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1

Introduction

1.1 Catalysis

A catalyst always helps a reaction to alter its rate. The history of catalysis
began from 1796 with the studies by von Marum on the dehydrogenation of alcohol
using metals. However, the term catalysis was defined by J. J. Berzelius in 1836 as a
process in which a relatively small amount of a foreign material, called a catalyst,
augments the rate of the reaction without being consumed in the reaction. A good
catalyst must possess both high activity and long-term stability. But the most important
quality is its selectivity, which reflects its ability to direct conversion of reactants in a

specific way.

Modern industries are learning more and more about the applications and
benefits of catalysts and the different ways to bring down the cost of production. The
specificity of a catalyst enables a chemical process to proceed more efficiently with less
waste. Catalytic process technologies generally involve less capital investment, lower
operating costs, higher purity products and reduce environmental hazards Hence,
catalysis is of crucial importance to the chemical industry. The more well defined areas
of industrial catalysis are petroleum, pharmaceutical and environmental catalysis.In the
present day, catalysis research and industrial catalyst development are dependent largely
upon the impulses and the needs of the market, the ecolégical circumstances, i.e.,
environmental protection, the extensive utilization of the starting materials and above all,
the development of reaction specific catalysts. We must expect that in the 21% century
energy production, various modes of transport, chemical and petroleum industry,
metallurgy and other industries involving chemical treatment will become world wide
and more safe by the use of catalytic technologies leading to the purification of exhaust
gases, waste water and other harmful by-products. Various techniques and concepts of
solid state are applied for synthesizing and modifying catalysts with required structure
and chemical properties. Thus it goes without saying that the modern chemical industries

cannot operate without proper study of catalysts and their specific action.



Traditionally, this field is divided into homogeneous and heterogeneous catalysis.
By definition, a catalytic reaction in which the reactants and the catalyst are in the same
phase, is homogeneous catalysis and if the reactants and the catalysts are in different
phases, it is heterogeneous catalysis. Each of these catalytic processes possesses its own
advantages and disadvantages. The strongest impulse for developing new, more efficient
and more selective catalyst systems is related to environmental compatibility. Looking at
the different industrial areas, in particular in the production of fine chemicals and in the
pharmaceutical industry, a lot of by-products and wastes are produced. The so called
E-factor i.e., the ratio of the amount of by-products to the amount of product is not
acceptable. The reason is the use of stoichiometric amount of homogeneous Bronsted
acids such as HF, H,S04, H;PO4, HNO; etc. and Lewis acids such as AlCls, BF3, FeClj,
etc. By-products in the form of salts due to the neutralization of the acids are also
produced. That is also true for the application of Bronsted and Lewis bases in the field of
organic multi-step syntheses and in each step there is a loss of starting material. The
synthesis of fine chemicals and pharmaceuticals generates large amounts of wastes,
which is due in particular to the fact that most of the reactions are stoichiometric
or use environmentally non-friendly homogeneous catalysts. The substitution of these
polluting and corrosive homogeneous catalysts by solid catalysts, which do not possess
such disadvantages, is one of the main industrial challenges. Besides the environmental
improvement, heterogeneous catalysis has many technical advantages, in particular easy
separation of products, easy development of continuous processes and possibility of
catalyst regeneration. Due to these striking properties, the field of heterogeneous

catalysis is one of the rapidly expanding areas in chemical industry.

In recent years, considerable advances have been achieved in the study of surface
structure and mechanism of the catalytic reaction. A heterogeneous catalyst performs by
providing an alternative reaction pathway with lower energy of activation.
Heterogeneous catalysts interact with reactants and enhance the rate of chemical
reactions. This interaction may be chemical and physical processes, which are
fundamental to any heterogeneous catalytic system. The overall catalytic reaction rate
depends on these chemical and physical processes or steps. Each of these steps

contributes to a greater or lesser extent to the overall reaction rate.
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The general steps involved in heterogeneous catalysis are:

External diffusion: Transfer of the reactants from the bulk fluid phase to the
fluid-solid interface and external surface of the catalyst particle.

Internal diffusion (if particle is porous): Intraparticle transfer into the catalyst
particle.

Adsorption: Physisorption and chemisorption of reactants at the surface (sites) of
the catalyst particle.

Surface reaction: Chemical reaction of adsorbed species to produce adsorbed
products; this is the intrinsic or true chemical reaction step.

Desorption: Release of adsorbed products by the catalyst.

Internal diffusion: Transfer of products to outer surface of the catalyst particle.

External diffusion: Transfer of products from fluid-solid interface into the

reaction stream.

From experience it is possible to narrow the range of solids that are likely to

catalyze a certain type of chemical reactions. Heterogeneous catalysts can be classified

according to their electrical conductivity as conductors, semiconductors and insulators.

Table 1.1 shows such classification and the type of reactions for each type of catalyst.

Tablel.1 Classification of heterogeneous catalysts.

Classification Conductor Semiconductor Insulator

Materials Metals Metal oxides and Metal oxides
sulphides

Examples Fe, Co, Ni, Ru, Rh, NiO, CuO, ZnO, Zeolites, Al,O;,

Pd, Ir, Pt, Ag, Cu.
Types of Reactions  Hydrogenation,
Dehydrogenation,
Hydrogenolysis,
Oxidation,

Reduction

Cr-0s3, V-0s, etc.,
WS, MoS,, etc.
Oxidation,
Reduction,
Hydrogenation,
Dehydrogenation,

Denitrogenation,

Desulphurization, etc.

Si0,-MgO,
AlLO3;+Clor F
Hydration,
Dehydration,
Isomerization,
Polymerization,

Cracking, etc.




1.2 Transition metal oxides as catalysts

Transition metal oxides are technologically important materials that have found
to be relevant in chemical applications. Transition metal oxides are the proficient
components in catalysts employed in many reactions such as oxidation, reduction,
oxidative and non-oxidative dehydrogenation, ammoxidation, metathesis and water gas

shift reaction for the production of hydrogen.

Many transition metal oxides are non-stoichiometric. It is known that the
interaction of the oxide with its constituents in the gas phase generates defects or
coordinatively unsaturated sites. These defects or coordinatively unsaturated sites are
important in surface chemistry, which are mainly responsible for the adsorptive and
catalytic properties of the transition metal oxides. Due to the formation of these defects,
various cations may be differently‘distributed between the surface and bulk of the single
as well as in the multi-component transition metal systems. When the concentration of
the defects at the surface of the oxide surpasses a certain critical value, ordering of
defects or formation of new bi-dimensional surface phase may occur, resulting often in a
dramatic enhancement of catalytic activity and selectivity [1-3]. As an example, nickel
oxide mixed with SiO; [4], SiO2-Al;0O3 [S] and NiSO4 [6] are highly active for the
dimerization of olefins and the active site for this reaction is found to be the low valent

nickel at the surface of the system.

Transition metal oxides possess acid-base properties. Titania and zirconia
attracted much attention because these are good supports for metal catalysts and change
to super acids on combining with small amount of sulphate. Hydrated Nb,Os and Ta;Os
are making an impact for their application as unusual solid acids and showed excellent
stability as a catalyst for esterification, hydrolysis and hydration reactions [7-11]. Oxides
of Cr, Mo and W are seldom used as single oxides but are used as mixed oxides with
alumina and silica for hydrogenation, dehydrogenation, skeletal isomerization of
hydrocarbons, polymerization of olefins and hydrodesulphurization [12-16]. Probably
due to the high oxidation activity of manganese oxides, very few studies have been
reported for their acid-base properties. MnO; has been claimed to be efficient for the

hydration of nitriles to amides, in which the acidic character of the catalyst is involved



{17, 18]. Re:O; supported on alumina exhibited strong acid sites and are efficient
catalysts for the metathesis of olefins [19]. Fe,O3 is regarded to be weakly acidic and
basic and Fe,0; obtained by heat-treating of FeSO,; showed maximum acidity and
catalytic activity at the calcination temperature of 700°C for several reactions [20-24].
The acidic sites in Co and Ni oxides are due to the presence of coordinatively
unsaturated Co and Ni ions and are established to be active for the dimerization of
olefins [4-6]. ZnO is considered as amphoteric and the acidity and basicity increase
when ZnO is mixed with other oxides [25-28] and thereby the catalytic activity is

enhanced.

Analysis of the voluminous patent literature concerning the selective oxidation of
hydrocarbons clearly indicates that majority of the efficient catalysts for these processes
are transition metal oxides. Their efficiency in oxidation reactions depends not only on
their redox properties but also on their acid-base properties. Numerous works are
reported to correlate the acid-base properties of mixed transition metal oxides with the

catalytic activity /selectivity in selective oxidation of hydrocarbons [29, 30].

The catalytic abatement of NOy has engrossed the interest of many laboratories
world wide because of the stringent regulations for the NO, emissions. Transition metal
oxides (for example, oxides of Cu, Co, Fe, Mn, Ti, and V) show promising results when

added as promoters or co-catalysts [31-34].

Transition metal oxides are efficient systems in relation to their adsorption
behaviour of reaction products. Their catalytic oxidation of CO is performed by a series
of reaction steps, while the adsorption of CO proceeds quickly and is limited only by the
desorption of CO,. It has been known for a long time that copper oxides display high
catalytic activity for the oxidation of CO [35-38]. A number of other transition metal
oxide systems, Cu-Cr-O, Cu-Al-O, Mn-Mg-Al-O, Mn-Al-Mg-O, Mn-perovskite and Ni-

Cu-Cr-0O also have been identified to be active over a wide range of compositions [39].

Ternary transition metal oxides with general formula AB,O,4, where A and B are
the metal cations, having the spinel structure show greater structural stability and
catalytic activity. In the present investigation, manganese-iron based spinel oxides of

chromium, cobalt, nickel, copper and zinc are chosen.



1.3 Ferrites

Mixed metal oxides with iron (III) oxides as their main component are known as
ferrites. Ferrites crystallizes in three different crystal types namely, magnetoplumbite,

garnet and spinel and accordingly they can be classified into three groups (Table 1.2).

Table 1.2 Crystal type of ferrites.

Type Structure General Formula Example
Magnetoplumbite Hexagonal A"Fe ;5049 BaFe |50y
Garnet Cubic Ln'"Fe,0, Ln'"' =Y, Sm, Eu,
Gd, Tb, Dy, Ho,Er,
Tm and Lu
Spinel Cubic A"Fe,0, A" = Cd, Co, Mg,
Ni and Zn
1.4 Spinels

The simplest among the ferrites are the spinel type. Simple ferrospinels
(A"Fe;0,), as well as mixed ferrospinels of the general composition A" By« " Fe,0, are
known. The interesting structural, electrical, magnetic and catalytic properties of these
compounds are governed by their chemical composition. So special care must be taken

in the preparation stages of these compounds to get ferrospinels with specific properties.

1.5 Methods of preparation
Ferrites can be prepared by almost all the existing techniques of solid state
chemistry, leading to a wide variety of forms: thin and thick films, single crystals and

polycrystalline aggregates. The ideal characteristics of ferrite powders are:

* Small particle size

* Narrow distribution in particle size
* Dispersed particles

* High purity

* Homogeneous composition



For the exact reproducibility of the ferrite particles utmost care must be taken
during the preparation stages. Minor changes in the preparation method can drastically

alter their properties.

The oldest method of preparation of ferrites is the ceramic method. The precursor
compounds are usually iron oxide (o-Fe,O3) and oxides or carbonates of the other
cations in the desired ferrite and these are ground well by mechanical milling. But this
method cannot produce fine particles and extended milling introduces significant
quantities of undesired impurities and the distribution in particle size becomes extremely
wide. The major drawback found for this method is the lack of homogeneity of the
material prepared. Again, the high temperature ( 1200 K) required to complete solid
state reactions leads to drastic decrease in surface area of the resulting material by
sintering.

Ferrite powders with all the ideal characteristics mentioned above can be
prepared by various new methods. Their common feature is that the mixing of
components takes place at the atomic or molecular scale. Co-precipitation is a very
suitable method for the creation of homogeneous catalyst components or for the
moulding of precursors with a definite stoichiometry, which can easily be converted to
the active catalyst [40]. This method is based on the stoichiometric mixing of aqueous
solutions of chlorides, nitrates and sulphates of Fe**, and of divalent Ni, Co, Mg, Ba, Sr,
etc., in the concentrations required for the ferrite composition and their simultaneous
precipitation in the form of hydroxides by NaOH [41-45]. This is followed by filtration,
washing and calcination of the product to form the oxide. The morphology, the texture,
the structure and the size of the particles can be accurately controlled by altering the pH
of the solution, temperature and nature of the reagents [46]. By this method ferrite
particles with a narrow size distribution in the range 50-500 nm may be obtained, with
high purity.

The precursor method allows the preparation of ferrites with a precise
stoichiometry. It involves the synthesis of a compound (precursor) in which the reactants
are present in the required stoichiometry. Upon heating in air (1200-1500 K), the
precursor decomposes to yield the ferrite [47-49). Particles with high magnetization,

high purity and size in the range 20-60 nm can be obtained by this method.



Sol gel techniques are receiving much attention because they can be applied to a
wide variety of materials; they offer the possibility of controlling not only the size and
distribution of particles, but also their shape. A broad range of ferrites with any desired
shape can be prepared by this technique [50-52]. The process involves the preparation of
a sol, which is a dispersion of a solid and a dispersed phase in a liquid (dispersion
medium). The sol is prepared by mixing concentrated solutions containing the cations of
interest, with an organic solvent as dispersion medium. The sol is then destabilized by
adding water, leading to the formation of a gel. This is transformed to the solid phz.15e by
high pressure heating whereby the liquid contained in the gel is transformed into

supercritical vapours.

