benzyl radical

formed will get converted to benzyl carbocation in presence of this reducible cation.

The formation of carbocation results in the conversion of toluene to o-MDPM and

Table 4.5 Data on the benzylation of toluene with benzyl chloride over mixed
Fe-AI systems. (0.1 g catalyst activated at 500 0e, benzyl chloride:
toluene molar ratio-I: 10, reaction temperature-off'C and time of
reaction - 30 min.)

Catalyst Conversion (%) Selectivity (%)
o-MDPM p-MDPM

M 3.10 16.62 83.38

AIPM 19.60 22.11 77.89

FeAlo.IPM 50.60 24.32 75.68

FeAlo.2PM 56.11 22.68 77.32

FeAl o.3PM 65.66 25.01 74.99

FeAlo.4PM 76.22 23.61 76.39

FeAl o 5PM 80.12 22.90 77.10

FeAl10PM 78.62 23.25 76.75

h:.';'.l 86.82 23.50 76.50
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p-MDPM, the products that are expected for a carbocation mechanism. As the iron

content increased, the percentage conversion also increased as illustrated in

Figure 4.3. This is attributed to the formation of more benzyl radicals in presence of

more FeJ
+ ions in the ion-exchanged positions.

Acidity data for iron-aluminium systems (Tables 3.16 and 3.19) show that

AIPM has more acidity than systems with low Fe/AI ratios. But all iron incorporated

systems show very high activity than AIPM. No correlation can then be found

between activity and acidity. AIPM possesses more than two-fold acidity (Table

3.16) than FeAlo.IPM, but the latter exhibited more than two-fold activity compared

to the former. For other systems also with less acidity than AIPM, the activity for

converting benzyl chloride was more. ESR experiments indeed showed that Fe in the

clay can be reduced and can produce radicals by interaction with anisole [23]. In

view of all these facts. the high activity observed for iron incorporated systems can

be ascribed to a different initiation of the reaction, for instance, homolytic rupture of

C-Cl bond followed by the oxidation of the radical as shown in page number 139.

100~-------------.,

- 80
~­=.2 60
<I)...
~

>=o 40U

20 +--..,.---r---r--.,.....-.,.....-.,.....--t
12.81 14.6 17.41 20.0814.44 19.6\ 29.0\

Iron Content (%)

Figure 4.3 Intluence of iron content of mixed iron-aluminium pillared
montrnorillouites on benzylation of toluene

Mixed Cr-Al systems: Table 4.6 gives the benzylation reaction data of toluene with

benzyl chloride over the mixed Cr-AI systems. Comparing with mixed Fe-AI systems

these catalysts show lesser percentage conversion. A redox mechanism can be ruled

out in the case of Cr containing systems since the redox potential for Cr3
+ ~ Cr+ is

- 0.41 cV, which is much less than the redox potential of (Fe3+, Fe2+) system.

Experiments conducted by Cseri et (1/. [17] using various cation exchanged clays
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confirmed that in the presence of reducible cations such as FeJ
+, Sn4

+ and Cu2
" ,

redox mechanism is operating. But in presence of cations such as CrJ
+. Zn2

" , Zr4
- ,

etc. redox mechanism is not operating since these cations are not easily reducible.

This explains the low activity of Cr systems. However, among the Cr-AI pillared

systems, to elucidate correlation between the catalytic activity and any property of

the catalytic systems, we have examined the various types of acidity determined by

the three independent methods namely the thermodesorption of DMPY, adsorption of

perylene and TPD of NHJ. We could not find any correlation between any of the

types and region of acidity except the number of acidic sites in the strong region as

determined by NHJ-TPD method. The conversion of benzyl chloride is directly

proportional to the density ofacidic sites in the strong region, as shown in Figure 4.4.

Among Cr-, AI- and Cr-AI pillared montmorillonites, CrPM possesses maximum

number of strong acidic sites and essentially this catalyst showed maximum

percentage conversion. AIPM possesses minimum number of strong acidic sites and

it exhibits lowest activity. Benzyl chloride is getting adsorbed on strong acid sites

and the benzyl cation is formed. The adsorption of benzyl chloride on the strong

acid sites can be explained as follows. In spite of possessing lone pairs, owing to

the high electronegative character of chlorine, it is reluctant to adsorb on weak

sites. Sufficiently strong acidic sites are

Table 4.6 Benzylation of toluene with benzyl chloride over mixed Cr-AI systems
(0.1 g catalyst activated at 500°C, benzyl chloride: toluene molar ratio­
1: 10. reaction temperature-60°C and time of reaction - 30 rnin.)

Selectivity (%)
Catalyst Conversion (%) o-MDPM p-MDPM

AIPM 19.60 22.11 77.89

CrAlo.IPM 28.301 20.61 79.39

CrAlo.2PM 30.21 21.21 78.79

CrAlo.JPM 31.03 22.01 77.99

CrAlo.4PM 32.69 21.07 78.93

CrAlo.sPM 25.02 23.00 77.00

CrAll.oPM 27.11 22.04 77.96

CrPM 38.61 21.51 78.49



required for adsorbing benzyl chloride through the lone pair of chlorine. Mechanism

01' .he reaction is shown in Figure 4.5.

Thus we can conclude that in presence of a reducible cation such as Fe3
+,

redox mechanism is operating whereas in its absence. strong acidity of the catalyst is

responsible for reaction.
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Figure 4.4 Influence of strong acidity on benzylation of toluene
chloride performed over mixed Cr-AI systems
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Figure 4.5 A plausible mechanism for benzylation of toluene with benzyl
chloride involving the Lewis acid sites over pillared clays
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Vanadla impregnated systems: The percentage conversion and selectivities of

o-MDPM and p-MDPM over vanadia impregnated systems are shown in Table 4.7.

The presence of iron in the systems makes these catalysts efficient towards

benzylation of toluene. In addition. vanadia loading increased the number of strong

acid sites considerably up to a vanadia loading of 7%. This increase in strong acidity

is reflected in their activity as well. Catalysts having a vanadia loading of 7% or

below, were found to be more active than FePM. Others showed lesser activity. After

10VFe, the selectivities also changed slightly. At higher vanadia loadings, the pores

are almost blocked and this results in the large reduction in surface area and catalytic

activity. Pore blockage leads to higher selectivity for p-MDPM than o-MDPM.

However, the conversion were very low for systems with nigh vanadia loading such

as 15 and 20%. compared to systems having low vanadia loadings.

Table 4.7 Data of benzylation of toluene with benzyl chloride over vanadia
loaded FePM. (0.1 g catalyst activated at 500°C, benzyl chloride:
toluene molar ratio-I: 10, reaction temperature-60°C and time of
reaction - 30 min.)

Selectivity (%)
Catalyst Conversion (%) o-MDPM p-MDPM

FePM 86.82 23.50 76.50

2VFe 87.81 22.10 77.90

5VFe 90.21 20.41 79.59

7VFe 92.11 21.68 78.32

10VFe 64.80 19.15 80.85

15VFe 50.10 14.10 85.90

20VFe 31.01 12.21 87.79

4.1.2 Benzylation of Toluene with Benzyl Alcohol

We have also carried out the Friedel-Crafts reaction usmg a different

benzylating agent such as benzyl alcohol, the scheme of the reaction is shown in

Figure 4.6. It is well established that the Bronsted acid sites present in a catalyst are

taking part in the reaction when the benzylating agent is benzyl alcohol [17, 27J.

Hence, in this case we have studied the influence of calcination temperature also to

confirm the involvement of Bronsted acid sites. Apart from the influence of



calcination temperature. the influence of reaction temperature. metal leaching and

moisture. have also been investigated. In addition. all the prepared catalysts were

tested for catalytic activity under optimised conditions.

In a typical run. a mixture of toluene and benzyl alcohol in 10: I molar ratio

was allowed to react for the desired time in a 50 mL R.B after introducing 0.1 g of

the activated catalyst. the reaction mixture being well stirred by means of a magnetic

stirrer. At required time intervals. the reaction mixture was analysed by gas

chromatography and the products identified were o-MDPM and p-MDPM along with

dibenzyl ether.

CH3 Q
~CH 6CH, CH,OH CH,

6 6
I -

I 3 I 0
catalyst I

+ .. CH, + CH, +

06
I -

0
Toluene Benzyl chloride o-methyldiphenylmethane p-methyldiphenylmethane Dibenzyl ether

(o-MDPM) (P-MDPM)

Figure 4.6 Benzylation of toluene with benzyl alcohol

For studying the influence of various reaction parameters, we have selected

iron-pillared montmorillonite (FePM) and conducted the runs under desired

conditions.

a) Presence of Catalyst

In a blank run. toluene and benzyl alcohol mixed in the molar ratio 10: I was

allowed to react in the absence of the catalyst for one hour. A parallel run was also

carried out under similar conditions with the addition of 0.1 g of activated FePM

catalyst. A small amount from both of the reactors was withdrawn and analysed gas

chromatographically. The results are furnished in Table 4.8. Without using a catalyst

we observed a percentage conversion of 6.9 after one hour at refluxing condition.
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p-Methyldiphenylmethane. along with dibenzyl ether were formed. The former has a

percentage selectivity of 21.25%. 78.55% selectivity was observed for dibenzyl ether.

which is formed by the self condensation of benzyl alcohol [8. 28]. When FePM was

used as catalyst. a conversion of 47.14% was observed. Product selectivity for

o-MDPM. p-MDPM and dibenzyl ether was 33.32. 51.72 and 14.45% respectively.

Thus desirable product selectivity along with the sharp increase of conversion was

obtained by using a catalyst. The formation of dibenzyl ether is very much

suppressed by using a catalyst. The percentage conversion of benzyl alcohol is

demandingly high because of the lower activation energy of a catalysed reaction

compared to the uncatalysed one. In other words, catalyst works by permitting the

reaction to occur by another reaction path that has a lower energy barrier. This is

shown schematically in Figure 4.7 [29].