Spray-drying technique of preparation of ferrites involves precipitation from a
concentrated solution of cations by solvent evaporation. To ensure that the particle size
remains small, the concentrated solution is atomized at high pressure into fine droplets of
100-500 pm diameter; the solvent is rapidly evaporated by an upward stream of hot gas.
Several alternative methods are currently under development, as an efficient way to
control the texture, composition, homogeneity and structural properties of the ferrite
particles [53-57).

In freeze drying method, the aqueous, concentrated solution is atomized into fine
droplets, and are rapidly frozen by blowing into low temperature bath such as ice-
acetone, or liquid nitrogen. The droplets are then dried in vacuum and the anhydrous
salts are calcined to produce fine powders. Ni-Zn ferrites have been obtained from

freeze-drying with high density and small and uniform grain size [58].

Combustion synthesis is a novel method for the preparation of fine particles of
ferrites making use of the exothermic redox reaction between metal nitrate and
tetraformal triazine or oxalic acid dihydrazine [59]. In this process stoichiometric ratio of
nitrates is dissolved in the minimum amount of water in a pyrex dish; the fuel is added
and is heated at 350°C in a muffle furnace. A heating rate of 75°C/min is used to obtain

good combustion. This method can be used for the synthesis of Ni-Zn and Co spinels.

In addition to the abcve-discussed methods, some other methods like molten salt

synthesis [60] and shock wave synthesis [61] are also applied in the ferrite synthesis.



1.6 Spinel structure

The spinel structure was first determined by Bragg and Nishikawa [62]. The unit
cell of a spinel contains eight formula units and hence can be represented as 8§[{AB,04].
The 32 oxygen anions per unit cell form a face centered cubic (fcc) lattice in which two
kinds of interstitial sites are present namely, (i) 64 tetrahedral sites, surrounded by 4
oxygens (A site) and (ii) 32 octahedral sites, surrounded by 6 oxygen ions (B sites). Of
these, 8 tetrahedral holes (1/8™ of the tetrahedral interstices) and 16 octahedral interstices
(1/2 of the octahedral interstices) are occupied by metal ions. The unit cell of an ideal
spinel structure is shown in Fig. 1.1. It is convenient to divide the unit cell into eight
edges of length a/2 to show the arrangements of the A and B sites (Fig. 1.2). The space
group is Fd3m (Oh’). The oxygen atoms have four-fold coordination, formed by three B

cations and A cation. The nearest neighbours of a tetrahedral site, octahedral site and

oxygen anion site are shown in Fig.1.3.
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Fig. 1.1 The unit cell of an ideal spinel structure. Hatched circles indicate A cations,

unhatched circles indicate B cations and large unhatched circle indicate oxygen anions.
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Fig. 1.3 Nearest neighbours of (a) a tetraedral site, (b) an octahedral site and (c) oxygen

anion.
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The ideal situation is never realized as the oxygen anions in the spinel structures
are generally not located at the exact positions of the fcc sublattice. The interstices
available in an ideal close packed structure of rigid oxygen anions can incorporate only
those metal ions with radius ry,, < 0.30 A in tetrahedral sites and only those ions with
radius, reca < 0.55 A in octahedral sites. So in order to accommodate larger cations such
as Co, Cu, Mn, Mg, Ni and Zn, the lattice has to be expanded. The difference in the
expansion of the octahedral and tetrahedral sites is characterized by a parameter called
oxygen parameter (u). In all ideal spinels, the parameter ‘4’ has a value in the
neighbourhood of 0.375. But in actual spinel lattice this ideal pattern is slightly
deformed, usually corresponds to u > 0.375. ‘u’ increases because the anions in the
tetrahedral sites are forced to move in the [111] direction to give space to the larger A
cations, but without changing the overall 43m symmetry. Octahedra become smaller and
assume 3m symmetry. In Table 1.3, interatomic distances are given as a function of the

unit cell parameter ‘a ‘ and the oxygen parameter %’ [63, 64].

Table 1. 3 Interatomic distances and site radii in spinels AB;Os as a function of unit

cell edge (a) and oxygen parameter (u).

Tetra-tetra separation A-A a (3/4)"*

Tetra — octa separation A-B a (11/8)"?

Octa — octa separation B-B a (2/4)"?

Tetra — O separation A-O a [3(u-0.25)]'?

Octa — O separation B-O a (3u-2.75 u + 43/64)'* a (5/8-u)

0-O tetrahedral edge 0-O a (2(2u-0.5)"*

0-O shared octa edge O-O a [2(1—2u)]1/2

0-0 unshared octa edge O-O a (4u” 3u + 11/16)'?

Tetrahedral radius a [3(u-0.25)]'"*- Ry

Octahedral radius a (3u?-2.75u + 43/64)'" - Ry a (5/8-u )- Ry

u is defined with unit cell origin at an A site and Ry is the oxide ion radius.

11



1.6.1 Distribution of metal ions over different sites
Normal, Inverse and Random Spinels

The interesting and useful electrical, magnetic and catalytic properties of the
spinels are governed by the distribution of metal ions among the octahedral and
tetrahedral sites of the spinel lattice. As mentioned earlier, the general formula of the
spinel is AB;O4, where A and B cations occupy the tetrahedral and octahedral sites
respectively. Many different cation combinations may form a spinel structure and it is
almost enough to combine any three cations with a total charge of eight to balance the

charge of the anions. The following combinations

A="2B="3 asin NiFe,04
A=*4,B="2 asin  Co,GeO,
A= +1,B="3%4 asin LiFeTiO,
A=*1,B="3 asin LipsFe; 504

A="1,B="2"5 asin LiNiVQ,
and

A=%6,B="1 asin  Na;WOQ,, are known.

The structure and the cation distribution of the spinels have been discussed by
Verway and Heilman [65]. If A denotes a divalent cation and B, a trivalent one, the
cation distribution is usually indicated as (A)[B,] O, where the square brackets indicate
the octahedral site occupancy and the cation in the parenthesis are located in the
tetrahedral sites. This is the so called normal distribution, in which the tetrahedral sites
are occupied only by the A- type ions and the octahedral sites by the B —type ions. The A
ions of a normal spinel occupy the 8 tetrahedral sites of the Oh’ space group and have a
point symmetry Ty The B ions of a normal spinel occupy the 16 octahedral sites of the
Oh’ space group and have point symmetry Djs. Another extreme cation distribution is,
(B)[AB] Os, as pointed out by Barth and Posnjak [66]. In this case the B cations occupy
the tetrahedral sites and all the A cations together with the other half of the B cations
occupy the octahedral sites. This type of spinel configuration is called inverse spinels.
Datta and Roy [67] and Hafner and Laves [68] have shown that there are many

intermediate or random spinels which are in between the pure normal and pure inverse

12
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arrangements. This can be represented as (A(1.x) Bx) [Ax B(2- x)] O4 , where x is the degree
of inversion, with a value of zero for normal and one for the inverse distribution. This
intermediate spinel structure is due to the average distribution of all the ions about all the

spinel cation positions (Table 1.4).

Table1.4 Cation distribution, lattice parameter (a) and oxygen parameter (u) for several

spinels.
Distribution a(A) u
Normal (Cd)[Fe] -~ 8.7050 0.3935
(Zn)[Fe,) 8.5632 0.3865
Inverse (Fe)[CoFe] 8.3500 0.3810
(Fe)[CuFe] 8.3690 0.3800
(Fe**)[Fe** Fe** 8.3940 0.3798
(Fe)[Lios Fey ) 8.3300 0.3820
(Fe)[NiFe] 8.3390 0.3823
Random (Mg Fe,)[Mg Fean] 8.3600 0.3820 (x = 0.10)
(M5, Fe,)[MnyFe.y) 8.5110 0.3865 (x = 0.85)
(Mo Fe)[MoyFe.y)] 8.5010 0.3751 (x = 0.50)

1.6.2 Factors determining the cation distribution

The physical and chemical properties of spinels depend not only on the kinds of
cations in the lattice, but also their distribution over the available crystal sites. It is thus

of major importance to understand the factors which influence the site occupancy.

The factors that contribute to the total lattice energy in spinels are:
(1) elastic energy

(i)  electrostatic (Madelung) energy

(iii)  crystal field stabilization energy

(iv)  polarization effects

13



The elastic energy refers to the degree of distortion of the crystal structure due to
the difference in ionic radii assuming that ions adopt a spherical shape. Smaller cations,
with ionic radii of 0.225-0.4 A, should occupy tetrahedral sites, while cations of radii
0.4- 0.73 A should enter octahedral sites. This distribution leads to a minimum in lattice
strain. Since trivalent cations are usually smaller than divalent ones, a tendency towards

the inverse arrangement would be expected.

The detailed Madelung energy calculations for spinels [69], show that this energy
is dependent on the u parameter. For u > 0.379, the normal distribution is more stable,
while for lower u values, the inverse arrangement possesses a higher Madelung constant.
The presence of two kinds of cation on octahedral sites in inverse spinels leads to an
additional contribution to the Madelung energy. The critical u value then becomes 0.381
[70]; Madelung energy is higher for the normal spinel if « > 0.381, and the inverse,

ordered spinel is more stable for u < 0.381.

The application of the crystal field theory to the understanding of cation site
preference was first suggested by Romeijn [71]. Dunitz and Orgel [72] and
simultaneously McClare [73] have calculated the octahedral site preference energies of

transition metal ions in oxides using crystal field theory (CFT) and is given in Table 1.5.

The data show that the systems with d° and d'® configurations have no crystal
field stabilization energy and hence no site preference. The ¢ system has the highest
octahedral site preference energy. The d' and d° ions can be further stabilized by
Jahn-Teller distortion. In the regular O, symmetry, octahedra of surrounding anions is
elongated or compressed in the z direction to give Dy, symmetry, the doublet (e,) and
triplet (tzg) levels split [74]. The splitting of the doublet is larger. In the case of
elongation, the d,* orbital is stabilized compared to the d,’,* orbital. Fe[CuFe]Os,
Mn[ZnMn]Os, Cr[NiCr]O4 and Zn[Mn;**]Os are examples of tetragonally distorted

spinels.

The last factor to be discussed is polarization effects. Polarization may simply be
considered as the degree of distortion of the electronic charge density around an ion.
This can arise from the negligible distortion and effective removal of an electron from

one ion towards its neighbour, giving rise to a purely covalent bond and a purely ionic
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bond, respectively. With regard to transition metal ions in spinels, only spherically
symmetric ions (d® and dm) can show tendency for covalency. In this case, tetrahedral
sites are preferred. Cations which show covalent affinity for tetrahedral environments are
Fe**, Ga®*, In** and, more strongly, Zn®* and Cd**. Spinels with the former cations tend,

therefore, to be inverse while those with the latter tend to be normal.

When the various factors are counterbalancing, there can be a completely random

arrangement of metal ions among the eight tetrahedral sites and sixteen octahedral sites.

Table 1.5 Crystal field stabilisation energies for transition-metal cations on octahedral

and tetrahedral spinel sites.

Number of = Theoritical cfs in terms of Dq Cations Estimated octahedral
d electrons site preference
energies, eV
Octahedral Tetrahedral
1 4 6 Ti°* 0.33
2 8 12 v 0.53
3 12 8 v 1.37
cr* 2.02
4 6 4 Mn* 1.10
Ccr*t 0.74
5 0 0 Fe* 0
Mn?* 0
6 4 6 Fe?* 0.17
Co** 0.82
7 8 12 Co* 0.09
8 12 8 Ni2* 0.99
9 6 4 Cu** 0.68

10 0 0 Zn** 0
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1.6.3 The surface of catalytically active spinels

The surface structure and properties of spinels are of wide interest. The principal
and interesting question to ask is, which plane, which coordination and which valency
states are responsible for the catalytic activity and selectivity in spinels? There are many
reports that the tetrahedral sites in spinels are not active [75-77]. The fact that the
tetrahedral sites are not active could origimate from stronger metal-oxygen bonds due to
the lower valency and coordination number. Moreover, the tetrahedral sites are not
accessible to the reactants [78]. In the literature, usually only the low-index planes are
taken into consideration when discussing the surface of spinels [75, 79-81]. Following
the suggestion by Kndzinger and Ratnaswami [75] and using their notation one can
distinguish six different low-index surface planes, which are shown in Fig. 1.4. From
the figure it follows that A (111), C (110), E (100), and F (100) planes have both
tetrahedral and octahedral sites on the surface, while B (111) and D (110) planes expose

only octahedrally coordinated cations.

Fig. 1.4 The low-index planes of a normal spinel structure: (a) A (111), (b) B (111), (¢)
C (110), (d) D (110), (e) E (100), (f) F (100). The open spheres represent the oxygen
anions, the solid spheres the octahedral cations and hatched spheres the tetrahedral

cations.
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According to Ziolkowski and Barbaux [79], from the theoretical calculations, the
A (111) and D (110) planes are preferred in the surface, but these predictions do not
form a final conclusion. Shelef and coworkers [80-82] made an experimental attempt to
elucidate the surface structure of spinels using the low energy ion scattering (LEIS) and

they support the idea that the tetrahedrally coordinated cations are not accessible for the

reactant molecules.