Table 4.8 Influence of catalyst on the benzylation of toluene with benzyl alcohol
(0.1 g FePM, benzyl alcohol: toluene molar ratio-I: 10. reaction
temperature-I IO°C)

Time Conversion

(min) (%)

Without catalyst 60 6.9

With catalyst 60 47.19

Selectivity (%)

o-MDPM p-MDPM Dibenzyl ether

21.25 78.75

51.72 33.32 14.95

b) Effect of Metal Leaching

We have explored that there is metal leaching when the reaction between

toluene and benzyl chloride was carried out using FePM as the catalyst. This was

assigned to the evolution of HCI during the reaction. which leaches out the metal

cation from the catalyst into the solution. In the case of benzyl alcohol and toluene

reaction mixture also, we have attempted to study about metal leaching. The catalyst

was removed from the reaction mixture after one-hour reaction and the filtrate was

allowed to react further for one more hour. It is observed that there is negligible

conversion after the removal of the catalyst, even after one more hour (Table 4.9).

From this observation itself we can conclude that the catalyst is stable when the

benzylating agent is benzyl alcohol. since no acid is generated during the course of

the reaction. The filtrate was colourless when tested for metal ions. confirming the

absence of metal ions in the solution.
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Figure 4.7 The lowering of energy barrier brought about by a catalyst

Table 4.9 Metal leaching during benzylation of toluene with benzyl alcohol.
(0.1 g FePM activated at 500°C. Benzyl alcohol: toluene molar ratio­
I: 10. reaction temperature-I IDOe)

Conversion Selectivity (%)

Time (min) (%) o-MDPM p-MDPM Dibenzyl ether

60 47.19 51.72 33.32 14.95

120· 50.86 49.63 33.12 17.25

• After 60 minutes. the catalyst is filtered off and the filtrate is again subjected for
reaction.

c) Effect of Calcination Temperature

In the set of experiments performed to understand the influence of calcination

temperature. the catalyst calcined at various temperatures were used. Figure 4.8

reveals the variations in catalytic activity and selectivity due to changes in calcination

temperatures. There is a steady decrease in percentage conversion as the calcination

temperature increased. However, the selectivities for various products are not altered

much. It is reported that Bronsted acid sites are catalysing the reaction of toluene

with benzyl alcohol and the benzyl carbocation is formed by the interaction of OH

groups in benzyl alcohol and the catalyst surface (Mechanism is shown in Figure 4.9)
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{l7. 17). As the calcination temperature is increased. the number of Bronsted acid

sites decreased due to dehydroxylation P O} and hence the catalytic activity is

reduced. Hence. this series of experiments connrm the involvement of Bronstcd acid

sites for the reaction between benzyl alcohol and toluene.
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rn Selectivity to dibenzyl ethe r

Figure 4.8 Influence of calcination temperature on benzylation of toluene by
benzyl alcohol

d) Effect of Moisture

From the experiments performed by calcining the catalyst at vanous

temperatures. we have concluded about the participation of Bronsted acid sites. Our

study was then extended to the investigation on the influence of moisture. From

the variation of conversion pattern. we can get further insight into the nature of active

sites that are participating in the reaction. The procedures for moisture study with

benzyl chloride as benzylating agent were repeated to pcrfonn the reaction. Fresh

catalyst and moisture-adsorbed catalyst after activating at 500°C were used

separately to carry out the reaction. The results are shown in Figure 4.10. Adsorption

of moisture on the catalyst did not cause an)' decrease In catalytic activity.

Instead. we noticed that the catalytic activity was higher when the catalyst was

adsorbcd with moisture. When we used the catalyst after adsorbing with moisture for

carrying out the reaction betwee n benzyl chloride and toluene. we have cl ea rly
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Figure 4.9 A plausible mechanism of benzylation of toluene with benzyl alcohol
involving Bronsted acidic sites

noticed an "induction period" to start the catalytic reaction. In the present case. such

an induction period is not at all observed. From the results obtained, we can record

that moisture has a beneficial rate enhancement effect on the reaction. The

enhancement effect of catalytic activity by adsorbing the catalyst with moisture can

be explained as follows. Moisture is getting adsorbed on the metal ions (Lewis acid

sites) present in the catalyst and in effect, these act as Bronsted acid sites [311. By

adsorbing on the electron deficient metal cations. the water molecules get polarised
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and this polarisation effect makes them efficient to carry out the reaction

(Figure 4.11' f3I. 311. Thus the number of Bronsted acid sites taking part in the

reaction when the catalyst is adsorbed with moisture will be greater than those taking

part in the absence of moisture. This leads to the higher percentage conversion when

the reaction is carried out with a catalyst which is adsorbed with moisture.
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~
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-·--Fresh catalyst

-o-Catalyst adsorbed with moisture

Figure 4.10 Conversions of benzyl alcohol over fresh catalyst and catalyst
adsorbed with moisture (0.1 g FePM, benzyl alcohol: toluene molar
ratio-I: }Ocrcaction temperature-l l 0 CC)

H H

/ + /+
M+ :0", .. M - - - - :0., ,

HH

Figure 4. 11 Polarisation of water molecule when adsorbed over a Lewis acidic site

e) Effect of Reaction Temperature

Table 4.10 shows the influence of reaction temperature on the catalytic

activity anc selectivity. As the temperature is increased, there was a steady increase

in conversion. Maximum conversion is obtained at the refluxing temperature. A



more desirable product selectivity was also obtained at this temperature of reaction.

As the temperature of reaction was lowered, the percentage selectivity for the

formation of ether increased whereas those of o-MDPM and p-MDPM decreased. In

a pillared clay system there are fewer numbers of Bronsted acid sites and these

actively participate in catalytic reaction only at a higher temperature. Hence the self

condensation of benzyl alcohol to dibenzyl ether is more favoured at low

temperatures. The fewer number of Bronsted acid sites can be attributed to the higher

activation temperature (500aC) of the catalyst, which leads to the reduction of the

Bronsted acid sites.

Table 4.10 Influence of temperature on benzylation of toluene with benzyl
alcohol (0.1 g FePM activated at SOO°C, benzyl chloride: toluene
molar ratio-I: 10, time of reaction -60 min)

Selectivity (%)
Temperature (OC) Conversion (%) o-MDPM P-MDPM Dibenzvl ether.

110 47.19 51.72 33.32 14.95

100 40.01 48.78 30.01 21.21

80 29.66 45.12 24.04 26.84

60 13.11 39.64 19.68 40.68

t) Catalyst Comparison

Tables 4.11 to 4.13 show the catalytic activity of mixed iron-aluminium.

chromium-aluminium and vanadia impregnated iron-pillared montmorillonites. A

rough correlation with Bronsted acidity could be obtained within a series of systems

but could not be applied among the various systems. Mixed Fe-AI systems showed

higher activity than Cr-AI systems. The ionic radius of Cr3
+ is 94pm and that of FeJ

+

is 78.5pm (23). Hence the charge to ionic radius for FeJ
+ is higher than that for c-".

The higher charge to ionic radius ratio of the Fe3
+cation leads to the higher interlayer

acidity of the iron-pillared and the mixed Fe-AI pillared montmorillonites [34. 35].

Vanadia addition enhanced the Bronsted acidity of the system with 7% vanadia

loading and the catalytic activity was found to be more than the other loaded systems.

For high vanadia loaded systems such as 15 and 20VFe. very low conversion was

observed owing to their low surface areas.
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Table 4.11 Data on benzylation of toluene with benzyl alcohol over mixed Fe-AI
svs.cms. (0.1 g catalyst activated at 500°C, benzyl alcohol: toluene
morar ratio-I :10, reaction ternperature-I 1O°C and time of reaction - 60
min.)

Conversion Selectivity (%)
Catalyst (%) o-MDPM p-MDPM Dibenzyl ether

M 3.10 23.11 76.89

AIPM 61.01 41.11 23.21 35.68

FeAJo.1PM 56.62 46.62 26.55 26.84

FeA1o.2PM 55.62 50.72 -33.00 16.28

FeA1o.3PM 55.68 40.18 28.20 31.62

FeAlo.4PM 50.62 51.22 30.18 18.59

FeAlo~PM 48.21 53.66 33.08 13.26

FeAll.oPM 56.82 49.62 30.08 20.29

FePM 47.19 51.72 33.32 14.95

Table 4.12 Benzylation of toluene with benzyl alcohol over mixed Cr-AI systems.
(0.1 g catalyst activated at 500°C, benzyl alcohol: toluene molar ratio-
1:10, reaction temperature-l l G''C and time of reaction - 60 min.)

Conversion Selectivity (%)
Catalyst (%) o-MDPM p-MDPM Dibenzyl ether

AIPM 61.01 41.11 23.21 35.68

CrAlo.IPM 42.90 46.11 28.72 25.17

CrAlo.2PM 40.60 48.21 26.66 25.13

CrAlo.3PM 37.19 49.62 25.31 25.07

CrAlo 4PM 37.14 44.61 24.14 31.25

CrAlo.5PM 39.89 49.62 23.66 26.72

CrAIl.oPM 42.11 48.54 25.62 25.84

CrPM 44.62 46.55 25.15 28.30



Table 4.13 Benzylation of toluene with benzyl alcohol over vanadia loaded FePM
(0.1 g catalyst activated at 500°C, benzyl alcohol: toluene molar ratio-
1:10, reaction temperature-I 1O°C and time ofreaction - 60 min.)

Conversion Selectivity (%)
Catalyst (%) o-MDPM p-MDPM Dibenzyl ether

FePM 47.19 51.72 33.32 14.95

2VFe 27.84 50.11 37.58 12.31

5VFe 31.92 50.65 36.23 13.12

7VFe 50.21 54.62 34.17 11.21

IOVFe 41.62 39.21 42.15 18.64

15VFe 21.11 22.62 37.10 40.28

20VFe 9.62 18.19 22.37 59.44

4.1.3 Influence of Benzylating Agent

Table 4.14 gives the details of results for reactions conducted with different

benzylating agents. At 110°C, we observed a complete conversion of benzyl

chloride with 100% selectivity to p-methyldiphenylmethane after a reaction time of

30 minutes. At the same temperature of reaction. even after 60 minutes, the

percentage conversion for benzyl alcohol was only 47.19%. In this case both 0­

MDPM and p-MDPM were produced, ortho being fanned predominantly. At

reaction temperature of 60°C, the percentage conversions were 86.82 and 13.11

for benzyl chloride and benzyl alcohol respectively. p-MDPM is the major product

with benzyl chloride whereas o-MDPM is the major product with benzyl alcohol.