Beaufils and Barbaux [76, 77] investigated the surface composition of normal
spinel oxides by differential neutron diffraction (D.N.D) techniques and concluded that
the surface of spinel consists of a mixture of (110) and (111) planes. By comparing the
experimental results of D.N.D with some models involving argon-oxygen distances, they
observed that these planes contain only octahedral cations and oxygen anions
respectively. Jacobs et al. [78] confirmed this by the LEIS technique. By substitution of
the Mn and Co cations in different sites in the spinel structure of MmO, and Co;04 by
other cations which are not active in the selective reduction of nitrobenzene to
nitrosobenzene, they studied the role of these sites in the catalytic reaction. Their results
confirmed the idea that octahedral ions are exposed almost exclusively at the surface of
the spinel oxide powders and only these sites participate in the reaction. The only two
low-index planes of the spinel structure, which can satisfy this condition, are identified
as B (111) and D (110). The absence of occupied tetrahedral sites at the surface is a more

general property of spinels.

1.7 Spinels as catalysts

Ternary oxides crystallizing with spinel structure exhibit interesting catalytic
properties. However, individual metal oxides lose their catalytic activity rapidly owing
to ageing and coke formation on the catalyst surface. The spinel lattice imparts extra
stability to the catalyst under various reaction conditions, so that these systems sustained
activity for longer periods [83]. In spinel systems correlation between catalytic activities
and the electric and the magnetic properties are often found; this is a direct consequence
of the dependence of both properties on the nature of the ions, their charges, and their
distributions among octahedral and tetrahedral sites. Jacobs er al. in their recent work

revealed that octahedral sites are exposed almost exclusively at the surface of spinel
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[78]. The tetrahedral ions are either inactive or contributing only a little to the catalytic
properties [85]. The lower activity of the tetrahedral ions comes from the fact that the
metal oxygen bonds will be stronger due to lower coordination number and hence such

cations are less accessible to the reactants.

Among the spinel compounds, ferrites have been used as effective catalysts for a
number of industrially important reactions such as oxidative dehydrogenation of
hydrocarbons, hydrodesulphurization of petroleum crude, treatment of automobile
exhaust gases, oxidation of CO, etc. The catalytic effectiveness of ferrites for many such
reactions arises because of the ease with which iron can exchange its oxidation state
between 2 and 3. Even if reduction of Fe**to Fe?* occurs, spinel structure remains

unaltered and upon reoxidation the original state can be regained [85].

Many single and mixed oxides have been mentioned as catalysts for the oxidative
dehydrogenation (ODH) of olefins. Bajaras et al. reported MgFe,O,4 as an efficient
catalyst for the oxidative dehydrogenation of hydrocarbons containing 4 to 6 carbon
atoms [86]. Gibson and Hightower made kinetic and mechanistic studies of oxidative
dehydrogenation of butene to butadiene over magnesium ferrite using deuterium and **C
labelled isotopic traces [87]. Their kinetic studies showed that the reaction is zero order
in oxygen and first order in olefin at low partial pressures of butene. They suggested a
modified Rennard-Massoth mechanism for the reaction in which the butene adsorption
site is postulated to be an anion vacancy. Zinc-chromium and magnesium-chromium
ferrites with spinel structure are superior catalysts for the oxidative dehydrogenation of
butene to butadiene [83, 88, 89]. The Cr** ions, incorporated into octahedral site in
spinel lattice, inhibit the bulk reduction of the catalyst and increase its activity and
selectivity for the reaction. Cares et al. reported CoFe;0O4, as a better catalyst over
CuFe,0, for the dehydrogenation reaction [90]. A probable reason for the difference in
activity of two catalysts is the greater reducibility of the copper ions relative to the cobalt

ions as suggested by the authors.

Methy! tertiary —butyl ether (MTBE) is an octane number enhancer as well as an

emission reducing agent present in much of the unleaded gasoline today. Improvements
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in the catalytic higher alcohol synthesis (production of isobutanol and methanol for
downstream synthesis to MTBE) from syn gas are necessary in order for the reaction
pathway to become economically viable. A commercially available Zn/Cr spinel catalyst
is Engelhard Zn-0312. Epling er al. promoted this commercial catalyst with varying
amount of potassium and cesium [91-94]. Their results indicate that a better catalyst for
the production of an equimolar mixture of isobutanol and methanol can be achieved by
promoting the Zn/Cr spinel by Cs rather than K and Cr, which are found to be
unnecessary for higher alcohol syntheses and possibly detrimental. Further, the authors
prepared a series of Zn/Cr/ Mn spinel catalysts promoted with Cs and Pd in which some
of the Cr atoms have been replaced by Mn and the resulting data indicate that Mn

improves the catalytic properties of Cs promoted spinels [95, 96].

Another important reaction catalyzed by oxidic spinels is selective reduction of
nitrobenzene to nitrosobenzene, which is an intermediate of various organic syntheses
leading to widely used antioxidants. Maltha ef al. investigated the active sites of some
manganese and cobalt spinels in the selective reduction of nitrobecnzene and showed
that Mn and Co ions in the octahedral positions are responsible for the catalytic
activity [97]. Ziolkowski et al. report that spinels of nominal composition
Zn.oMnALOy, (0< x > 3) are active, selective and are stable catalysts for the selective
reduction of nitrobenzene to nitrosobenzene [98]. A series of mixed cobalt aluminium
oxides with spinel structure showed high activity for this reaction and the catalytic
activity is related to the concentration of cobalt ions on the catalyst surface [99]. This is

in agreement with the operation of the Mars-van Krevelen mechanism.

The production of oxygen gas for many years relied on the electrolysis of water. The
heterogeneous decomposition of hydrogen peroxide is a convenient alternative to the
electrolysis of water for the production and storage of oxygen gas. Cobalt ferrite
(CoFe-0y) catalyzes, the decomposition of hydrogen peroxide to the same extent as
expensive noble metal oxides such as silver oxide. platinum and palladium black {100].
The high activity of cobalt-iron spinel oxide system towards the peroxide decomposition

was explained by a redox-couple mechanism in which the presence of Co" ion at the
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octahedral lattice sites of the cobalt spinel oxide structure initiated a cyclic electron
transfer process [100-102].

There are many studies in search of a spinel compound with optimum catalytic
activity for the peroxide decomposition. Investigations on the catalytic properties of
CoFe3.<04, NicFes.4O4 and Cu,Fe;.O4 (0 x 3) in strong alkaline media have shown
that the activity follows the order Co> Cu > Ni [101, 103-105]. Attempts on the intrinsic
catalytic power of ferrospinels with stoichiometry, M''Fe,0, (M" = Mn, Co, Ni, Cu, Zn
and Cd) for hydrogen peroxide decomposition in neutral medium (pH = 6.6) have shown
that ferrospinels with M" = Mn and Co are highly active and M" = Ni, Cu, Zn and Cd
are moderately active [104]. Senguptha et al. tried the peroxide decomposition over a
series of manganese ferrospinels, Mn,Fe3.404 (0 x 3) and out of which Mnys  FegsO,4

promises to be a potential cost effective substitute for the noble metal oxides [107].

The Fischer-Tropsh synthesis for the production of hydrocarbons from syn gas
has been studied over manganese ferospinels by Maiti et al. and compared its activity
and selectivity compared with pure iron oxides or elemental iron [108]. The mixed iron
manganese catalysts with spinel phase results in stable activity. The low concentration of
manganese promotes the formation of olefins, whereas high manganese catalysts
promote the formation of saturated hydrocarbons. In a recent work Cabet et al. and
Tihay et al. investigated the catalytic behaviour of Co-Fe oxides with spinel phase in the
hydrogenation of carbon monoxide in the Fischer— Tropsh synthesis and they proved the

ability of such catalysts to produce C,-Csolefins [109, 110].

Nitrogen oxides and soot particulates emitted from diesel engine have been
causing serious problems to global environment and human health. Ternary AB,0O,4 (A =
Mg, Co, Cu, Ni and Zn and B = Cr, Fe and Mn) spinel type oxides catalyses the
simultaneous removal of NO, and diesel soot to form carbon dioxide, nitrogen and
nitrous oxide and the superiority of spinels to constituent simple metal oxides and their
mixture is confirmed [111]. The catalytic performance of the spinels depends
significantly on the constituent metal cations and CuFe;0y is the most excellent system
with highest selectivity to nitrogen formation, lowest selectivity to nitrous oxide and

provides intermediate ignition temperature of soot [112].
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Chlorinated  organic compounds are highly toxic for the environment. The
catalytic  hydrodechlorination of polychlorinated aromatic compounds
[1,2,4-trichlorobenzene — benzene] using Ni catalysts with spinel structure is found to
be a promising attempt to reduce the environmental pollution [113]. NiALO4 prepared
by the low temperature method catalyze the exhaustive dehydrogenation with no loss in
activity, which can occur as a result of the toxicity of the hydrogen chloride produced.
Nickel spinel systems are also found to be active catalysts for ozone decomposition
reaction to obtain highly reactive atomic oxygen, which is able to oxidize harmful

organic compounds at room temperature [114].

1.8 Transport studies

Ferrites attracted the attention of physicists and technologists since they are
magnetic semiconductors. Both semiconductors and magnetic materials exhibit
interesting properties that could be used in electronic devices. Semiconductors find
endless uses in electronic devices while ferrites find application as passive devices in a
multitude of devices due to their high electrical resistivity, low eddy current losses and
appropriate dielectric loss. They are used nowadays in industry as transformer cores, TV

yokes, telephone receivers, loud speakers, permanent magnets and memory devices.

Spinel ferrites, in general are semiconductors with their conductivity values
varying between 107 and 10" ohm™ cm™. The conductivity is due to the presence of
Fe?* and M* (M = metals like Co, Ni, etc.). The presence of Fe** results in n-type and
presence of M in p-type behaviour. The conductivity arises dueto the mobility

of extra electron (from Fe**) or the positive hole (M**) through the crystal lattice.

The conduction mechanism in ferrites is quite different from that of
semiconductors. In semiconductors the charge carriers occupy states in wide energy
band. But the charge carriers in ferrites are localized at the magnetic atoms. In ferrites,
the cations are surrounded by close-packed oxygen anions and the electrons associated
with particular ion will largely remain isolated. Hence a localized electron model is more
appropriate in the case of ferrites rather than the electron band model. Also, in ferrites

the temperature dependence of mobility affects the conductivity whereas the carrier

concentration is unaffected.

21



Many models have been suggested to account for the electrical properties in
ferrites [115-121]. The factors that differentiate electrical behaviour of ferrites from that
of semiconductors, led to hopping electron model [122-124]. The conductivity in these
systems is found to be due to the electronic exchange between Fe®* amd Fe®* ions,
distributed on crystallographically equivalent lattice points [125]. Niko’skii [126] has
shown that the hopping of electrons between Fe** and Fe’* ions, arranged in non-
equivalent points (ie. octahedral and tetrahedral sites) could also play a substantial role
in the conduction process. The hopping probability depends upon (i) the separation
between the ions involved and (ii) the activation energy. Assuming all the Fe** ions in
the octahedral sites to participate in the hopping transport, the mimber of charge carriers
(n) works out to be of the order of 10 cm™. Since mobility is very low, the conductivity

is low, even though n is large.

The electrical properties of the ferrites are affected by the distribution of cations
in the octahedral and tetrahedral sites, preparation conditions, particle size and particle
growth effects. The electrical properties of manganese ferrites have been studied by
many investigators [127-132]. Among them, Lotgerring [132] has investigated the
semiconducting properties of the ferrite system, Mn,«Fe;.xOs and explained the
observation on the basis of Verwey hopping mechanism. A systematic study of the
electrical conductivity of manganese magnesium ferrites as a function of composition
and temperature has been made by Venugopal et al. [133]. They divided the mixed
ferrites under study into two groups. The mixed ferrites of group I have a slight excess of
cations and show n-type conduction, whilst those of group II have a cation deficiency
and show p-type conduction. The mechanism of the electrical conduction is explained in
terms of the oxidation of Fe** ions by Mn®* ions on octahedral sites. Perchiik et al. [134]
suggested a hopping theory for the description of transport phenomena in the case of

MnysMgpeFe204 in the temperature range 300 to 800 K.

Various research groups evaluated certain important parameters of a
semiconductor such as the energy gap, lattice frequencies and activation energies
involved in the lattice deformation and compared with those obtained in the case of

cobalt and nickel ferrite systems [135-137]. Jonker studied the electrical conductivity of
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a series of ferrites Co;.xFe»+xO4 and observed two regions of conductivity. One region is
of low conductivity containing Co®* and Co®" ions and is of p-type semiconduction. The
other region was of high conductivity containing Fe’* and Fe’*and it is the
n- type semiconduction. The DC resistivity of a nickel ferrite with composition
NigoCupgFe, 9MngO4 has been measured from room temperature to 300°C by

Sinha er al. [138]. It was pointed out that large value of dc resistivity indicates low

mobilities and high effective mass for the carriers.

Of late, the chemists are interested in the electrical properties of ferrites for the
kinetic and mechanistic studies of various reactions. Narasimhan et al. studied the
decomposition of isopropyl alcohol on MgAl,..Fe,O4 (0 £ x = 2) and correlated the
catalytic activity with the electrical conductivity of the systems [85]. Their results
showed that there is no correlation between the dehydration activity and electrical
conductivity. Thus electrical properties of the catalysts do not seem to play any role in
the dehydration reaction. But the dehydrogenation activity varies linearly with
activation energy for conduction. The higher the degree of n-type conductivity, the

higher is the dehydrogenation activity.

Cares and Hightower supported the Rennard-Kehl mechanism of zero order
oxygen dependence on oxidative dehydrogenation of butene to butadiene by the
electrical conductivity measurements on cobalt ferrite [90]. Ghorpade et al. prepared a
series of CuCryxFe:04 (0 £ x > 2) and evaluated the electrical conductivity and
correlated the activation energy for conduction with the liquid-phase benzene alkylation
reaction [139]. The activation energy goes on decreasing as ‘x’ increases from 0 to 1 and
the decrease in activation energy increases the formation of diphenylmethane. The small

magnitude of the activation energy or the energy gap rules out the possibility of holes

1aking part in the reaction.

In the present investigation manganese ferrospinels of Cr, Co, Ni, Cu and Zn are
chosen. The materials are prepared by the soft-chemical route and their electrical

properties such as conductivity, carrier mobility and hole effects are correlated to various

reactions studied.

23



1.9 Acid- base properties

Surface acidity and basicity investigations have received considerable attention
in recent years, since they play important role in many catalytic reactions. In the case of
reactions that have been recognized to be catalyzed by acid sites on a catalyst surface,
basic sites also act more or less as active sites in cooperation with acid sites. The catalyst
having suitable acid-base pair sites sometimes show pronounced activity, even if the
acid-base strength of a bi-functional catalyst is much more weaker than the acid a base
strength of simple acid or base. For example, ZrO,, which is weakly acidic and basic
show higher activity for C-H bond cleavage than highly acidic SiO,-ALQO; or highly
basic MgO [140]. A systematic investigation of the activity and selectivity of a catalyst
and acid-base property (strength, amount and type) enabled the development of an
optimum catalyst with desired acid-base properties for a specific reaction. Development

in this area has given rise to numerous methods for exploring these properties.

1.9.1 Surface electron donating properties

The electron donor strength of the metal oxide can be defined as the conversion
power of an electron acceptor adsorbed on the surface into its anion radical [141]. The
electron donor sites are associated with surface hydroxyl groups and with defect centres
involving oxide ions. Study of electron donor properties of metal oxides by the
adsorption of electron acceptors of various electron affinity values has been a well
established technique. The first work of this type is the one reported by
Flockart et al. [142], who investigated the electron donor properties of an alumina
surface by the adsorption of tetracyanoethylene (TCNE). Similar studies on single metal
oxides and binary metal oxides have also been reported by several other workers {143
148].

If a strong electron acceptor is adsorbed on the metal oxide, its anion radical is
formed at strong as well as weak donor sites present on the surface. On the other hand, if
a weak electron acceptor is adsorbed, the formation of anion radical is expected only at
the strong donor sites. In the case of a very weak electron acceptor adsorption, its anion
radical will not be formed even at the strongest donor sites. The electron donating

capacity can be expressed as the limiting electron affinity value at which free radical
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anion formation is not observed at the metal surface. Thus by comparing the limiting
amount of the electron acceptor adsorbed on the catalyst surface and the electron affinity
values of the respective electron acceptor used, it is possible to get an insight into the

strength and distribution of the electron donor sites on the surface.

A detailed investigation of electron donating sites on oxide surfaces has been
carried out by Cordishi et al. [149, 150]. They correlated electron donating sites on the
surface with the Lewis basicity. The donor sites is proposed to be a coordinatively
unsaturated oxygen ion, (Oz'cus) associated with a nearby OH™ group, whose proton
interacts with the radical anion formed giving stability. Thus Bronsted acidity stabilized
the radical ion formed and the active site can be considered as acid-base pair as shown

below.

A — H*

+A
OH — - O —wmr O

0%, — M

cus

Meguro et al. reported adsorption of electron acceptors on alumina and
according to them surface hydroxyl groups are responsible for the electron donating
properties of the oxides [148]. The ionization potential of hydroxyl group is
comparatively small (about 2.6 eV in gas phase) [151], and therefore an oxidation-
reduction process of the type, OH" + EA—5 OH + EA’, where EA is an electron

acceptor can be included.

Electron acceptors such as 7,7,8,8-tetracyanoquinidodimethane (TCNQ), 2,5-
dichloro-p-benzoquinone (DCQ), p-dinitrobenzene (PDNB) and m-dinitrobenzene with
electron affinity values 2.84, 2.30, 1.77 and 1.26 eV respectively are extensively used for
probing electron donor sites on the surface [141]. Esumi e al. carried out the adsorption
of 2,3,5,6-tetrachloro-p-benzoquinone (chloranil) with electron affinity value 2.40 eV
from acidic and basic solvents on metal oxides such as alumina and titania. They could
successfully correlate the amount of chloranil adsorbed with acid-base interaction at the
interface. Meguro et al. studied the adsorption of electron acceptors with electron
affinity values from 1.26 to 2.84 eV on the surface of alumina by measuring the

adsorption isotherms, esr and electronic spectra [152]. They observed that radical
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concentration decreased as the electron affinities of electron acceptors decreased from
2.84 to 1.77 and thus it was noted that the radical concentration formed were directly

related to the electron affinity values of the respective electron acceptor employed.

Esumi and coworkers investigated the solvent effects on the acid-base interaction
of the electron acceptors (TCNQ and chloranil) with the metal oxide such as alumina and
titania [153, 154]. They could see that the amount of electron acceptors adsorbed and the
concentration of anion radicals formed decreased with an increase in acid-base
interaction between the electron acceptor and the organic solvents used. Drago equation
[155] was applied to understand the nature of interaction of different solvents with
TCNQ. It was observed that acid-base enthalpy between TCNQ and the organic
liquids increased in the order 1,4 dioxane > ethyl acetate > acetonitrile. So the electron
acceptor adsorption is greatly depressed by the interaction between TCNQ and

acetonitrile.

The effect of calcination temperature on the electron donating property of
zirconia was studicd by Esumi er al. [156]. An increase of calcination temperature
reduces the amount of electron acceptor adsorbed indicating the reduction of OH" on the
surface. Above 900°C the amount of adsorbed species again increased due to the

formation of surface oxide ions.

Sugunan et al. investigated the electron donor properties of rare earth oxides such
as Pr¢Oy1 [157], CeO; [158], Sm,03 [159], La;03 [160] and Nd2Os {161, 162] and their
mixed oxides with alumina as a function of composition and activation temperature. It
was found that the number of both strong and weak donor sites was increased with
increase in calcination temperature. The extent of electron transfer was characterized by
magnetic measurements. During adsorption, magnetic moment decreased and reached a
limiting value at the same concentration at which the limiting amount of electron

acceptor was adsorbed.

1.9.2 Temperature programmed desorption studies
Temperature programmed desorption of basic molecules such as ammonia,
pyridine, n-butylamine, etc. is an accepted technique extensively used to characterize the

acid strength as well as acid amount on a solid catalyst surface [163-166]. When gaseous
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bases are adsorbed on acid sites the one which is adsorbed on a strong acid site is more
stable than the one which is adsorbed on a weak acid site and is more hard to desorb. As
elevated temperatures stimulate the evacuation of the adsorbed bases from the acid sites,
those at weaker sites will be evacuated preferentially. Thus, the proportion of the
adsorbed base evacuated at different temperatures can give a measure of acid strength.
Also, the amount of gaseous base, which a solid acid can adsorb chemically from the
gaseous state can be taken as a measure of the amount of acid sites on its surface. The
advantage of TPD method over the other techniques is that it allows the study of the
catalyst under conditions more or less similar to that of reaction and that the acid amourt

for a solid at high temperatures (several hundred degree centigrade) can be determined.

The NH;-TPD method is widely employed to characterize the acidity of solid
catalysts [167-178]. Ammonia is an excellent probe molecule for testing the acidic
properties of solid catalysts, because its strong basic;ity and small molecular size allow
the determination of acidic sites of any strength and type [167, 168]. Though ammonia
TPD method is unable to distinguish the type of acid sites (Lewis and Bronsted acidic
sites) it gives the total acidity and acidity of solid catalyst at any temperature region. The
NH;-TPD spectra are often poorly resolved and experimental artifacts such as change in
the activation treatment and curve deconvolution methods can give insights on site
distribution and heat of desorption. Thus, on the basis of complementary characterization

results, a fairly reliable interpretation of the NH3-TPD pattern can be attained [178].

Generally, IR spectroscopy [173, 174], calorimetric [172] and TPD techniques
are employed to achieve information on the interaction of NH; with solid acids. Kijenski
et al. [179] reported that when NHj is chemisorbed on a surface having acidic properties,
it can interact with acidic protons, electron acceptor sites and hydogen from neutral or
weakly acidic hydroxyls. The NH; adsorbed on a surface can be retained either by
hydrogen bonding via one of its hydrogen atoms to a surface oxygen atom or oxygen of
the hydroxyl group or by the transfer of protons from surface OH to ammonia [180).
These two interactions involve neighbouring anions or OH groups. The strongest

interaction is the coordination to an electron deficient atom. The dissociative adsorption
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in the form of surface NH, or NH and OH is also possible. Another mode of interaction

is the complete transfer of H* from Bronsted sites to produce NH,*.

Trombetta et al. made NH;-TPD study on mono and bi-pillared smectites [181].
The desorption of ammonia was run 5etween 373 and 873 K to allow the total
evacuation of ammonia molecules. By this technique they work out the total acidity per
unit area of montmorillonite and saponite. From the relative amounts of ammonia
desorbed at different temperatures (measure of the strength of the adsorbing sitej, they
observed that pillared montmorillonite carry stronger sites than the layer surface, while
the reverse is observed for the saponite. In all the samples they observed that majority of
NH; desorbed between 473 and 573 K.

Sato et al. studied the TPD of ammonia adsorbed on cation-exchanged ZSM-5
(182]. The TPD spectrum of ammonia showed two distinct peaks for H-ZSM-S,
indicating the existence of strong (a peak at 723 K) and weak (a peak at 463 K) acid
sites. Hashimoto et al. describes a method which calculates the density function of
activation energy for desorption of ammonia by analyzing the TPD spectrum of

ammonia [183].

The heat of adsorption of a base is clearly a measure of the acid strength on a
solid surface [164]. Tsutsumi et al. plotted differential heat of adsorption for ammonia
on Si02-AlO; and SiO; against the surface coverage [184]. Heat of adsorption

corresponding to acid strength increases with increasing alumina content in SiO,-ALOs.

Arena et al. made a characterization study of the surface acidity of solid catalysts
by temperature programmed desorption of basic probe molecules such as ammonia,
pyridine and benzene [178]. According to them, TPD of adsorbed ammonia is a reliable
method to feature the strength but not the nature (Lewis and Bronsted) of surface acid
sites in solid acid catalysts. Mathematical analysis of NH3-TPD spectra highlights the
presence of weak, medium and strong acid sites on all the catalysts and also enables their
quantitative estimation. A comparative evaluation of the TPD patterns of ammonia,

pyridine and benzene sheds light on the nature (Lewis and Bronsted) of the acidic sites.
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1.9.3 Thermogravimetry of desorption of basic molecules

The thermogravimetry (TG) of desorption of basic molecules is an existing
method for the estimation of the acid amount together with the acid strength of a solid
catalyst [164]. Pyridine has been the most widely used base for the acid characterization
purposes, due its interaction with both Bronsted and Lewis acid sites [185-191]. The
thermodesorption study of the pyridine adsorbed samples gives the total acid amount on
the solid surface. Thus this method supports the results obtained from NH;-TPD
method.

Recently, it has been shown that sterically hindered dimethylpyridines can be
used successfully to characterize acid surfaces through their chemisorption
measurements [190]. The adsorption of 2,6-dimethylpyridine (2,6-DMP) is weaker than
that of pyridiné, even though the former is a stronger base. This indicates the presence of
steric hindrance of methyl groups adjacent to nitrogen atom for the adsorption of
methylpyridines [191]. The most important features of these molecules, when compared
with pyridine, are their higher basicity (the pK,is 6.7 for 2,6-DMP and 5.2 for pyridine)
and their specificity for protonic centers. In the case of an acid catalyst, fluorinated y
Al,Os, which contains both Bronsted and Lewis acid sites, pyridine fails in titrating the
Bronsted acidity mainly due to the low surface concentration of these sites capable of
interacting with pyridine. 2,6-DMP is a more convenient probe molecule for the specific

determination of Bronsted acidity [192, 195].

The possibility of determination of Bronsted acidic sites in solid catalysts using
2,6-dimethylpyridine as a probe molecule is established by several authors [18%191,
193, 194]. Satsuma et al. examined the possibility of use of dimethylpyridines (2,6-DMP
and 3,5-DMP) as probe molecules on metal oxides for the determination of the acid
strengths of Bronsted and Lewis acid sites [196]. From the IR spectra of 2,6-DMP
adsorbed on alumina, they showed that 2,6c-DMP. is held coordinatively on Lewis acid
sites at lower temperature. By employing the appropriate purging temperature, 2,6 DMP
is eliminated selectively from the Lewis acid sites and selective adsorption of 2,6 DMP
on Bronsted acid sites is achieved. It is also demonstrated that the profiles of TPD

studies of both 2,6- and 3,5-DMP ensure the measurement of the amount of Bronsted

and Lewis acid sites on solid catalysts.
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1.9.4 Cyclohexanol decomposition

Alcohols are amphoteric and they interact with both acidic and basic sites. The
utility of alcohol decomposition as a test reaction for acid-base property studies of metal
oxides is well established [27, 29, 197-202]. It was observed that metal oxides catalyze
both dehydration and dehydrogenation of alcohols. Dehydration of alcohol leads to an
olefin and dehydrogenation forms an aldehyde (in the case of primary alcohols) or a
ketone (in the case of secondary alcohols) and hydrogen. At elevated temperatures,
decomposition may involve C-C bond cleavage giving products like CO, COy etc. At

near ambient temperatures ether can be a major product.