We have proposed a free radical mechanism (Section 4.1.1 b) for the reaction

between benzyl chloride and toluene and a purely carbocation mechanism (Section

4.1.2 c) for the reaction between benzyl alcohol and toluene. The homolytic rupture

of C-CI bond in benzyl chloride takes place at a sufficiently high temperature (60°C)

and the free radicals thus produced enables the reaction to proceed at a faster rate.

Even at a higher temperature of 110°C. the lesser number of Bronsted acid sites

restricts the reaction and hence a relatively low catalytic activity is noticed. It is

worthwhile to note that even though a free radical mechanism is not operating in case

of Cr-systems, these systems also showed complete conversion of benzyl chloride
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Table 4.14 Benzylation of toluene with different benzylating agents

Benzylating "i (,,:r:::~;.;r~.Hurl· or Time of Conversion Selectivity to
agent reaction (OC) reaction (min.) (%) MDPMs (%)

Benzyl chloride 110 30 100 100 (0. lOO)·

Benzyl alcohol 110 60 47.19 85.1 (60.8.39.1)

Benzyl chloride 60 30 86.82 100 (23.5. 76.5)

Benzyl alcohol 60 60 13.11 59.32 (66.8. 33.1)

• Figures in parenthesis give the selectivity of o-MDPM and p-MDPM respectively.

even before 30 minutes when the reaction was conducted at 110°C. Under these

conditions the conversion of benzylalcohol is very less and this suggest the limited

number of Bronsted sites over the pillared clays. when compared to the Lewis sites.

4.2 Benzoylation of Toluene

Liquid phase benzoylation was conducted by refluxing a mixture of toluene and

benzoyl chloride in a 50 mL round bottomed flask. The refluxing was done in an oil

bath at the boiling point of the mixture. We had optimised the conditions of the

reaction such that a reaction time of 1 h yielded a sufficient range of products and a

proper comparison of the various catalyst systems could be made. The products in the

reaction mixture were analysed by using GC employing an SE-30 column and flame

ionisation detector. The reaction yielded only two products namely

2-methylbenzophenone (2-MBP or ortho product) and 4-methylbenzophenone

(4-MBP or para product). The reaction can be depicted as shown below.

COCI CH) ITI

0 6 0/'0+ ~ I I
-HCt ~ ~ CH)

Benzoyl chloride Toluene
2-MBP/4-MBP

Figure 4.12 Schematic representation of the benzoylation of toluene



4.2.1 Influence of Molar Ratio

In a set of experiments, toluene and benzoyl chloride were taken in different

molar ratios and the percentage conversion was calculated. As the toluene/benzoyl

chloride ratio increased, we could find a decrease in the percentage conversion of

benzoyl chloride. For FePM system, the conversion was 98.21% for the

toluene/benzoyl chloride molar ratio of 5. The conversion decreased to 53.11% as

the molar ratio was increased to 20. The results are shown in Table.4.15.

Table 4.15 Influence of molar ratio on benzoylation of toluene with benzoyl
chloride 0.1 g FeAloJPM activated at 500°C and reaction temperature­
110°C)

Toluene/benzoyl chloride
molar ratio

5

Conversion (%)

98.21

Selectivity (%)
2-MBP 4-MBP

16.51 83.49

10

15

20

81.82

69.94

53.11

18.00

18.54

17.01

82.00

81.46

82.99

Two reasons can be stipulated for the observation of decreasing percentage

conversion with increasing toluene/benzoyl chloride molar ratio.

1. As the toluene/benzoyl chloride molar ratio increased, toluene may get adsorbed

over the catalyst surface, suppressing the adsorption of benzoyl chloride.

2. At high toluene/benzoyl chloride molar ratios, the effective concentration of

benzoyl chloride will be less, which leads to lesser conversion. According to the

law of mass action, rate of reaction is proportional to the concentration of the

reactant. Toluene is taken in excess and as the concentration of toluene is

increased in the mixture, the effective concentration of benzoyl chloride in the

mixture is reduced. This. we can call as a dilution effect.

Between the two reasons pointed above, since toluene IS a non-polar

molecule. the first one can be ruled out. It is very unlikely that toluene get adsorbed

on the catalyst surface. even in the presence of large excess of toluene. Hence we can

conclude that the reduction in the percentage conversion is merely due to the

'dilution' effect,
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4.2.2 Influence of Catalyst Composition

The benzoylation activity of different catalysts is depicted in Tables 4.16­

4.18. The parent montmorillonite did not exhibit any activity towards the reaction

under optimised conditions. It is due to the unavailability of enough number of acidic

sites and its very low surface area. Among the various Fe-AI pillared

montmorillonites, FeAlo.sPM exhibited maximum activity for the benzoylation of

toluene. The total acidity as well as the strong acidity is found to be high for this

system. as determined from ammonia TPD method (Table. 3.19). Lewis acidity from

perylene adsorption method (Table. 3.16) also was maximum for this system. Thus it

is forced to say that strong acid sites are involved in _the benzoylation reaction.

However. it is to be noted that FeAlo.3PM exhibited a better conversion than

FeAlo.2PM and FeAlo.4PM, though all these three catalysts possessed almost similar

perylene adsorption values. The strong and total acidity values of the former were

intermediate between the latter two. Thus it becomes subtle to assign a particular type

of acidic sites, which are responsible for the reaction. There are several articles

stating the involvement of strong Lewis acidic sites in the reaction. The confusion

doubles when we compare the benzoylation activity of Fe-AI and Cr-AI systems. The

Table 4.16 Data of benzoylation of toluene over mixed Fe-AI pillared systems.
(O.I g catalyst, toluene: benzoyl chloride molar ratio 1: 10, reaction
temperature-ll0 QC)

Catalyst Conversion (%)
Selectivity (%)

2-MBP 4-MBP

M

AIPM

FeAlo.3PM

FeAlo.sPM

FeAIl.oPM

FePM

44.58 16.01 83.99

56.95 8.03 91.96

65.43 16.33 83.66

81.31 15.81 84.19

63.22 19.94 80.05

84.34 16.26 83.74

76.65 14.98 85.02

81.82 18.00 82.00
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Cr-AI systems showed much more number of perylene adsorption sites (Lewis sites)

than Fe-AI systems. Still they showed lesser activity. We may get a little more

insight into the reaction if we could find the distribution of the Lewis acid sites

present in the catalyst. Even though. a distribution of acid sites may be possible by

ammonia TPD method as weak. medium and strong. this method does not

differentiate between Lewis and Bronsted acidic sites. The value obtained at the

strong region may contribute both strong Lewis and Bronsted acid sites.

Table 4.17 Data of benzoylation of toluene over mixed Cr-AI pillared systems
(0.1 g catalyst, toluene: benzoyl chloride molar ratio 1: 10. reaction
temperature-l I0 QC and time of reaction-60 rnin.)

Selectivity (%)
Catalyst Conversion (%) 2-MBP 4-MBP

AIPM 44.58 16.01 83.99

CrAlo.1PM 41.14 17.48 82.52

CrAl o.2PM 55.32 15.38 84.62

CrAl o.3PM 56.38 15.52 84.48

CrAlo.4PM 60.26 16.44 83.55

CrAl o.5PM 31.16 16.99 83.01

CrAI1.oPM 56.46 20.19 79.81

CrPM 29.34 0.00 lOO

Although very good correlation between acidity and benzoylation activity of Fe­

Al and Cr-AI systems is not obtained, a comparison of the benzoylation activity of

the various vanadia loaded iron-pillared montmorillonites is more consolable.

Table 4.18 allows a comparison of activity with the different types of acidity. All the

vanadia-loaded samples displayed lesser activity than the parent iron-pillared

montmorillonite. The limiting amount of perylene adsorbed over the catalyst also

showed a similar trend. This observation confirms the involvement of Lewis acidic

sites in the reaction. The data in Table 4.18 reveal that both the total and strong

acidity are increasing up to a vanadia loading of 7%. However. this does not favour

the reaction. instead. a steady decline of activity is noted. We have already observed

the role of strong acid sites in the reaction by comparing various Fe-Al and Cr-AI
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systems. By comparing the various vanadia-loaded systems. it is deduced that Lcwis

acidity is playing a major role in the reaction.

Table 4.18 Comparison of the benzoylaiion activity with various types of acidity
of the different vanadia loaded FePMs

Catalyst Conversion Strong acidity Total acidity Limiting amount of perylene
(%) (mmol/g) (mmol/g) adsorbed (lO':!mmolig)

FePM 81.82 0.1163 0.5881 1.2104

2VFe 74.11 0.1314 0.5909 1.1010

5VFe 70.71 0.3726 1.2214 0.9088

7VFe 56.11 0.6186 1.9280 0.7316

10VFe 41.14 0.3754 1.0324 0.4140

15VFe 28.29 0.0534 0.5524 0.3421

20VFe 12.91 0.0190 0.3011 0.2461

4.2.3 Mechanism of Benzoylation Reaction

Many of the earlier studies of the benzoylation of toluene by heterogeneous

catalysts involve superacidic sulphated metal oxides as catalysts [21, 25. 36. 37].

Benzoylation of toluene according to some authors [21, 36, 37] takes place through

the creation of benzoyl cation by the reaction of superacidic Bronsted sites of the

catalyst with benzoyl chloride according to the reaction step.

However, there is no superacidity in our catalytic systems. From our studies

we have established the involvement of Lewis acidic sites in the reaction. As the

reaction mixture has a net non-polar nature, a complex between the catalyst and

C6H5COCI is a more likely intermediate than a free benzoyl cation. A plausible

mechanism is depicted in Figure 4.13.

The formation of predominant para isomer is due to steric considerations.

The formation of only ortho and para isomers as the main products can be

rationalised by ccnsidcring the symmetry of the highcs: 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 me/a [40]. This is evident from the Figure 4.14.