According to the generally accepted concept, dehydration is an acid catalyzed
reaction whereas dehydrogenation, which proceeds by a concerted mechanism, is due to
the combined effect of both acidic and basic sites on the system. Thus, dehydration
activity gives the direct measure of the acidity of the system, whereas the ratio of the

dehydrogenation activity to the dehydration activity gives the basicity of the system [85,
203).

One of the most widely studied alcohol decomposition reaction for the acidity-
basicity correlation is the cyclohexanol decomposition. The amphoteric nature of
cyclohexanol permits its interaction with both acidic and basic sites. As a result of this,
dehydration and dehydrogenation are catalyzed by the oxide systems forming

cyclohexanol and cyclohexanone (Fig. 1.5).

0]
OH + H,
(cyclohexanone)
@ + H,0
(cyclohexene)

Fig. 1.5. Scheme of decomposition of cyclohexanol
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Bezouhanava et al. have noticed cyclohexanol decomposition as an easy and
reliable method to determine the functionality of metal oxide catalysts [204]. They
correlated the dehydrogenation activity to the existence of basic sites originating from
the lattice oxygen. Stronger acid sites are needed for dehydration of cyclohexanol
compared to other secondary and tertiary alcohols like isopropyl alcohol or tertiary butyl
alcohol. The test reaction of cyclohexanol decomposition was done over HZSM-5, HY,
SAPO, MAPO molecular sieves and commercial chromite catalysts to characterize their

acid-base properties [205].

Rachel et al. have studied the selectivity for dehydrogenation reaction in the
decomposition of cyclohexanol as a function of copper loading assisted by the
predominantly basic character of ZrO; in CuO/ZrO; catalyst [206]. The influence of
copper ions in the octahedral sites of spinel catalysts on the transformation of
cyclohexanol to cyclohexanone was studied by Jebarathinam et al. also. Their
investigation indicates that Cu* at the octahedral sites is more active than Cu®for the
dehydrogenation of cyclohexanol [207]. The same authors studied the effect of Zit* in
NiFe>04 matrix on the catalytic decomposition of cyclohexanol. Introduction of Z* in
NiFe;Os matrix creates strong basic sites and facilitates the dehydrogenation of

cyclohexanol to cyclohexanone [208].

Aramendia et al. observed an increase in selectivity towards cyclohexanone in
the decomposition reaction of cyclohexanol by doping sodium carbonate in zinc
phosphate. Addition of Na;CO; during the synthetic procedure increases the surface
basicity of the resultant solids and it enhances the dehydrogenation rate of cyclohexanol
[209]. Catalytic decomposition of cyclohexanol over Mg;.,Zn,Al,O4 reported by Joshi
and coworkers established the correlation among transport properties, surface acidity and
catalytic behaviour [210]. Investigations on alumina by Pines et al. spot out to the
formation of methylcyclopentene on stronger acidic sites, which is formed by the

isomerization of cyclohexene [211].
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1.10 Reactions selected for the present study

(a) Acylation of aromatic compounds

Benzoylation under Friedel-Crafts acylation reactions are important in organic
synthesis and provide fundamental and useful method for the preparation of aromatic
ketones in chemical industry, which are used in the manufacture of weed killers, dye
intermediates, etc. An attempt is made to eliminate the disadvantages of homogeneous
catalytic processes by replacing the hazardous homogeneous catalysts sud as AlCl;,
TiCls, FeCls, SnCly, etc. by solid acid catalysts. A detailed description of these reactions

is given in chapter 4.

(b) Alkylation of aniline and phenol

Alkylation of aniline and phenol are industrially outstanding reactions due to
the numerous use of the alkylated products. Alkylation of aniline gives both C-alkylated
and N-alkylated products and of these, N-alkylated ones such as N-methylaniline and
N,N-dimethylaniline are more synthetically valuable. Alkylation of phenol gives a wide
range of products and among them, cresols and xylenols are the most important ones.

Chapter 4 deals with a detailed discussion of each type of these reactions.

(c) Phenol hydroxylation

Phenol hydroxylation is one of the industrially important reactions as the
products namely catechol and hydroquinone - are extensively used as photographic
developers, ingredients for food and pharmaceutical applications and antioxidants. This
reaction has an added importance for the reduction of phenolic pollutants in the aqueous
effluents from industries such as pharmaceutical, chemical, petrochemical, etc. Chapter 5

covers a thorough discussion of this reaction

(d) Oxidative dehydrogenation of ethylbenzene
Oxidative dehydrogenation of ethylbenzene is an industrially impartant process
for the production of styrene. In chapter 5, we discuss the correlation between acidbase

properties of the catalyst and selective formation of styrene from ethylbenzene.
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1.11 Objectives of the present work

Mixed metal oxides having spinel structure exhibit interesting structural,

electrical, magnetic and catalytic properties. These systems have been found to possess

extra stability under various reaction conditions and have sustained activity for longer

periods. These spinel oxides are cheap and their preparation method is simple. These

attractive features of spinel oxides prompted us to prepare manganese ferrospinels via

low temperature co-precipitation method and investigate their catalytic properties for

various reactions. The main objectives of the present work can be summarized as

follows:

To prepare manganese ferrospinels containing Cr, Co, Ni, Cu and Zn by low
temperature co-precipitation method and characterize these by adopting various
physico-chemical methods such as XRD, ICP, BET surface area, DRIFT, TGA,

DC conductivity measurements and Hall effect measurements.

To evaluate the surface basicity using electron acceptors of various electron

affinity values.

To estimate the surface acidity by the temperature programmed desorptian of
ammonia (NH3;-TPD) and by the thermodesorption studies of pyridine and 2,6-
dimethylpyridine adsorbed samples.

To study the vapour-phase cyclohexanol decomposition reaction and to correlate

the results with surface acid-base properties.

To assess the catalytic activity of the samples towards the industrially important

reaction, namely Friedel-Crafts benzoylation of aromatic compounds.

To evaluate the catalytic activity of the systems for aniline and phenol alkyation

using methanol as the alkylating agent.
To study the phenol hydroxylation reaction over all the prepared systems.

Another important objective of the present work was to evaluate the catalytic
activity of the systems for the oxidative dehydrogenation of ethylbenzene and to
optimize the process parameters to get the synthetically valuable styrene as the

major product.
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2

Experimental

This chapter gives a detailed description of the catalyst preparation and
pretreatment conditions, materials used, the techniques used to characterize the catalyst,

the experimental set up and measures used for the catalytic activity study.

2.1 Catalyst preparation

The catalytic activity strongly depends on the methods of preparation and
pretreatment conditions apart from the reaction parameters. Small variations in the
preparation conditions radically alter the performance of the catalyst. So. intense care

must be taken during the selection of materials and preparation of the systems.

2.1.1 Materials
Analar grade Mn(NOs),. 4H;0, Fe(NOs);. 9H,0, Cr(NOs);. 9H,0, Co(NOs3),.
6H20, Ni(NO:;)z. 6H20, CU(NO3)2. 3H20, Zn(NO3)2. 6H20 and NaOH from Merck

were used as such without further purification.

2.1.2 Preparation of different compositions of manganese ferrospinels

Five series of manganese ferrospinels of formula, Mn.BFe,O4 ( B is a metal
cation like Cr, Co, Ni, Cu or Zn, and x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) were preparea for
the present work. Their compositions and labelling are summarized in the following
table (Table 2.1.1).

For the synthesis of all compositions of manganese ferrospinels low temperature
co-precipitation method reported by Date et al. [1] was adopted. The co-precipitation
method is preferred over the usual ceramic method as the ferrites prepared by former
route provide chemically homogeneous and fine particles. And between the two usual
co-precipitation routes, viz. oxalate and hydroxide the latter is preferred for achieving
higher surface areas. The present study, accordingly employed hydroxide route co
precipitation method for the synthesis of the systems. Metals were precipitated as their

hydroxides from their nitrate solutions using sodium hydroxide as the precipitant alkali.
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Table 2.1.1 Catalyst compositions and labelling of different series of manganese

ferrospinels.
X Catalyst composition Catalyst labelling
Cr,Mn(;.xFe204 - series
0.0 MDF6204 MF
0.2 Cro2MnggFe,04 MCrF-0.2
0.4 Cro.sMngeFe 04 MCrF-0.4
0.6 Cr0.6Mn0,4F€204 MCrF-0.6
0.8 Cro_gMno,2F6204 MCrF-0.8
1.0 CrFe;04 CrF
CoMni.qFe204 - series
0.0 MnFe,04 MF
0.2 COo_zMno,gFezo‘a MCoF-0.2
0.4 C00,4Mn0,6F6204 MCoF-0.4
0.6 C00,6Mn0,4Fe204 MCoF-0.6
0.8 COo.gMno_zFezoz; MCoF-0.8
1.0 CoFe;04 CoF
Ni,Mn(;.5)Fe2Os - series
0.0 MnF6204 MF
0.2 Nig2MnggFe,04 MNIiF-0.2
0.4 Nio_4Mno,(,F6204 MNiF-0.4
0.6 Nip¢MngsFe,04 MNiF-0.6
0.8 Nio_gMno.zFezo‘i MNIF-0.8
1.0 NiF8204 NiF
CuMn(;.x Fe,0; - series
0.0 MnFe304 MF
0.2 Cug2MnggFe;0q4 MCuF-0.2
04 Cuo,4Mno,6Fe204 MCuF-0.4
0.6 Cuo,(,MnOAFezO,; MCuF-0.6
0.8 Cl.lo,gMﬂo,zFCzO4 MCuF-0.8
1.0 CUF6204 CuF
Zn,Mn(_,Fe;0y4 - series
0.0 MHF6204 MF
0.2 Zno_zMno.8F6204 MZnF-0.2
0.4 Zn0.4Mn0.6Fe204 MZnF-0.4
0.6 Zno_(,Mno_4FCzO4 MZnF-0.6
0.8 Zno_gMnoleezo4 MZnF-0.8
1.0 ZnFe>0, ZnF
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Solutions of the metal nitrates in the required stoichiometric ratios were prepared and
mixed and rapidly added to the 5.3 M NaOH solution with vigorous stirring. Due to the
exothermic nature of the precipitation reaction, the temperature of the slurry rose to
45°C. The pH of the final slurry was carefully adjusted between 10 and 11. The
precipitate was kept overnight for ageing and then washed several times with double
distilled water until free from nitrate ions and alkali. It was filtered, dried in an air oven
at 80°C for 36 h and were calcined at 500°C for 5 h to achieve complete spind phase

formation. The dried materials were powdered and sieved below 75 um mesh.

2.2 Catalyst characterization

All the prepared catalysts were characterized by different physicochemical
techniques viz. XRD, inductively coupled plasma (ICP) analysis, scanning electron
microscopy (SEM), surface area measurements (BET), thermogravimetric analysis
(TGA), DRIFT spectroscopy, Maossbauer spectroscopy and acidity-basicity
measurements by various methods like electron acceptor adsorption studies, temperature
programmed desorption of ammonia and thermogravimetric analysis using pyridine/
dimethylpyridine as probe molecules. A brief discussion of the various methods adopted

is presented below.

2.2.1 X-Ray Diffraction analysis

XRD is one of the widely used and versatile techniques for the qualitative and
quantitative analysfs of the solid phases [2]. The purity of the substance, transition to
different phases, allotropic transformation, lattice constants and presence of foreign
atoms in the crystal lattice can also be recognized by this technique. The XRD method
involves the interaction between the monochromatic X-rays (like Cu K, or Mo K,) with
family of planes (identified by a system of Miller Indices, hkl) in the polycrystalline
material. A fixed wavelength is chosen for the incident radiation and the Bragg’s peaks

are identified as a function of scattering angle 28. The interplanar distances (d spacing)

are calculated from the Bragg’s equation,
nA = 2d sinf,

where A is the X-ray wave length and n is an integer called order of reflection.
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The mean crystallite size of a material can also be determined from the
broadening of an X-ray diffraction peak, which is inversely proportional to crystallite

size and this can be achieved by following the Scherrer method using the formula,
t=09A/BcosB

which is derived from Bragg’s equation. ‘t’ is the thickness of the crystal and § =

FWHM (half the width of the peak with maximum intensity).

The XRD patterns of the catalyst samples were taken using Rigaku D-Max‘ C X-
ray diffractometer. A stationary Ni filtered Cu K, radiation (A = 1.5404 A) and a
movable detector, which measures the intensity of diffracted radiation as a function of

26 are the main parts of the instrument.

2.2.2 Inductively coupled plasma (ICP) analysis

Inductively Coupled Plasma (ICP) is an analytical technique used for the
determination of the elemental composition of the samples. The primary goal of ICP is
to get elements to emit specific light of characteristic wavelength, which can then be
measured. The technology for the ICP method was first employed in the early 1960's

with the intention of improving upon crystal growing techniques.