+
O-M-O e-

H;<) CH~
~ I "
~ i......-C 1

11 +o.
O-M-Q

<}y-Q-eH J + Hel
o

Figure 4.13 A plausible mechanism for the benzoylation of toluene with benzoyl
chloride as reagent

Figure 4.14 The HOMO of toluene suggesting only the ortho and para substituted
products
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4.3 Alkylation of Aniline

Alkyl anilines VIZ.. Nemethylaniline (NMA). N.N'-dimethylaniline

(NNDMA). Nvcthylaniimc. N. Nvdiethylaniline and 2.6-dimethylaniline are

important intermediates for the manufacture of dyes and pharmaceuticals. These

compounds are generally prepared by the catalytic alkylation of aniline with

methanol or ethanol [39. 40J. Methylation of aniline is a muitistep sequential

reaction. the main reaction scheme of which can be represented as follows.

N(CH~)1

Io
MeOH Products like..MeOH

•
MeOH

•
MeOH..

CH) CH3

(Xylidines)

N-methylxylidine and
N.N.dimethyltoluidine

NH]

,,---Q
CH)

(Toluldines)

6
CHJ

CH)

(N-methyholuidines)

Figure 4.15 Reaction scheme of aniline alkylation using methanol as the alkylating
agent

Extensive research regarding the alkylation of aniline has been performed by

various researchers over different solid acid catalysts. Studies on metallosilicates

have suggested that the weak acidity of the catalyst helps N-alkylation [41].

Hill et al. suggested that a low temperature normally favours N-alkylation and high

temperature favours ring alkylation by Hoffmann-Martius rearrangement [42].

Yuvaraj and Palanichamy studied the reaction over Li-exchanged Y-zeolite

for various Si/AI ratios [43]. They have also studied the influence of temperature and

feed rate on this reaction. Maximum selectivity for N-alkylaniline around 90% is

obtained at low temperature. The percentage conversion first increases and then

decreases with the increase in temperature for the reaction. At higher temperatures.



both the side reactions of ethanol and the deposition of coke on the active sites

account for the reduction in conversion. Aniline conversion and selectivity for

N.N'-diethylaniline and C-alkylated products decreased with increase in WHSV. A

similar trend is observed for the increase ofSi02/Ah03 ratio [43].

Singh et al. studied the reaction over AIPO-Il, SAPO-I 1 and MASPO-II

catalysts in detail [44]. They have concluded that relatively stronger acid sites must

be present for the consecutive methylation of aniline in N,N'-dimethylaniline

formation. A direct relationship of aniline conversion to reaction temperature and

methanol concentration is also established.

Prasad and Rao suggested the mechanism of aniline alkylation with methanol

by carrying out the reaction on AIP04-5 catalysts [45]. They cited that NNDMA is.

to a large extent, responsible for the increase in the yield of N-methyltoluidine. This

occurs via N ~ C shift, which is favoured at high temperatures.

Thus majority of the literature gives evidence that the formation of the

primary product namely NMA is always associated with the formation of NNDMA

and C-alkylated products. Though metal oxides were reported to exhibit better

selectivity for N-alkylation over C-alkylation, usually many such systems afford both

mono and disubstitution on nitrogen leading to poor selectivity for the synthetically

more important rnono-substitued product. However. very high selectivity for

N-monomethylation ofaniline is observed with spinal systems [40, 46, 47].

Narayanan et al. extensively studied aniline alkylation reaction over various

pillared montmorillonites [28, 48]. As the OH/AI ratio in the pillaring agent

increases. they found that conversion reduces but selectivity to NMA increases.

Ce-exchanged AI pillared montmorillonite showed excellent conversion compared to

Al pillared montmorillonite, though the selectivity was less.

Aniline alkylation studies over modified silica and KIO montmorillonite

[48, 49] suggest that although the presence of a certain amount of weak and medium

acidity is essential for reaction, surplus acidity does not affect the conversion. By

studying the reaction over modified zeolite and aluminium- pillared montmorillonites

of different OH/AI ratios. they also observed that the porosity of the pillared clays

affects the conversion of aniline. but not the selectivity pattern [48].
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In the followingsections we discuss the results of methylation of aniline

performed over the present systems. Influence of various reaction parameters are also

discussed in detail.

4.3.1 Process Optimisation

a) Effect of Flow Rate

A series of experiments were conducted at a reaction temperature of 350°C

and with aniline to methanol molar ratio of 1: 7. The flow rate is varied from 4 to

6 mL h-'. The catalyst was activated at 500°C before every catalytic run.

Table 4.19 shows the effect of flow rate on aniline conversion and selectivity.

As the flow rate increases from 4 to 6 mL h' the conversion steadily declines from

62% to 41%. The feed rate alters the contact time and at high flow rates. the

encounter of the reactants and products with the catalyst surface will be less

compared to that at lower flow rates. This results in lower conversions at higher flow

rates. However, the selectivity for NMA reaches a maximum of 79.86% at a flow rate

of 6 mLh·'. The selectivity and yield for NNDMA and toluidines decreases as the

flow rate increases. The contact time becomes insufficient for the successive

alkylation of NMA to NNDMA. at high flow rates. The lower yield of NNDMA

explains the lower yield of N-methyl p-toluidine since the latter is formed by the

N ~ C shift of methyl group in the fonner [41].

Table 4.19 Effect of flow rate on aniline methylation reaction (0.5g FeAloJPM
activated at 500°C, reaction temperature- 350°C, aniline: methanol
molar ratio- 1: 7, TOS- 2 h)

Flow rate
(mL h·l )

4

5

6

Conversion
(%)

62.03

52.19

41.28

Selectivity (%)
NMA NNDMA NMT Others
53.54 36.51 4.50 5,45

(33.21 ). (22.65) (2.79) (3.39)

65.24 29.49 2.36 2.91

(34.04) (15.39) ( 1.23) (1.52)

79.86 16.05 1.93 2.16

(32.97) (6.625) (0.797) (0.892)

• Figures in parenthesis give product distribution.

b) Effect of Reaction Temperature

The reaction is carried out at various reaction temperatures in the range of

300-450°C. Figure 4.16 shows the influence of reaction temperature on the
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conversion and the product distribution. The general trend for the alkylation reaction

is that the conversion usually increases with increase in temperature and reaches a

steady state at high temperatures. In the present study. as the temperature increased

from 300-350°C, the conversion and yields of both NMA and NNDMA increased

apparently. Furthermore. a small but significant increase in the amount of ring

alkylation was also observed. Maximum yield of both NMA and NNDMA were

observed at 350°C. Increasing the temperature above 350°C did not improve

alkylation activity. Both at 400°C and 450°C. the percentage conversion and the

yields were lower than those at 350°C. This is because of the increased rate of

decomposition of methanol at high temperatures resulting in the formation of side

products such as CO. C02 and traces of C-I and C-2 hydrocarbons.

Figure 4.16 Methylation of aniline as a function of temperature (catalyst-0.5 g
FeAlo.3PM: reaction temperature- 350°C. aniline: methanol molar
ratio- I: 7, TOS- 2 h)

From these experimental data. it can be concluded that in the methylation of

aniline. formation of NMA is favoured at low temperature. This is subsequently

converted to NNDMA as the temperature is increased which is evident from its

increased yields at higher temperatures.

c) Effect of Methanol to Aniline Molar Ratio

In order to understand the optimum feed-mix ratio. a series of experiments
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were performed at 350°C with vanous molar ratios of methanol to aniline over

FeAluJPM. Methanol to aniline molar ratios varying from ) to 9 is selected for

study. Selectivity of products and aniline conversion :.' r.oned against thc methanol

to aniline molar ratio in Figure 4.17. As the molar ratio increases. conversion

increases up to a molar ratio of 7. However, further increase of molar ratio reduces

the conversion. Both the NNDMA selectivity and the yield continuously increase

throughout the range of molar ratio from I to 9. This indicates that consecutive

methylation of NMA is more and more favoured at sufficiently large amount of the

alkylating agent. However, excess of methanol beyond 7:1 molar ratio lowered the

conversion because the alcohol probably underwent side reactions leading to the

formation of other products. At high concentration of methanol. competitive

adsorption of methanol may be preventing the adsorption of aniline over the catalyst

surface. This also may be contributing to the reduction in percentage conversion.
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Figure 4.17 Methylation of aniline as a function of aniline to methanol molar
ratio(catalyst-O.5 g FeAlo.3PM, reaction temperature- 350°C, Flow
rate-S ml.h", TOS- 2 h)

d) Effect of Time on Stream

Performance of the reaction for a continuous five hours run. tests the

deactivation of the catalyst. The products were collected and analysed after every

one hour. It is seer tha: the conversion continuous): declines from 62% to 49%.

During the final stage. the activity remained more or less constant (Table 4.20).



However, the NMA yield remains almost constant throughout the reaction (Figure

4.18). This shows that the activity of the catalyst for monomethylation of aniline is

retained even on its prolonged use. The gradual reduction in catalytic conversion is

due to the deposition of coke formed during the course of reaction on the active sites,

thus decreasing the number of available active sites.
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Figure 4.18 Deactivation study of aniline methylation reaction.

Table 4.20 Time on stream study of aniline methylation reaction (catalyst- 0.5g
FeAlo.3PM activated at 500°C. reaction temperature- 350°C, flow rate-
4 mLh-l

, aniline: methanol molar ratio- 1: 7)

Selectivity (%)
Time (h) Conversion (%) NMA NNDMA NMT Others

1 62.03 53.54 36.51 4.50 5.45

2 55.61 62.63 28.83 3.40 3.89

3 53.15 63.23 28.82 3.32 4.63

4 49.07 65.89 27.63 3.10 3.78

5 48.91 67.63 26.01 2.95 3.41
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4.3.2 Catalyst Comparison

a) Mixed Fe-AI systems: From the optimisation process we have seen that both

monomethylation and dimethylation arc taking place on the nitrogen of aniline to

yield NMA and NNDMA respectively. Ring alkylation is also taking place to a small

extent to give toluidines. Maximum conversion was obtained at a flow rate of

4 ml.h" and at an aniline to methanol molar ratio of 1:7. Also. the methanol

decomposition rate was minimum at a reaction temperature of 350°C (Figure 4.16).