ICP hardware [3] is designed to generate plasma, which is a gas in which atoms
are present in an ionized state. The basic set up of an ICP consists of sample introduction
system (nebulizer), ICP torch, radio frequency generator, transfer optics, spectrometer
and computer interface. Argon is commonly used as both the intermediate gas and inner

or carrier gas.

An ICP requires that the elements, which are to be analyzed, be in aqueous
solution. The nebulizer transforms the aqueous solution into an aerosol. The light
emitted by the atoms of an element in the ICP must be converted to an electrical signal
that can be measured quantitatively. This is accomplished by resolving tile light into its
component radiation (nearly always by means of a diffraction grating) and then
measuring the light intensity with a photomultiplier tube at the specific wavelength for
each element line. The light emitted by the atoms or ions in the ICP is converted to

electrical signals by the photomultiplier in the spectrometer. The intensity of the electron
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signal is compared with measured intensities of known concentration of theﬂé.!m%d
the concentration is computed. Each element will have many specific wavelengths in the

spectrum, which could be used for analysis.

Advantages of using an ICP include its ability to identify and quantify all
elements with the exception of argon since many wavelengths of varied sensitivity are
available for determination of any element. ICP is suitable for all concentrations from
ultratrace levels to major components. Detection limits are generally low for most
elements with a typical range of 1-100 g/L. Probably the prevalent advantage of
employing an ICP when performing quantitative analysis is the fact that multi-elemental
analysis can be accomplished, and quite rapidly. A complete multielement analysis can
be undertaken in a period as short as 30 seconds, consuming only 0.5 mL of sample

solution.

The ICP analysis of the samples was done using ARL 3410 ICP atomic emission

spcctrometer.

2.2.3 Scanning electron microscope (SEM) analysis

Scanning electron microscopy (SEM) is based on the strong interaction of
electrons with matter and appreciable scattering by quite small atomic clusters. Electrons
can be conveniently deflected and focused by electric or magnetic fields so that
magnified real-space images can be formed in addition to simple diffraction patterns. .
This property of electron beam is used in SEM analysis. In SEM, the electron optics act
before the specimen is reached to convert the beam into a fine probe, which can be as
small as 100 A in diameter at the specimen surface [4]. The technique is of high interest
in catalysis because of its high special resolution. However, a serious drawback is that
the results need not be really representative of the whole sample. This can be overcome
by making many analyses at different locations of the sample particles and for many

catalyst particles.

SEM analysis of the samples was done using Stereoscan 440: Cambridge, U.K

scanning electron microscope.
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2.2.4 Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy
Infrared spectroscopy (IR) is widely used in the field of characterization of
heterogeneous catalysts. Identification of the structural features of the catalyst itself,
adsorbed and dispersed species and their structure, metal-metal interaction, reaction
intermediates on the catalyst surface etc. are some of the important informations
obtained from infrared spectral studies. The introduction of Diffuse Reflectance Infrared
Fourier Transform (DRIFT) spectroscopy [5, 6] has improved the application of infrared
spectroscopy by giving valuable informations which are inherent in a mid-IR (4000 -
200 cm’') spectrum. The diffuse reflectance spectrum of a dilute sample of ‘infinite
depth’ (i.e., up to 3mm) is usually calculated with reference to the diffuse reflectance of
the pure diluents to yield the reflectance, R;4. R is related to the concentration of the

sample, c, by the Kubelka-Munk (K-M) equation [7]:

f(R;x) = (1-R,4)%/2R 4 = 2.303ac/s

CA?

where ‘a’ is the absorptivity and ‘s’ is the scattering coefficient. The scattering
coefficient depends on both particle size and degree of sample packing; thus the K-M
function can be used for accurate quantitative analysis, provided the particle size and
packing method are strictly controlled. For good diffuse reflectors plots of the K-M
function, f(R;4), are analogous to absorbance plots for transmission spectra. Care must
be taken in applying the K-M equation when R4 is much less than about 30% since
deviations from linearity can occur when the sample concentration is high. Diluting
ensures deeper penetration of the incident beam, thus increasing the contribution to the

spectrum of the transmission and internal reflection component.

The technique of diffuse reflection spectroscopy has been used successfully in
many fields as an adjunct to better-known spectroscopic methods, and is often useful
where traditional techniques fail. In spinel ferrites the metal cations are distributed in
two different environments and the spinel phase formation can be well assigned by the
appearance of two IR bands [8, 9]. Usually these two IR bands are hidden in ordinary
FTIR spectroscopy. The infrared spectra of the prepared samples were recorded by a

DR-IR (Shimadzu) in the range 400-1400 cm™.
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2.2.5 Themogravimetric (T'G) analysis

Thermogravimetric analysis is used in catalyst characterization procedure as an
important tool to provide valuable information regarding drying ranges, hydration,
decomposition temperature, stability limits, etc. In thermogravimetry, the weight of a
sample is recorded over a period of time while its temperature is being raised linearly. A
thermogram is obtained by plotting weight of the sample (on ordinate) against
temperature (on abscissa). The horizontal regions of the thermogram indicated the
stability of the sample, while weight loss is indicated by the curved portions. DTG is the
first derivative plot of the TG curve from which a better understanding of the weight loss

can be obtained from the dip in the curve.

The thermogravimetric analysis of the ferrite samples was carried out using

Shimadzu TGA-50. The heating rate was 20°C / minute in nitrogen atmosphere.

2.2.6 Surface area determination (BET method)

The Brunauer, Emmett and Teller (BET) method [10] has been adopted as a
standard procedure for surface area determination. By the introduction of a number of
simplifying assumptions, the BET theory extends Langmuir model to multilayer
adsorption. In the BET theory, it is assumed that the solid surface possesses uniform,
localized sites and the adsorption at one site does not affect adsorption at neighbouring
sites. It is further assumed that the adsorption is multilayer and the heat of adsorption of
the second and the subsequent layers are identical and is equal to the liquefaction of the
adsorbate. The BET equation can be represented as,

p 1 (C-1)p
- +

v (py* P) oA Cvn Po

Here, C = a constant for a given system at a given temperature and related to the
heat of adsorption, v = volume adsorbed at equilibrium pressure p, v = volume of the
adsorbate necessary to form a monolayer on the surface and pp = saturated vapour

pressure of the adsorbate.

The BET equation demands a linear relation between p/[v ( p— p)] and p/ po,

where slope = C-1/ Cvy, and y intercept = 1/ Cvy,. From the slope and y-intercept, ve, can
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be calculated. The specific surface area of the sample is then calculated using the

relation,

Vv

Surface area (m? g) =
22414 x weight of the catalyst

where a, = average area occupied by the nitrogen molecule (1.62 A% and Ng =

Avagadro number.

Micrometrics Gemini analyzer was used to determine the surface area with
nitrogen as adsorbate. Previously activated samples were degassed at 200°C under

nitrogen flow for 2 h and then brought to 77 K using liquid nitrogen.

2.2.7. Transport studies

Ferrites are semiconductors and exhibit interesting electrical properties. The
electrical properties of the ferrites vary drastically with the minute changes in the
composition. Recently, it has been found that the electrical properties of the ferrites are
involved in determining the catalytic properties [11]. DC conductivity measurements and
Hall effect measurements were done to investigate the transport properties of different

series of manganese ferrites.

(a) Activation energy determination (DC conductivity measurements)

The temperature dependence of the DC conductivities allowed the determination
of the activation energy (energy gap between the valence and conduction band). At
temperatures above room temperatures charge carriers are additionally transferred by
thermal excitation from the valence band to the conduction band. The temperature
dependence in this case is essentially described by an exponential function:

Odc = Op exp(-Ea/xT)

where E, = energy gap or activation energy, k = Boltzmann's constant, T = absolute

temperature.

The logarithm of this equation is, In g4 = In g — (Eo/x T). This equation is of the
form, y = mx + C. A plot of In oy (as ordinate) at different temperatures against 1/T (as

abscissa) gives a straight line with In op as y-intercept ( C) and (-E./x) as slope (m).
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The DC conductivity measurements were done using two-probe method. The
pellets were prepared from the sample (2 g) by applying a pressure of 7 tones; the
thickness of the pellets was varied between 0.80 and 0.90 cm. The pellet was placed in a
conductivity cell in which the temperature can be varied from room temperature to
120°C by a digital temperature controller and this was measured by a FeK
thermocouple kept on the sample. A bias voitage of 20 V was applied and the current
flowing across the sample was measured by a Keithley Picoammeter/ voltage source
(Model 487). All the measurements were carried out under dynamic vacuun;. The

acquisition and analysis of the data were completely automated by employing the
LabVIEW software.

(b) Hall effect measurements

The history of the Hall effect begins in 1879 when Edwin H. Hall discovered that
a small transverse voltage appeared across a current-carrying thin metal strip in an
applied magnetic field. The importance of the Hall effect is underscored by the need to
detcrmine accurately carrier density, electrical resistivity, and the mobility of carriers in
semiconductors. The Hall effect provides a relatively simple method for doing this.
Because of its simplicity, low cost, and fast turnaround time, it is an indispensable

characterization technique for semiconductors.

The basic physical principle underlying the Hall effect is the Lorentz force.
When an electron moves along a direction perpendicular to an applied magnetic field, it
experiences a force acting normal to both directions and moves in response to this force
and the force effected by the internal electric field. For an ntype semiconductor the
carriers are predominately electrons. Assume that a constant current ‘I’ flows alongthe
x-axis from left to right in the presence of a z-directed magnetic field. Electrons subject
to the Lorentz force initially drift away from the current line toward the negative y-axis,
resulting in an excess surface electrical charge on the side of the sample. This charge
results in the Hall voltage, a potential drop across the two sides of the sample (the force
on holes is toward the same side because of their opposite velocity and positive charge).
This transverse voltage is the Hall voltage Vy and its magnitude is equal to IB/qnd,

where, ‘I’ is the current, ‘B’ is the magnetic field, ‘d’ is the sample thickness, and ‘q’
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(1.602 x 10" C) is the elementary charge. If n is the charge carrier density, one then

obtains the equation,
ns = IB/q |V,
Thus, by measuring the Hall voltage Vj; and from the known values of I, B, and
q, one can determine the density of charge carriers (n) in semiconductors. The Hall
voltage is negative for n-type semiconductors and positive for p-type semiconductors.
The resistance Rs of the semiconductor can be conveniently determined by use of the
van der Pauw resistivity measurement technique (four probe method). Since sample

resistance involves both charge carrier density and mobility, one can determine the Hall

mobility from the equation,

u =|V./Rel B = 1/(gnsRs).

The Hall effect measurements of the manganese ferrospinel systems were done

with MMR (H-50) instrument.

2.2.8 Mossbauer spectroscopy

Maossbauer spectroscopy is a versatile technique to yield better understandng of
the oxidation state, phase transitions, magnetic properties and electronic environment of
the mossbauer active elements in the catalysts and of the particle size of the samples.
Mossbauer spectroscopy is based on Mossbauer effect, which is the recoil-free
emission of y-radiation from a solid radioactive material [12]. This radiation can be
absorbed by stationary atoms, and is best observed in isotopes, which have long-lived

low-lying excited nuclear energy states (*'Fe is the best example of this).

A transmission Mossbauer spectrometer is very simple, and typically consists of
a y-ray source, the absorber (sample) and a detector. The y-ray source is excited ke
nuclei, produced by the decay of *’Co isotope. Approximately 90% of the *'Fe nuclear
excited state decays through the intermediate level to produce 14.4 K eV gamma
radiation. These gamma photons can then be absorbed by *’Fe in a sample. The source is
moved relative to the absorber, shifting the energy spectrum due to the Doppler dfect.

The spectrum is plotted as percent transmission versus source velocity (energy).
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The interpretation of the Mossbauer spectrum is mainly done through the
analysis of Mdssbauer parameters such as isomer shift (), center shift (CS), quadrupole
splitting (AEq), hyperfine magnetic field (H) and line width (I). All these parameters are

expressed in velocity units, mm/s except for hyperfine magnetic field, which is

expressed in Tesla.

The isomer shift (9), is the energy difference between source and absorber nuclei
resulting from the effects including differences in valence state, spin state and
coordination of the absorber atoms {13]. Experimentally one observes a single line
shifted from a reference zero point by an isomer shift plus the second order Doppler shift
(SOD), a small thermal shift due to atomic vibrations. The contribution from SOD is
similar in most standard materials, so for the purpose of comparison the isomer shift is

always taken to be equal to the center shift.

The quadrupole splitting (AEq), is the splitting of the energy levels caused by the
interaction between the nuclear quadrupolar moment and an electric field gradient (EFG)
at the nucleus. It depends on the valence and spin state of the absorber atoms as well as
the coordination and degree of distortion of the crystallographic site. Experimentally one
observes a doublet with components of equal intensity and line width in the ideal random
absorber case. The quadrupole splitting is given by the energy separation between the

components.

The interaction of the nuclear dipole moment of the nucleus and a hyperfine
magnetic field causes a splitting of the nuclear energy levels, resulting in six peaks for
5"Fe spectra in the simplest case. For an ideal random absorber with no quadrupole
interaction the line width of the peaks are equal with intensity ratio, 3:2:1:1:2:3. The
separation of peaks 1 and 6 is proportional to the magnitude of the hyperfine magnetic
field.

The line width is expressed in full width at half maximum of the peak height
(FWHM). The peaks are broadened beyond the natural line width by effects due to
equipment (vibrational, thermal and electronic problems), the source (self-absorption
resulting from decay) and the sample (thickness broadening, next nearest neighbour

effects and dynamic processes such as relaxation).
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The room temperature Mossbauer spectra of the ferrites were obtained using a

constant acceleration Mdssbauer spectrometer.

2.2.9 Acid-base property studies

Acid base properties of the solid catalysts play decisive role in determining the
catalytic activity and selectivity. Four independent methods are adopted for the thorough
understanding of acid-base properties of manganese ferrospinels such as temperature
programmed desorption of ammonia, thermodesorption studies of pyridine/2,6-
dimethylpyridine adsorbed samples, electron donating property studies and

decomposition of cyclohexanol.

(a) Temperature programmed desorption (TPD) of ammonia
The NH3-TPD method is widely employed in characterizing the acidity of solid
catalysts. This is an easy method used to find out the total acidity as well as acid strength

distribution.

The pellets were prepared from the sample (about 0.75 g) using a pelletiser and
activated at 500°C for 2 h The accurately weighed pellets were placed in a home built
stainless steel reactor of internal diameter 1 cm and length 15 cm kept in a cylindrical
furnace. The temperature of the reactor is maintained using a temperature controller and
the temperature was measured by an Al-Cr thermocouple kept inside the furnace. The
sample was degassed at 300°C using a flow of nitrogen for half an hour. It was then
allowed to cool to room temperature and a definite amount of ammonia is injected into
the reactor and allowed to adsorb uniformly over the catalyst surface. The physisorbed
ammonia was flushed out using a flow of nitrogen gas. Under a controlled temperature
programme, the amount of chemisorbed ammonia leached out for each 100°C in the
temperature range 100°- 600°C was trapped into H,SO, solution (0.025 N) and ammonia
desorbed was determined by back titration with NaOH solution (0.025 N).

AV x NNaOHxs x 17

Amount of ammonia desorbed =

Weight of the sample
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where AV is the difference titre values of NaOH between blank H,SOy and the ammonia

trapped H,SO, at each temperature. The acid strength distribution was obtained from a

plot of the amount of ammonia desorbed against temperature.

(b) TGA of pyridine/2,6-dimethylpyridine adsorbed samples
The thermodesorption studies of pyridine and 2,6-dimethylpyridine (2-DMP)
adsorbed samples were implemented to investigate the relative amount of total acidity

and Brénsted acidic sites in manganese ferrospinels.

The catalyst samples activated at 500°C for 2 h were kept in two different
desiccators saturated with pyridine and 2, 6-dimethylpyridine vapours, respectively. For
the effective and uniform adsorption the samples were kept inside the desiccator for 48 h
After this, the weight loss of the adsorbed samples was measured by thermogravimetric
analysis operating between 40 to 600°C at a rate of 20°C / minute. For the pyridine
adsorbed samples, the weight loss between 100°-200 °C, 201°-400°C and 401°-600°C
are considered to be measures of weak, medium and strong acid sites, respectively. Since
the 2,6-DMP weakly bound to Lewis acid sites get desorbed below 300°C [14], the
weight loss between 301°-400°C, 401°-500°C and 501°-601°C are considered to be

measures of weak, medium and strong acid sites, respectively.

(c) Electron donating property study
Adsorption of electron acceptors has been investigated to study and characterize
the electron donating property of the system. The following electron acceptors were

used.

7,7,8,8-tetracyanoquinodimethane (TCNQ) [Merck- Schuchandt] was purified by
repeated crystallization from acetonirile [15], 2,3,5,6-tetra-chloro-4-benzoquinone
(chloranil) [Sisco Research Laboratories PVT. Ltd.] was crystallized from benzene
before use [16]. Chloroform was used as the solvent for the crystallization of p-
dinitrobenzene (PDNB) [17]. SQ grade acetonitrile [Qualigens Fine Chemicals] was
purified by passing through silica gel for drying followed by distillation with P,Os and

the fraction between 79-82°C was collected.
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The following procedure was adopted for adsorption studies. The catalyst
samples were activated at 500°C for 2 h prior to each experiment. The adsorption study
was carried out over 0.5 g catalyst placed in a 25 mL cylindrical glass tube fitted with a
mercury sealed stirrer. 10 mL of solution of an electron acceptor in accetonitrile was
then admitted to the catalyst. Stirring was continued for 4 h in a mechanically driven
stirrer at room temperature and atmospheric pressure in a thermostated bath, and
centrifuging the solution collected the oxide. The amount of electron acceptor adsorbed
was determined from the difference in concentration of the electron acceptor in solution
before and after adsorption, which was measured by means of a Shimadzu UV-VIS
spectrophotometer. The Amax Of electron acceptors in acetonitrile is 393.5 nm for TCNQ,

288 nm for chloranil and 262 nm for PDNB.

The Langmuir type adsorption isotherms were obtained by plotting equilibrium
concentration of electron acceptors against amount of electron acceptors adsorted. From

the Langmuir adsorption isotherms, limiting amount of electron acceptor adsorbed was

calculated.

2.2.10 Catalytic activity studies

The reactions studied for the present work can be put under two categories as
liquid-phase reactions and vapour-phase reactions. Under the liquid phase reactions,
benzoylation of aromatics and phenol hydroxylation and under vapour phase reaction,

aniline alkylation, phenol methylation and oxidative dehydrogenation of ethylbenzene

were carried out.

(a) Liquid-phase reactions

For the liquid-phase reactions, the reagents in the required molar ratio was taken in
a 50 mL double necked round bottom flask fitted with water condenser and guard tube.
The reaction was carried out in an oil bath and the temperature of the reaction was
controlled using a dimmerstat. Using a magnetic stirrer attained the uniform stirring of
the reaction mixture. The product formed was analyzed by gas chromatography

(Chemito GC 8610, flame ionization detector, appropriate columns) and the products
were identified by GC-MS.
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(b) Yapour-phase reactions

The vapour-phase experiments were performed at atmospheric pressure in a
fixed bed, vertical, down-flow, quartz reactor of 2 cm 1.D and 30 cm length placed inside
a double-zone furnace. 0.5 g of the catalyst activated at 5S00°C for 2 h is positioned in the
centre of the reactor in such a way that the catalyst is sandwiched between the layers of
inert silica beads. The upper portion of the reactor served as a vaporizer cum pre-leater.
The temperature measurements were done using a temperature controller and a Cr-Al
thermocouple was placed at the centre of the catalyst bed. A home built syringe pump
fed the liquid reactant mixture. The products of the reaction were collected downstream
from the reactor in a receiver connected through a cold water-circulating condenser. The
products were collected at various time intervals and analyzed by GC (Chemito GC

8610, flame ionization detector, appropriate columns) and the products were identified
by GC-MS.
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3

Characterization And Surface properties

3.1 Physical characterization

The manganese ferrites prepared by co-precipitation technique were
characterized by adopting various physical methods such as XRD analysis, SEM
analysis, inductively coupled plasma analysis, diffuse reflectance infrared studies,

surface area measurements, thermal analysis, transport studies and Mossbauer spectra.

3.1.1 X-ray diffraction analysis

Every crystalline substance has a unique X-ray powder pattern because the
line posiﬁon depends on unit cell size, and line intensity depends on the type of atoms
present and on their arrangement in the crystal [1]. The X-ray diffractograms of the
powdered samples were recorded using Rigaku (model D/MAX-VC) instrument with
Cu K. radiation and are presented in Fig.3.1.1 - 3.1.6. Fig.3.1.1 shows the influence of
calcination temperature on the XRD pattern of MnFe;Oy. It can be seen that the intensity
of the peaks turns out to be sharper with increase in calcination temperature and this
suggests the growth of particle size and increase of crystallinity at higher calcination
temperatures. At 80°C the XRD pattern is broader, indicative of the gradual but
incomplete formation of spinel phase [2]. It was observed that only at a calcination
temperature of 500°C, the spinel phase was formed and hence it was taken as the
optimum calcination temperature for the prepared ferrites. The theoretical (from JCPDS
Card Data) and experimental dpy values for simple ferrospinels such as MnFe,Oq,
CrFe;04, CoFe;04, NiFe;04, CuFe;04 and ZnFe,04 are presented in Table 3.1.1. It can
be seen that the experimental data are well coordinated with the theoretical data.
Interestingly, it was also observed that the mixed ferrites of the Cr-Mn, Co-Mn, Ni-Mn,
Cu-Mn and Zn-Mn series gave much identical XRD patterns with those of the
corresponding simple ferrospinels. In the systems studied, the compositional differences
are due to different proportion of the atoms Cr, Co, Ni, Cu and Zn in pure MnFe;0;.

These atoms have close atomic numbers and so, much alike XRD patterns.
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Table 3.1.1. Experimental and theoretical XRD data for simple ferrospinels.

JCPDS data Experimental data

Sample System /1y duki 1/1y i hkl
35 3.005 35 3.004 220

MnFe,0,4 Cubic 100 2.553 100 2.551 311
40 1.503 39 1.501 440

35 1.635 35 1.632 511

30 2.902 30 2.901 220

CrFe,04 Cubic 100 2.554 100 2.553 311
30 1.421 30 1.420 440

35 1.618 35 1.615 511

30 2972 30 2.970 220

CoFe»04 Cubic 100 2.557 100 2.556 311
35 1.483 35 1.485 440

35 1.617 35 1.616 511

25 2.965 25 2.963 220

NiFe;0,4 Cubic 100 2.559' 100 2.558 311
35 1.487 35 1.486 440

30 1.612 30 1.610 511

30 2.962 30 2.961 220

CuFe104 Cubic 100 2.560 100 2.559 311
30 1.503 30 1.501 440

25 1.613 25 1.611 511

35 2.984 34 2.982 220

ZnFe;0q4 Cubic 100 2.563 100 2.563 311
35 1.491 35 1.490 440

30 1.624 30 1.623 511




The average crystallite size of the samples can be determined from the
Scherrer equation:
t=09A/Bcos 6

where t = average particle size, A = wavelength of the x-ray used, 8 = glancing angle
and B = FWHM (half the width of the peak with maximum intensity). The crystallite
size of MnFe,04 at different heat treatments is presented in Table 3.1.2. It can be seen
that the crystallite size of the sample is increased with increase in calcination
temperature. The crystallite size of different series of manganese ferrospinels is
presented in Table 3.1.3. No significant observations can be attained from the crystallite
size with reference to the various metal cation incorporation into the manganese

ferrospinel.

Table 3.1.2. Heat treatment schedules and crystallite sizeValues of MnFe;0..

Heat treatment schedule Crystallite size (nm)
Dried at 80°C/ 36 h 12
Calcined at 300°C/ 5 h 15
Calcined at 400°C/ S h 17
Calcined at 500°C/ S h 21

The qualitative phase analysis is based on the positions and intensities of the
XRD peaks. It is observed that the different series of manganese ferrospinels under
investigation are cubic. It is possible to derive mathematical relationship between unit
cell parameter or lattice constant (a), interplanar spacing (d) and Miller Indices (hkl) and

the relationship for the cubic system can be represented as:
d=a/(h*+ 12+ k)"

Using this relationship, the lattice constants for various manganese
ferropsinels are found out and are presented in Table 3.1.3. It was observed that the unit
cell parameter vary with the ionic radii and the site occupancy of the incorporated metal
cations. Thus the progressive incorporation of Cr**, Co®, Ni** and Cu®* ions into the
octahedral sites and Zn®* ions into the tetrahedral sites of the manganese ferrite increased

the lattice constant.
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Table 3.1.3. Crystallite size and lattice constants of different series of manganese

ferrospinels
Catalyst Crystallite size (nm) Lattice constant (A)
MnFe»0, 21.00 8.461
Cro2Mng 3Fe;0, 39.41 8.462
Cro4MnggFe;0, 47.52 8.464
CrosMnyg 4Fe,0,4 52.37 8.465
CrosMny 2Fe;0,4 56.38 8.467
CrFe,04 58.11 8.468
Cop.2Mny gFe 04 25.17 8.463
Cop.sMngcFe 0,4 30.01 8.467
CogsMny sFe;04 34.62 8.471
Cog.sMng2Fe;04 36.55 8.475
CoFe,0, 37.83 8.478
Nig2MnggFe204 28.51 8.472
Nip4Mng¢Fe;04 32.67 8.475
NiysMny 4Fe;04 37.37 8.477
NigsMng2Fe;,04 42.77 8.480
NiFe,04 45.30 8.484
CugMng gFe;04 23.59 8.472
CugsMng¢Fe;04 27.19 8.478
CugsMny sFe;04 30.23 8.482
CugsMny-Fe;04 33.58 8.485
CuFe,0; 35.65 8.488
Zny,Mng gFe;04 30.12 8.481
Zng4MngeFe;04 33.57 8.484
ZnysMng sFe204 38.72 8.488
Zny gMny ;Fe;04 43.22 8.493
ZnFe,0, 49.10 8.501
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3.1.2 Scanning Electron Microgram (SEM) analysis

The scanning electron microgram of MnFe;0, at three different calcination
temperatures were taken and are presented in Fig. 3.1.7. The XRD data are supported by
the observations from scanning electron micrographs. Fig. 3.1.7.(a) shows fine grains
of uniform size of =5 A, Fig. 3.1.7.(b) presents larger grains of =~ 50 A and still larger
and perfect grains of = 500 A are seen in Fig. 3.1.7.(c). The progressively increased

grain growth or particle size is due to the higher calcination temperatures.