Hence the reaction is carried over the catalyst systems under these optimiscd

conditions.

Aniline alkylation is an acid catalysed reaction and the amount and

distribution of the acidity influence the conversion of aniline and selectivity pattern

of the alkylanilines. Table 4.21 gives the reaction data over the parent and Fe-AI

pillared systems. NMA and NNDMA are formed to a large extent. In most cases. the

selectivity to N-alkylation is more than 90%. Due to the adsorption of aniline over

the catalyst surface. alkylation usually yields N-alkylated products. (Mechanism will

be discussed later). The parent montmorillonite showed only very little activity

owing to its very low surface area and acidity. Mixed Fe-AI systems exhibited better

activity compared to the single pillared systems namely. FePM and AIPM.

Table 4.21 Aniline methylation data over mixed Fe·AI systems (0.5 g activated at
500°C. reaction temperature- 350°C. molar ratio-I: 7. flow rate-
4 mL h-I and TOS - 2h)

Yield of
Catalyst Conversion Others Selectivity to

(%) NMA NNDMA (C-alkylation) N-alkylation

M 5.62 3.12 1.70 0.80 85.77

AIPM 30.32 16.15 12.16 2.01 93.37

FeAlo.IPM 52.30 28.13 29.63 3.54 93.23

FeAlo2PM 52.05 26.39 20.70 4.95 90.49

FeAloJPM 62.03 33.21 22.65 6.18 90.03

FeAlo 4PM 70.49 28.15 30.72 11.14 84.20

FeAlo.5PM 64.82 17.65 25.81 21.36 67.05

FeAl,oPM 62.87 34.03 26.06 2.78 95.57

FePM 48.91 24.02 17.18 7.17 85.34
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Comparing the C-alkylated products obtained over the systems, FeAlo.5PM

gives a significantly higher yield for the same. This may be due to the larger number

of strong acidity of that system. The strong acid sites favour C- alkylation [42].

Correspondingly, the yield for the N- alkylated products is comparatively less. It is

reported that surplus acidity does not favour aniline alkylation, but a moderate acidity

in the weak and medium region is sufficient for a good catalytic conversion [48].

Among all the mixed Fe-AI systems, FeAlo.-4PM gave the maximum conversion with

desirable product selectivity. The weak plus medium acidity is maximum for this

system among the various mixed Fe-AI systems and hence maximum conversion is

observed for this system..

AlPM showed a lesser conversion. namely 30.32%. We can see from the

Table 3.19 that AIPM possesses enough active sites in the weak and medium region.

However, there is not a correspondingly high activity. This can be due to the

presence of more number of Bronsted acidic sites as can be seen from Table 3.13.

At this stage it is relevant to discuss the mechanism of the reaction in detail.

Mechanism of Methylation of Aniline

The orientation effect in the aromatic ring is closely related to the electropolar

nature of the previously introduced group. Due to the delocalisation effect of the

unshared pair of electrons over the amino group into the benzene ring, it exerts an

ortho/para orientation effect. As a result. the ortho and para positions of the ring

become more susceptible to the electrophilic substitution and the expected major

product is the ortho and/or para C-alkylated aniline. But due to the asdsorption of

aniline (owing to the presence of lone pair on nitrogen) over the surface, alkylation

usually yields Nsalkylated products. The catalyst also plays a major role in releasing

the electrophile from the alkylating agent. namely methanol. Comparing aniline and

methanol. aniline being a stronger base. gets adsorbed preferentially over the Lewis

sites. The high electronegativity of the oxygen of methanol, leads to hydrogen

bonding with hydroxyl protons of the Bronsted sites and thus methanol is adsorbed

over the Bronsted sites as shown in the Figure 4.19. Protonation of alcohol.

dehydration and subsequent formation of ether linkage of the released carbocation

may follow. On the Lewis site. the adsorbed aniline may lose a proton to balance the

positive charge developed on the nitrogen. The high electronegativity of oxygen in

the ether linkage results in the development of partial positive charge on the alkyl
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side chain, initiating heterolytic cleavage of polar O-C bond and shift of alkyl

carcccation to nitrogen.

Figure 4. 19 Mechanism of aniline methylation over pillared clays involving both
Bronsteo acidic sites and Lewis acidic sites.
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Thus we can infer that. for the reaction to take place in the desired direction, aniline

should adsorb on Lewis sites and methanol on Bronsted sites. However, in the

presence of a larger number of Bronsted acidic sites, the possibility of adsorption of

aniline over these sites cannot be ruled out which in turn reduces the percentage

conversion. In AIPM, there is a larger number of Bronsted acidic sites and due to the

inhibiting effect imparted by the adsorption of aniline over these sites, the catalytic

activity is found to be less.

b) Mixed Cr-Al systems: The data for aniline methylation reaction over Cr-AI

systems is shown in Table 4.22. We can see that these mixed systems are very

efficient for converting aniline to NMA and NNDMA. A combination of Bronsted

and Lewis acidity in the weak and medium region is required for the reaction [48].

We could not get a clear-cut dependence of the activity with the acidity measured by

employing the various techniques. Compared to iron systems, chromium systems

exhibited higher percentage conversion, though the acidity determined by TPD of

ammonia is less for the chromium systems. This is suggestive of the fact that only

weak to moderate acidity favour the reaction and the presence of a certain minimum

number of acidic sites is enough to trigger the reaction. Any excess number of acid

sites even if present, will not be involved in the reaction and will be superfluous.

Table 4.22 Data of aniline methylation reaction over mixed Cr-AI systems (0.5 g
activated at 500°C, reaction temperature-350°C, molar ratio-I: 7. flow
rate- 4 mL h-l and TOS - 2h)

Yield of
Catalyst Conversion Others Selectivity to

(%) NMA NNDMA (C-alkylation) N-alkylation

AIPM 30.32 16.15 12.16 2.01 93.37

CrAlo1PM 74.47 34.74 31.62 7.75 89.59

CrAlo 2PM 75.11 32.58 30.16 12.36 83.54

CrAloJPM 79.74 43.03 29.99 6.71 91.59

CrAlo.-1PM 81,49 38.61 25.07 8.37 89.73

CrAlosPM 78.90 38.46 28.35 12.01 84.78

CrAl10PM 61.17 28.87 23.36 8.93 85.40

CrPM 62.73 27.08 20.39 15.65 75.05
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c) Vanadia impregnated iron-pillared systems: Table 4.13 explains the results for

the reaction when carried over the vanadia loaded samples. It can be seen from the

table that as the percentage of vanadia loading increases, the conversion also

increases up to 7% loading. thereafter a decrease is observed. Due to the blocking of

acidic sites at higher loadings and also the reduction in surface area at high vanadia

loadings the activity is less. Vanadia addition improves the Bronsted acidity and

Table 4.23 Aniline methylation reaction data over vanadia loaded FePM (0.5 g
activated at 500°C, reaction temperature-350°C, molar ratio-I: 7. flow
rate- 4 mL h·1 and TOS - 2h).

Yield of
Catalyst Conversion Others Selectivity to

(%) NMA NNDMA (C-alkylation) N-alkylation
FePM 48.91 24.02 17.18 7.17 85.34

2VFe 48.90 18.85 20.27 8.54 82.53

5VFe 58.82 29.19 25.89 13.74 76.64

7VFe 60.24 22.72 20.34 17.18 71.48

10VFe 40.04 20.28 12.96 6.80 83.01

15VFe 39.92 22.70 15.61 1.59 96.49

20VFe 10.77 6.46 2.64 1.67 84.49

creates Lewis acidity [48]. Table 3.21 shows that the weak plus medium acidity of

7VFe is more than two times the value of FePM. Though the activity is increasing

with the increase in acidity, the increase in acidity does not commensurate with the

increase in activity. Thus once again we can conclude that only a moderate acidity is

required for the reaction.

To conclude, an acceptable correlation between the weak plus acidity is

obtained for mixed Fe-AI pillared systems and vanadia loaded iron pillared systems

within each set of systems, but may not be applicable to the acidity/alkylation activity

of two different sets or types ofcatalysts.
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Chapter 5

Pillared Clays As Efficient Catalysts For Liquid Phase

Catalytic Wet Peroxide Oxidation Of Phenol

5.0 Introduction

In recent years, the problem of disposing waste-water containing toxic

organic pollutants has become increasingly acute due to the tightening of

environmental regulations. Catalytic wet peroxide oxidation (CWPO) using

heterogeneous catalysts is being developed as a powerful technique for the treatment

of dilute aqueous waste streams contaminated by a variety of organic pollutants. The

complete oxidation of phenol and other organic compounds in waste-water stream is

achieving considerable attention in recent years. Phenol is an important

environmental waste pollutant. It is a very simple organic compound, easily soluble

in water at different conditions of acidity. It will be of added advantage, if this phenol

is converted to useful products. The oxidation of phenol by H20Z is a widely applied

process in chemical industry for the production of hydroxylation derivatives. namely

catechol and hydroquinone (diphenols). These hydroxylation products are

extensively used as photographic developers. ingredients for food and pharmaceutical

applications and antioxidants. Hence. much attention is being paid to the production

of diphenols from phenol employing the catalytic wet peroxide method. Till date,

different types of solids were proposed as catalysts for the oxidation of phenol [1-5].

HCI04-H3P04 and Fe(III)/Co(I1) catalysts are used conventionally for the

oxidation of phenol. But obvious shortcomings of these homogeneous catalysts

prevent their wide use in diphenol production [6. 7]. To date, many researchers have

been interested in the development of heterogeneous catalysts for hydroxylation of

phenol in the liquid phase with HzOzas oxidising agent. These catalysts include TS-l

[8,9]. TS-2 [10. 11], Ti-MCM- 41 [12], Cu-lSM-5 [13], etc. Simple metal oxides

and supported metal oxides are also found to catalyse phenol hydroxylation [14, 15].

All these systems have one or other limitations. Even though attractive catalytic

activities were shown by the transition metal containing zeolites, their drawback is

that they are often expensive and relatively difficult to synthesise. The slower



reaction rate also limits their wide application in industrial production. Simple and

supported metal oxides have poor catalytic activity and low diphenol selectivity.

A number of factors such as calcination conditions [16], nature of solvent

[17], reaction temperature, concentration of H101 [18], procedure for H101 addition

[19] and crystal size [20] have been identified as the key parameters for phenol

hydroxylation reaction. However. even today, various aspects of the phenol

hydroxylation, such as the reaction mechanism, contribution of the external surface,

and diffusion of the reactants and products are not yet fully understood.

Generally the catalytic activity and product selectivity in phenol

hydroxylation by hydrogen peroxide are strongly influenced by surface area of the

catalyst, nature of solvent, reaction time, reaction temperature, molar ratio of phenol

to hydrogen peroxide and catalyst amount. Several research articles have been

published related to this field [17, 18, 21]. Xiong et al. synthesised different Fe­

based complex oxide catalysts and studied the reaction [22]. They found that

Fe-Mg-Si-O complex catalyst is a new hopeful catalyst to replace TS-l in the

diphenol production industry. They also noticed an induction period at the beginning

of the reaction. The induction period was shortened when the crystallite size was

smaller. They concluded that the heterogeneously catalysed aqueous phase oxidation

of phenol proceeds by a free radical mechanism, involving initiation on the catalyst

surface followed by homogeneous or heterogeneous propagation in the liquid phase.

The phenoxy radicals initiate the reaction chain in the solution.

Yu et al. [23] established that a catalyst of V-Zr-O complex was more active

than the respective simple oxides and their mechanical mixture. They studied the

influence of solvents on the reaction and found actetonitrile to be a better solvent

than acetone. This was attributed to the increased polarity of acetonitrile over

acetone.

The same team systematically studied the influence of reaction time, reaction

temperature and molar ratio of phenol to H101 on the reaction and made the

following observations- (a) low residence time led to relatively low phenol

conversion as well as undesirable product selectivity, (b) high reaction temperatures

increased the phenol conversion and (c) as the amount of H202 is increased, the

phenol conversion first increased and then decreased [21].



Van der Pol et al. [18] studied the reaction over titanium silicate-I samples

and concluded that the catalytic activity strongly depended on the panicle size of the

catalyst. The higher activity of smaller catalyst panicles is not caused by a larger

contribution of the outer surface of the catalyst particles. but by a higher catalyst

efficiency as a result of less pore diffusion limitation. These authors excluded a major

influence of external surface activity.

The hydroxylation of phenol to catechol and hydroquinone using aqueous

H202 over TS-l catalyst has been studied by Tuel et al. also [24]. They have found

that both external and internal catalytic sites of TS-l play an important role in the

oxidation of phenol with H202. Inside the channels. the production of hydroquinone

prevails whereas outside the channels. the major product formed is catechol.

Furthermore, they showed that the catalytic processes can be influenced and thereby

the selectivity can be varied using appropriate solvents.

Phenol hydroxylation reaction has been performed over various pillared clays

also. Reports on clay based catalysts pillared by Fe- hydroxo complexes [25]. mixed

AI-Cu [1] and AI-Fe complexes [26] have shown that the mixed pillared clays exhibit

the most promising results for the total oxidation of organic compound in water.

using H202 as the oxidant. The influence of solvent in the hydroxylation of phenol on

titanium pillared montmorillonite have been studied by Castello et al. [27]. Studies

over AI-Fe pillared clay catalyst have shown that the catalyst could be one of the

most promising catalysts for an industrial de-pollution process [26]. Over this

catalyst. under mild reaction conditions. about 80% of the initial amount of phenol

was found to be transformed into C02. at 70°C. in two hours under atmospheric

pressure. However. more stress is given to the disposal of phenol from waste-water

than the selective synthesis of catechol and hydroquinone.

We have carried out the catalytic wet peroxide oxidation of phenol over the

various pillared clay systems due to the following reasons.

(I) Phenol is a major water pol1utant.

(2) Phenol hydroxylation yields industrially important chemicals such as catechol and

hydroquinone.

(3) To check the prepared catal; sts' activity towards oxidation reaction. since the

phenol hydroxylation is extremely sensitive to the quality of the catalyst [1].
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The reaction scheme is depicted below.

OH

HO-( )
-o~ Catalyst Catechol >-POlymerised

HO + H~O~ ..
- - - - H20 + products

Phenol HO-< )-OH
Hydroquinone

Schematic representation of hydroxylation of phenol

We have tried to understand the influence of the parameters such as reaction

temperature, solvent used and concentration of H202 on hydroxylation of phenol.

After optimising the conditions. we have tested the catalytic activity of all the

pillared and vanadia impregnated clay samples.

I mL of phenol and 5 mL of the solvent was introduced into a 50 mL round

bottomed flask equipped with a magnetic stirrer and an air condenser. Desired

amount of 30% H202 was added to the flask as a whole. 0.1 g of the catalyst was then

introduced into the reactor and the components were allowed to react for one hour.

After one hour, the liquid sample was withdrawn and filtered. The components in the

withdrawn liquid were then analysed using gas chromatography. We have observed

tar formation due to the over oxidation of products in all cases. However. the

formation of tar is neglected and only the phenol conversion towards diphenol

formation is taken into account.

5.1 Process Optimisation

Hydroxylation of phenol can be performed under atmospheric pressure. This

.reaction is extremely sensitive to the reaction conditions and the quality of the

catalyst. A detailed discussion on the optimization process is presented below below.

5.1.1 Effect of Reaction Temperature

A set of experiments was carried out using FeAlo.sPM as catalyst for studying

the influence of temperature. Temperatures from 30 to 80°C were selected. The
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Table 5.1 Influence of temperature on hydroxylation of phenol over FeAlo.sPM
(5 mL H202, I mL phenol, 5 mL water, room temperature)

Temperature Conversion Selectivity

eC) (%) Catechol Hydroquinone

30 56.33 55.75 44.25

50 59.53 40.86 59.14

60 60.15 38.62 61.38

70 62.38 35.89 64.11

80 56.31 34.71 65.29
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Figure 5.1 Effect of temperature on wet peroxide oxidation of phenol over
FeAlo.sPM

results are furnished in Table 5.1 and Figure 5.1. A steady increase of conversion

with increase in temperature, as is usually the case, is not observed here. The

percentage conversion not only increased very insignificantly, but also decreased by

increasing the temperature above 70°C. As the temperature is increased,

decomposition of H202 to molecular oxygen will increase. This side effect suppresses



the increase in conversion with increase in temperature. Molecular oxygen or air is

not found to be effective for phenol hydroxylation reaction, as is being confirmed by

our experiments. Instead of H202we have used air as an oxidant and it is found that

the phenol is neutral towards hydroxylation when air/02 was used as the oxidant.

Similar results were reported by Dubey et al. [28].

At a high temperature of 80°C. the decomposition of H202 is very high and

the net result is decrease in conversion. However. the data on the selectivity patterns

of diphenols (Table 5.1) show that, as the temperature is increased, there is a gradual

increase of selectivity to hydroquinone with a concomitant decrease in selectivity to

catechol. It is reported that, in the case of zeolites and molecular sieves as catalysts

catechol is formed on the external surface of the catalyst whereas hydroquinone is

formed inside the pores [16, 24]. Sincepillaredclaysalso have a porous structure. we

can propose that. on the external surface catechol is formed and inside the pores

hydroquinone is formed. As the temperature is increased. diffusion from the pores is

more favoured. This is clear from the increase in yield of hydroquinone with the

increase in temperature.

5.1.2 Effect of Solvent

It has been mentioned in several articles that phenol conversion and product

selectivity are sensitive to the nature of the solvent used [21, 24, 29]. We have

employed different solvents such as water. methanol, acetonitrile and acetone for the

reaction. The influence of solvent on the phenol hydroxylation is summarised in

Table 5.2. The reaction is performed at room temperature using the catalyst

FeAlo.,PM. There was no conversion for phenol when acetone was used as a solvent.

With acetonitrile as solvent. a slight conversion of phenol, namely 1.72% was

observed with 100% selectivity to catechol. The catalytic reaction showed much

higher conversion when methanol and water were used as solvents. Among all the

solvents studied. water is found to be the best solvent. Phenol conversion was

56.33% with water as solvent whereas it was only 22.02% with methanol as solvent.

The highest activity with water can be ascribed to the strong adsorption of phenol on

the catalyst in this solvent. which is driven by the non-ideality of the water-phenol

solution. At the same mole fraction. the calculated activity coefficient of phenol

using UNIFAC software [30] is much higher in water than in the other solvents. The
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activity coefficients arc shown in Table 5.3. The high activity coefficient of phenol in

water leads to the strong adsorption of phenol over the catalyst. This. in fact. can be

taken as a driving force in eliminating phenol from waste-water using these catalysts.

Hence a higher amount of adsorbed phenol and low H202 concentrations as a result

of competitive adsorption effects. are expected with water as solvent. This leads to a

higher percentage conversion of phenol in water.

It should also be noticed that as the polarity of the solvent increases. phenol

conversion also increases [21]. Among the different solvents studied, the polarity is

of the order- water> methanol> acetonitrile> acetone. The phenol conversion also

follows the same order as evident from Table 5.2.

Among the organic solvents. methanol is found to be better than acetonitrile

and acetone. The absence of activity with acetone as a solvent can be attributed to the

possible side reactions between H202 and acetone yielding hydroxy hydroperoxy

propane and derived products (Figure 5.2) [31. 32]. This results in a lower

concentration of free H202 at or near the active sites of the catalyst.

Table 5.2 Influence of solvent on phenol hydroxylation reaction (0.1 g
FeAlo.~PM. room temperature. 5 mL H202, 1mL phenol, 5 mL solvent
and time of reaction-I h).

Solvent

Water

Methanol

Acetonitrile

Conversion Selectivity

(%) Catechol Hydroquinone

56.33 55.75 44.25

22.02 25.83 74.17

1.72 100

Acetone

With water, an almost equimolar mixture of catechol and hydroquinone was

formed during the reaction, olp ratio being 1.26 (yield of catechol is little more than

that of hydroquinone). When methanol was used. the para product. namely

hydroquinone was formed as the major product (olp = 0.348). Thus. a replacement of

water by methanol resulted in a significant decrease of the olp hydroxylation

selectivity. Enhanced para selectivity in methanol solvent is confirmed by various

literature reports [16. 19, 24]. Catechol formation mainly takes place over the



external surface and hydroquinone formation takes place inside the pores. i.e .. on the

internal surface. In water. the consumption of phenol takes place relatively more on

the external surface. as can be deduced from the slightly larger yield of catechol. The

relatively small contribution of the internal surface to the rate of consumption of

phenol can be explained by the strong adsorption of phenol in the catalyst using

water as a solvent. Due to the competitive adsorption, the concentration of hydrogen

peroxide near the active sites inside the pore system of the catalyst (internal surface)

will be very low. This will result in a low observed rate for the consumption of

phenol in the pores. However. with methanol as the solvent. the data clearly indicate

that a relatively larger consumption of phenol is taking place inside the pores to yield

around 74% selectivity towards hydroquinone formation.

Table 5.3 Activity coefficient of phenol in the different solvents

Solvent

Water

Methanol

Acetone

Activity coefficient (Y)

9.0535

0.5943

0.3047

)=0+
OH

HOO+OOH
+OOHHP~

~ IIoXo

'to-at HOO+ 0-0+ OOH

Figure 5.2 Formation of alkylidene pcroxidcs from acetone and hydrogen
peroxide
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5.1.3 Effed of Amount of Hydrogen Peroxide

Table 5.4 summarises the catalytic hydroxylation results under various molar

ratios of phenol to H202 Three molar ratios were selected and the reactions were

carried out using water as solvent. It is found that the phenol conversion and

proportion of the products are sensitive to variation in phenol to H202 molar ratio

(Table 5.4), 1 mL phenol was used in all cases with the amount of H202 varied as 3.

5 and 10 mL corresponding to H2021 phenol molar ratios of 8.61, 14.32. and 28.69

respectively. As the H202 amount changed from 3 to 5 mL, the conversion increased

from 10.14 to 56.33%. However, further increase of H202 only reduced the

conversion to 20.84%. A very significant reduction of the yield (Figure 5.3) is

observed when a large excess of H202 is used. Similar results were observed by

Neumann et al. [29] and Yu et al. [21]. Neumann et al. explain the decreased

yield on the basis of the negative influence of the large amount of water

accompanying the H20 2 sample. However, in other reports [33], even if large amount

of water was used as solvent. phenol conversion was found to be satisfactory. The

negative effect of water accompanying the hydrogen peroxide may be. of course. a

minor reason for the decrease in conversion with high H202/phenol molar ratio. We

propose two major reasons for the decreased yield at higher H202 concentration viz.,

a) the large excess of H202 leads to deep oxidation of the products and b) the large

excess of the H202 leads to the increased H202decomposition asa result of which the

yield of diphenols reduced remarkably. Although the tar selectivity is not determined

quantitatively, the excessive formation of tar is observed during reaction with large

amount of H202. This also contributes to the decreased yield of diphenols.

Table 5.4 Effect of amount of H202 on phenol hydroxylation reaction (0.1 g of
FeAlo.;PM. room temperature. 5 mL water as solvent)

H202/phenol molar
ratio

Conversion

(%)
Selectivity

Catechol Hydroquinone

8.61

(3 mL 11 ml.)

14.32

(5 mL 11 ml.)

28.69

(10 mL 11 ml.)

10.14

56.33

20.84

83.41

55.75

60.55

16.59

44.25

39.45
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Figure 5.3 Influence of H,O,/phenol molar ratio on hydroxylationofphenol

5.1.4 Effect of Reaction Time

Table 5.5 summarises phenol hydroxylation data withtime on stream over the

catalyst. There is an induction period at the beginning of the reaction(Figure 5.4) and

the phenol conversion increases exponentially, afterthe induction period. After a

Table 5.5 Time on stream study of hydroxylation of phenol over FeAlo.,PM
(0.1 g. I mL phenol. 5 mL H,O,. 5 mLwater, room temperature)

Reaction time Conversion Selectivity Hydroquinone/
(min. ) (%) Catechol Hydroquinone

catechol

10 0 0 0

20 0 0 0

30 0 0 0

40 12.3 1 56.68 43.32 0.764

50 28.1 1 53.00 47.00 0.887

60 56.33 50.75 49.25 0.970

70 59.21 40.1 8 59.82 1.49

120 60.11 28.75 71.25 2.47g
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Figure 5.4 Induction period during the hydroxylation of phenol over FeAlo5PM at
room temperature

particular conversion level. the phenol conversion is nearly constant. The occurrence

of an induction period is indicative of the involvement of free radical mechanism for

the reaction. It should also be noticed that as the phenol conversion increases, the

hydroquinone to catechol ratio increases. As time progresses, the catechol formation

is suppressed whereas the hydroquinone formation is more favoured. This can be the

result of poisoning of the external surface by the unwanted formation of the tarry

products [34].

5.2 Catalytic Reaction over Various Fe-AI Pillared Montmorillonites

Table 5.6 shows the results of the reaction carried over the various iron­

aluminium pillared montmorillonites. There was negligible reaction over parent

montmorillonite and aluminium pillared montmorillonite after one hour of reaction.

But the percentage conversion dramatically increased by the incorporation of iron

into the systems. The influence of the reaction time is discussed in the earlier section.

An induction period is clearly observed for the reaction. The catalyst AIPM cannot

overcome the induction period within one hour whereas the induction period is much

.below this duration for all the iron incorporated systems. However, almost similar

conversion and selectivity pattern are exhibited by all iron incorporated systems. This



Table 5.6 Phenol hydroxylation data over mixed Fe-AI pillared montmorillonites
(0.1 g catalyst. room temperature. 1 mL phenol. 5 mL water and 5 mL
H20 2. 1 h run)

Selectivity (%)

Catalyst Conversion (%) Catechol Hydroquinone

AIPM 3.00 100 0

FeAlo.IPM 54.94 56.40 43.60

FeAlo 2PM 62.13 58.40 41.61

FeAlo3PM 58.78 55.70 44.30

FeAlo4PM 56.77 56.80 43.20

FeAlo.5PM 56.33 50.75 49.25

FeAhoPM 57.90 57.27 42.74

FePM 55.15 55.76 44.24

is indicative of the fact that only a minimum concentration of iron is required for

carrying out the reaction and this is satisfied by all the prepared iron systems. Almost

similar selectivity pattern is exhibited by all the iron containing catalysts.

5.3 Mechanism of Phenol Hydroxylation

Many mechanisms of phenol hydroxylation have been put forward. such as

free radical mechanism [35], peronium salt mechanism [36]. etc. The occurrence of

an induction period (Figure 5.4) is clearly an indicative of a free radical mechanism.

During our catalytic activity studies. we observed a vigorous and violent reaction of

the mixture after a particular time of reaction. Analysis of the reaction mixture before

this bursting did not give any phenol conversion. whereas the reaction took place all

of a sudden during this bursting. In the case of hydroxylation of phenol with H20:! as

oxidant. free radicals can be generated on the solid catalyst surface in two ways as

shown in scheme I and scheme 11. In scheme 1. the initiation step is the formation of

hydroxyl free radical. OH' from H20:!. OH' shows the characteristic of e1ectrophilic

substitution in the hydroxylation of the aromatic ring to yield the diphenols. It is

assumed that the production of hydroquinone proceeds in the same manner as that of

catechol.
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In scheme 11. the initiation step is the formation of phenoxy radical from the

reaction between phenol and catalyst. This phenoxy radical initiates the formation of

OH free radical which is the active species for the reaction. Due to the competitive

adsorption effects. the initiation step can be thought to be the formation of phenoxy

radicals. These phenoxy radicals are involved in the propagation of the reaction

chain. In all the cases of catalytic activity studies of phenol hydroxylation, the

solution became dark brown after reaction. This can be the result of formation of

tarry products from the reaction intermediates formed in the scheme ll. This reaction.

which is perhaps the main side reaction. is shown in Scheme Ill.

o

0··. .. .n .... .. ....
--... Polymer

Scheme III

Thus we can conclude that the heterogeneously catalysed aqueous phase

oxidation of phenol proceeds by a free radical mechanism. with an induction period

before the steady state regime is achieved. The mechanism involves initiation on the

catalyst surface followed by homogeneous or heterogeneous propagation in the

liquid.

5.4 Catalytic Activity Studies over Other Systems

The time on stream study of phenol hydroxylation reaction over various Cr-AI

pillared montmorillonites are shown in Figure 5.5. We can see that an appreciable

conversion for the reaction is attained only around the third hour of reaction. This is

the case with AlPM also. This means that the induction period is too large in the case

of aluminium and mixed Cr-AI systems. compared to mixed Fe-AI systems. The

incorporation of iron into the system thus helps to reduce the induction period. Once

the reaction starts. the conversion level does not vary very much with time.
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The reaction data over various vanadia loaded iron pillared montmorillonites

are shown in Table 5.7. These data reveal that the selectivity patterns are very much

affected by the vanadia incorporation. At low vanadia loadings the selectivity

towards hydroquinone is more than that towards catechol. This is very much

predominant in the case of 2VFe. where the selectivity for hydroquinone is 73.7%. At

low vanadia loadings, vanadia blocks the active sites on the surface and hence

catechol formation is retarded and more selectivity towards hydroquinone is

observed. However. as the loading increases, more and more vanadia enter into the

pores and an equimolar mixture of catechol and hydroquinone are observed. At much

higher loadings such as 15VFe and 20VFe, only catechol is formed, which suggests

that the reaction takes place only on the external surface sites only. It is noteworthy

that, as the vanadia content increases, due to the blocking of active sites. the

conversion decreases.
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Table 5.7
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Catalytic wet peroxide oxidation data over various vanadia loaded
FePMs

Selectivity (%)

Catalyst System Conversion (%) Catechol Hydroquinone

FePM 56.33 50.75 49.25

2VFe 50.11 26.30 73.70

5VFe 50.32 44.76 55.26

7VFe 46.28 65.61 34.39

lOVFe 20.11 74.21 25.79

15VFe 10.24 lOO 0

20VFe 5.62 100 0

Analysis of the reaction mixture after a prolonged time of 5~6 h showed that

the percentage of catechol or hydroquinone in the reaction mixture is almost zero.

This suggests the over-oxidation of the products to tarry products [34]. Also the

formation of carbon oxides, which accompanies the reaction. is not quantitatively

estimated. It must be stated that an increasing amount of carbon oxides can be

formed by increasing the temperature. The complete oxidation of phenol to carbon

oxides (wet oxidation in water) is possible on these catalyst systems. as indicated by

this study. So, by optimising reaction conditions, it would be possible to purify water

containing small amounts of phenol over these catalysts.

The study of the catalytic oxidation by hydrogen peroxide of an aqueous

solution of phenol on various pillared clays has shown that. under mild reaction

conditions. these solids work as efficient catalysts and can be successfully used as

depollution catalysts. Among different solvents tried. water is found to be the best

solvent to carry out the reaction. All catalysts showed an induction period for the

reaction. suggesting a free radical initiation for the reaction. The induction period for

iron systems were found to be very low compared to other systems.
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Chapter 6

Summary and Conclusions

6.1 Summary of the Work

Since the first report of synthesis of montmorillonite pillared with heat stable

inorganic cation complexes of Zr, these modified materials have been the subject of

intense research efforts in both industrial research laboratories and academia.

Pillaring of montmorillonite with stable oxides of other metals such as AI, Fe, Cr, etc

resulted in the conversion of inexpensive and thermally unstable clay minerals into

highly porous and stable structures. In this process, robust oxide particles are formed

between the clay layers resulting in layer expansion and higher surface area. The

open microporous structures which contain both Bronsted and Lewis acid sites are

accessible for catalysis. This has given a new impetus to the study of catalytic

activities of pillared clay minerals.

The present work is devoted to the synthesis and modification of various

pillared montmorillonites. Single oxide pillaring with AI, Fe and Cr as well as

pillaring of montmorillonite with mixed oxides of a) Al and Fe and b) Al and Cr are

attempted. Modification of iron-pillared montmorillonite by vanadia impregnation is

also tried. Various characterisation techniques have been used to evaluate the

structural and textural properties of these solids. Finally, the catalytic activities of

these materials in various industrially important reactions are investigated. The

present thesis comprises of six chapters expounding the introduction, experimental

and results and discussion parts.

In Chapter I a brief introduction to heterogeneous catalysis is given. A

detailed description of the clay structure and its modification by pillaring covers a

major part of this chapter. A brief literature survey on the catalysis by single and

mixed pillared clays is also included. Determination of acidity by different

techniques, including alcohol and cumene test reactions is discussed. A brief

introduction about certain catalytic reaction such as Friedel-Crafts alkylation and

acylation. aniline methylation and catalytic wet peroxide oxidation of phenol is also

included in this chapter.
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Chapter 11 deals with the various experimental procedures adopted for the

synthesis, characterisation and catalytic activity studies of the different single, mixed

and modified pillared montmorillonites. It also gives a brief account of the relevant

theory of each method ofcharacterisation employed.

Chapter III is devoted to giving and discussing the results of the various

characterisation techniques. The results and discussion are conveniently given under

three headings. Fe-AI pillared montmorillonites, Cr-Al pillared montmorillonite and

vanadia impregnated iron pillared montmorillonites. The XRD results and the surface

area and pore volume results are considered as the prime evidences for efficient

pillaring of the parent montmorillonite. The EDX results give the chemical

composition of each pillared and modified montmorillonite and confirm the

incorporation of the employed metals' oxide into the clay structure. Vanadia

impregnation over the iron-pillared montmorillonite is suggested by the XRD and

EDX results. FT-IR analysis of the pillared montmorillonites confirms that the

structure of the clay layers is not altered by pillaring. Dispersion of vanadia as V205

crystals over iron-pillared montmorillonite is evidenced by FTIR analysis. TGA

proves that dehydroxylation of pillared materials takes place much below a

temperature at which the parent clay dehydroxylates. Surface acidity measurements

have revealed that pillaring enhanced both Bronsted acidity and Lewis acidity of the

samples. Vanadia impregnation also resulted in the modification of the acidity pattern

of the parent iron-pillared montmorillonite. Thermodesorption of

2,6-dimethylpyridine and electron accepting studies by perylene gives the Bronsted

acidity and Lewis acidity of the samples respectively. Temperature programmed

desorption of ammonia performed over the various catalysts gave the acidity

distribution and total acidity of the samples. The results of cumene cracking reaction

which is performed as a test reaction for acidity determination, agree to the generally

accepted view that cracking proceeds over Bronsted sites whereas dehydrogenation

proceeds over Lewis acidic sites.

In chapter IV, we have furnished the results and discussion of liquid phase

Friedel-Crafts benzylation and benzoylation of toluene and vapour phase methylation

of aniline. Benzylation of toluene with two different reagents namely benzyl chloride

and benzyl alcohol established that the former reaction is catalysed by Lewis acidic

sites and the latter by Bronsted acidic sites. When benzyl chloride is used for the
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reaction, a free radical mechanism is observed in the presence of reducible cations

like Fe3
+ . In the absence of reducible cations, strong acid sites are responsible for

catalysing the reaction. Between benzyl chloride and benzyl alcohol, in catalysis

point of view. benzyl alcohol is found to be a better reagent, though conversion is

lower when compared to the conversion with benzyl chloride. This is because of the

fact that the catalysts are less stable in presence of benzyl chloride due to the

evolution of Hel during the reaction. A true heterogeneous reaction is observed with

benzyl alcohol while a 100% heterogeneous reaction is not occurring with benzyl

chloride as reagent. For acylation of toluene, benzoyl chloride is used. It is found that

benzoylation is catalysed by the strong Lewis acid sites present in the catalyst.

Chapter 1V also narrates the results of methylation of aniline which is conducted in

the vapour phase. The results revealed that a moderate acidity is required for a better

catalytic reaction. Surplus acidity does not seem to favour the conversion of aniline.

In Chapter V, the efficiency of pillared clays in catalytic wet peroxide

oxidation of phenol is discussed. Iron pillared clays are found to be very effective for

the catalytic wet peroxide oxidation of phenol. An induction period is noted for the

reaction. The influence of solvent, temperature and phenol to H202 molar ratio are

also discussed. It is found that certain optimum parameters are required for the better

performance of the catalysts in the catalytic wet peroxide oxidation of phenol.

In the present chapter, Chapter VI, the summary and conclusions of the work

done are given.

6.2 Conclusions

The following conclusions are drawn from the present work.

-,. Pillaring of montmorillonite with polyoxocations of metals resulted in the

satisfactory incorporation of metals into the clay layers.

." Maximum incorporation of metal takes place for an optimum Fe(Cr)/AI ratio in

the case of mixed pillared clays.

-,. Pillared and modified pillared solids were thermally stable.

,. Enhancement of surface area and pore volume and shift of XRD peak towards

lower 29 region suggest efficient pillaring.

., Vanadia is dispersed as V205 over the Iron pillared montmorillonite and

becomes detectable by XRD after 7% loading.
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." Both pillaring of montmorillonite and vanadia modification over ~iirated· .' .
montmorillonite increased the acidity (both Bronsted and Lewis) of the systems.

,. Iron incorporated systems are found to be very active for benzylation of toluene

with benzyl chloride; in that case a free radical mechanism is found to be

operating.

,. Bronsted acidity decides the activity towards benzylation of toluene with benzyl

alcohol.

., Catalysts are active even in the presence of moisture for benzylation of toluene.

An induction period is noticed for the reaction between benzyl chloride and

toluene in presence of moisture. Moisture has a beneficial effect for the reaction

between benzyl alcohol and toluene.

., Truly heterogeneous reaction is operating when benzyl alcohol is the reagent for

benzylation. A 100% heterogeneous reaction is not taking place with benzyl

chloride. During the reaction between benzyl chloride and toluene, the HCI

evolved during the reaction leaches some of the metal ions into the solution and

homogeneous reaction is also occurring to some extent.

,. In general, stronger Lewis acidic sites are found to be required for the

benzoylation of toluene.

., Moderate acidity in the weak plus medium region decides aniline conversion;

stronger sites lead to C-alkylation .

., In almost all cases, more than 80% selectivity is observed for N-alkylated

products which are industrially very important.

., Pillared clays are found to be very effective for the catalytic wet peroxide

oxidation of phenol. The induction period noted for the reaction is found to be

very low with iron systems compared to Al and Cr systems. Water is found to be

the most effective solvent whereas methanol is the most selective solvent.
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SCOPE FOR FURTHER WORK

The present thesis describes the catalytic reactions such as Friedel-Crafts
•

alkylation and acylation. methylation of aniline and catalytic wet peroxide oxidation

of phenol. We have found that the pillared clays are efficient catalysts for all the

reactions. In the case of benzylation of toluene, though catalyst is not very stable in

presence of benzyl chloride as reagent, the catalyst is found to be stable with benzyl

alcohol. Hence the work can be extended to study the alkylation of other aromatic

molecules with different substituents using benzyl alcohol as reagent. Other novel

alkylation reactions can be tried over the pillared clays.

An interesting property of pillared clays is that their-pore size can be tuned by

choosing appropriate pillaring precursors. Hence shape selectivity could be achieved

and pillared clays could be used for shape selective catalysis.

We have found that the pillared clay catalysts are promising ones for the

hydroxylation of phenol. Prolonged reaction is found to remove all the phenol

present in the reaction mixture. Mild conditions yield hydroxylated derivatives

whereas prolonged reactions resulted in the formation of carbon oxides and tar. Study

of the reaction using pillared clays for the removal of phenol present in ppm levels in

waste-water is a fruitful scope of the present investigation. These investigations could

be extended for the catalytic wet peroxide oxidation ofother organic pollutants.
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