3.1.3 Inductively Coupled Plasma (ICP) analysis

The stoichiometry of the compositions of the prepared ferrite samples was
checked by ICP analysis and the results obtained are given in Table 3.1.4. It has been
found that there is a good agreement between the experimentally obtained weight

percentage of the elements and the theoretically calculated weight percentage.

3.1.4. Diffuse Reflectance Infrared Fourier Transform (DRIFT) specrta

The DRIFT spectra of all samples calcined at 500°C were taken in the
400-1400 cm™ wave number region. The spectra typically show two strong infrared
bands v, and v, around 700 cm™ and 500 cm™ respectively. The DRIFT spectra of
representative manganese ferrites are shown in Fig. 3.1.8. According to Waldron et al.
[3] and White et al. [4], the high frequency band at 700 cm™ is due to the stretching
vibration of the tetrahedral M-O bond and the low frequency band at 500 cm™ is due to

the vibration of the octahedral M-O bond. The basis for their conclusion is as follows:

In spinel lattice, every oxygen anion is
bonded to three octahedral and one tetrahedral cation MT\
as shown in Fig. 3.1.8 (i). The three octahedral bonds " /
are perpendicular to each other and provide an
isotropic force field in the three directions if the {
tetrahedral bond was absent. The tetrahedral cation Mt

Fig.3.1.8 (i). The nearest neighbours
introduces a supplementary force in a preferentxgl of oxygen anion in the spinel lattice.
direction along Mr-O bond. This is responsible for the  M,: 1etrahedral cation and My

v); mode in which the oxygen is forced to oscillate  octahedral cation.
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Fig. 3.1.7 Scanning electron micrographs (SEM) of MnFe;O4 calcined at different

temperatures.
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Table 3.1.4. ICP analysis data for different series of manganese ferrites

Catalyst composition

Metal ion concentration (wt %)

CrMng;.xFe;0; - series Crt Mn™* & Mn™*
MnFe,0, -- 23.82 (23.82)
Cro2MnggFe 04 4.50 (4.52) 19.09 (19.10)
Cr0.4Mn0.6F6204 9.05 (906) 14.35 (1436)
Cro,f,Mno_4Fe204 13.63 (1363) 9.59 (960)
CrogMngFe;04 18.22 (18.22) 4.80 (4.81)
CrFe;0q4 22.83 (22.83) -
Co.Mn(;.xFe20s - series Co®* Mn** & Mn**
MnFe;04 - 23.82(23.82)
Cog,Mng gFe,04 5.08 (5.09) 18.99 (19.00)
CopsMngeFe204 10.14 (10.15) 14.19 (14.19)
Cog Mng 4Fe,04 15.16 (15.17) 9.43 (9.43)
Cop sMng2Fe;04 20.15 (20.16) 4.68 (4.69)
CoFe-0, 25.12 (25.12) -
Ni,Mn(;.Fe,O; - series Ni** Mn?** & Mn**
MnFe,O4 -- 23.82 (23.82)
Nig2Mng gFes04 5.05 (5.07) 18.98 (18.99)
Ni()..‘Mn(),(,FCgO.j 10.09 (101 1) 14.18 (1419)
NigeMngsFe204 15.12 (15.10) 9.43 (9.43)
NigsMngoFe-04 20.07 (20.09) 4.68 (4.70)
NiFe;Oq4 25.03 (25.04) --
Cu,Mn(;.,Fe20, - series Cu®* Mn®* & Mn*
MnFe;04 -- 23.82 (23.82)
CUo.zMno.gFezo.‘ 5.47 (547) 18.90 (1891)
Cug4MngFea0y 9.92(9.92) 14.06 (14.08)
CugeMng sFe 0,4 16.17 (16.17) 9.29(9.31)
CupgMngFea04 21.40 (21.38) 4.60 (4.62)
CuFe-0,4 26.55 (26.56) --
ZnMn(;., Fe20, - series Zn* Mn** & Mn**
MnFe,0, -- 23.82(23.82)
Zno,zMno_gFezo.z 5.62 (562) 18.86 (1888)
Zng Mng¢Fe>0, 11.14 (11.14) 14.03 (14.04)
ZnpeMng4Fe.04 16.56 (16.57) 10.76 (10.78)
Zno.gMnothegO.x 21.74 (2175) 4.58 (459)
ZnFe-0y4 27.12 (27.12) -

* The quantities in the parentheses indicate theoretical values.
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along the Mr~O bond, and thus appears as a stretching vibration of the tetrahedral
group. Vibration of this group corresponds to the highest restoring force and thus
assigned to the high-frequency absorption band. If we consider an oxygen vibration at
right angles with the preceding one, the restoring force due to the tetrahedral cation My
will be negligible. This leads to v, modes, which may be considered as a stretching
vibration of the octahedral bond. Thus, the appearance of two strong IR bands at around

700 cm™ and 500 cm™ confirmed the formation of spinel phase.

%T

1400 1300 1200 1100 1000 900 800 700 600 500 400

cm”

Fig. 3.1.8. DRIFT spectra of representative manganese ferrospinels

3.1.5 Thermogravimetric (TG) Analysis

The TGA curve for MnFe;0, is plotted with percentage weight loss as a
function of ten;perature (Fig. 3.1.9). The Fig. 3.1.9 is also fitted with the resultant
derivative curve (DTG), which is plotted with the corresponding derivative of the
percentage weight loss against the temperature. A sharp dip observed near 100°C is due
to the desorption of the physisorbed water. The fairly horizontal behaviour of both the

TG and DTG curves indicated the thermal stability of the sample. A small dip can be
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observed in the 350 — 400°C temperature region. Since the sample is precipitated from
the respective nitrate solutions, some amount of the nitrate may present in adsorbed form
and the decomposition of nitrate at 350°C is responsible for the small dip in the TGA-
DTG plot.

6.5 0.000

DTG /_

Weight (mg)
I
S  der (mg/min)

5.5
TG

50 . T , T T T r -0.010
0 100 200 300 400 500 600 700 800

Temperature (° C)

Fig. 3.1.9 TG-DTG curves of MnFe;0,4

3.1.6 Surface area and pore volume measurements

The BET and Langmuir surface areas and total pore volume of the different
compositions of the ferrite samples calcined at 500°C were measured by nitrogen
adsorption at liquid nitrogen temperature (Micrometrics Gemini Analyzer). The data
are shown in Table 3.1.5. The different series of ferrites prepared by the controlled low
temperature co-precipitation technique possess high surface areas. It was observed that
MnFe,04 having the highest surface area among the manganese ferrospinels under
investigation, possesses lowest average crystallite size calculated from the XRD line
broadening (Table 3.1.3). The incorporation of metal cations such as Cr**, Co™*, Ni**,

N
Cu** and Zn** decreased the surface area to some extent.
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Table 3.1.5. Surface areas and total pore volume of different series of manganese
ferrospinels.

Catalyst Surface Area (m°/g) Pore volume
» BET . Langmuir (cm’/g)
MnFe,0, 153.3 221.2 0.5023
Crp2MnggFe,0, 65.32 100.96 0.1774
Crp4MngcFe 04 54.31 84.52 0.1730.
CrpsMng sFe20y 47.58 77.31 0.1678
CrosMngFe,0, 41.06 69.14 0.1514
CrFe,0, 35.76 54.62 0.1430
Cop2MnggFe-0, 112.95 175.25 0.3875
CooaMngeFe,0; 105.28 202.72 0.3836
CoosMng 4Fe.04 97.23 170.15 0.3789
CoosMng2Fe;04 85.78 158.36 0.3719
CoFe,0, 75.63 149.03 0.3614
Nig2MnggFe 04 103.3 202.2 0.3899
NigsMng¢Fe-04 97.4 173.3 0.3830
NipsMng 4Fe;04 86.8 166.2 0.3730
NipsMng2Fe20y4 74.5 155.8 0.3690
NiFe;04 63.2 149.1 0.3386
Cup2Mng gFe,0,4 137.56 218.59 0.4018
Cug4MnggFe 04 125.95 194.31 0.3967
CupeMng 4Fe.04 118.65 184.23 0.3932
CupgMny Fe,0,4 112.60 176.52 0.3897
CuFe,04 03.84 168.75 0.3792
Zng2Mng gFe-0, 95.68 162.91 0.2712
Zng4Mng¢Fe;04 82.36 150.25 0.2701
ZngsMng 4Fe;04 74.23 141.26 0.2632
ZnggMngFe;04 65.28 129.36 0.2491
ZnFe;04 56.31 106.75 0.2253
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3.1.7 Transport studies

Recently the electrical properties of the ferrites attracted the attention of chemists
as these characteristics have been found to play an important role in determining the
catalytic activities and selectivities in reactions [5-7]. These properties vary drastically
with the small changes in the composition of ferrite systems. The conductivity in ferrites
arises due to the mobility of an extra electron (from Fe**) or positive hole (M**) through
the crystal lattice [8]. The movement is ascribed by a hopping mechanism in which the

charge carriers jump from one ionic site to the next.

DC electrical conductivity measurements (two-probe method) were made to
determine the energy gap between the valence and conduction band (activation energy).
To determine the type of charge carriers (electrons or holes) and their mobility in the

system, Hall effect measurements were adopted.

3.1.7.1 DC electrical conductivity measurements

The determination of activation energy of solids by DC conductivity
measurements has been well established [9-11]. Here, two-probe method was used for
the conductivity study. The pelletized sample was kept in the conductivity cell and the
corresponding current across the sample was determined. The resistance (R) can be
calculated from the value of voltage and current using ohms law (R = V/I). Once R is
known, resistivity (p) of the sample can be calculated by the formula, p = RA/I, where A
is the area of the sample and I is the thickness of the sample. DC conductivity
measurements of all the samples were measured from room temperature to 120°C. A
voltage of 20 V was applied across the pellet. The room temperature conductivity values
of all the samples varied between 10°® and 10° Q' cm®. The electrical conductivity-
temperature behaviour was found to obey Wilson’s law, 0¢c = 0 exp(E./xT). Here oy is
the conductivity in Q' cm™, T is the absolute temperature, x is the Boltzmann constant,
E, is the activation energy and Opis the y intercept obtained by plotting In oy at different
temperatures against 10%/«T. This indicated the semiconducting behaviour of all the
compounds under investigation. The activation energy calculated for different series of

manganese ferrospinels is shown in Table 3.1.6.
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Table 3.1.6. Activation energy for different series of manganese ferrospinels

Catalyst Activation Energy (eV)
MnFe,04 0.400
Cro2MnggFe;04 0.560
Cro.sMngFe, 0,4 0.608
CroeMng sFe 04 0.667
CrosMng,Fe.04 0.701
CrFe,04 0.748
Cog2MnggFe 04 0.247
Cog.sMng¢Fe 04 0.201
CogeMng.4Fe;04 0.182
CoggMng2Fe204 0.166
CoFe;0, 0.140
Nig2MnggFe 04 0.411
Nip.sMng cFe20q4 0.450
Nig¢Mng4Fe 04 0.482
NipgMng,Fe,0,4 0.513
NiFe,0, 0.557
CugoMnggFe,04 0.301
Cup.sMng¢Fe.0q4 0.265
CugeMng 4Fe 04 0.225
CuosMng,Fe04 0.272
CuFe,04 0.295
Zno_zMno_3F6204 0.571
ZnysMng¢Fe,04 0.689
Zno_(,Mno,4Fe204 0.741
ZngsMng-Fe 04 0.829
ZnFe-0, 0.917
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(a) CryMn(;.; Fe;04 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

It can be seen from Table 3.1.6 that the progressive substitution of Mn by Cr
proportionately increases the activation energy in this series of ferrites. Increase of
Cr’* ion concentration in the octahedral sites of manganese ferrites increases the
activation energy for electrical conduction from 0.400 to 0.888 eV. Cr** being a d° (tzg3
e:,;0 — half-filled t5; state) system is very stable and its orbitals have much lower energy
than Mn>* (d* - t5,° ¢,'). Replacement of smaller Mr** by larger Cr** ions in the
octahedral sites increases the lattice constant. These factors are accounted for the

increased activation energy.

(b) CoxMn ;. Fe;0y4 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

It is evident from Table 3.1.6 that the successive substitution of Mn by Co
decreases the activation energy. The addition of Co* ions in the octahedral sites of pure
manganese ferrite decreases the energy gap from 0.400 to 0.140 eV. Co™, a d (tzg6 eg')
system, possesses high energy and its orbitals are unstable. This factor is mainly

responsible for the low activation energy of this series of ferrites.

(c) NixMn(.x)Fe;Oy4 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The progressive replacement of Mn by Ni in the pure manganese ferrite increases
the activation energy of the series. The added Ni** ions those entered into the octahedral
sites increase the activation energy from 0.400 to 0.557 eV. In this case, Ni** is a d® (tgg"
e, — half filled e, state) system, which is stable and its orbitals possess lower energy
than the Mn™* ion which has d* (12" e;') configuration. Also the ionic radius of Ni** is
larger than the ionic radius of Mn*. This increases the lattice constant of the series.

These two factors synergistically increase the activation energy of this series.

(d) CuMn(;. Fe;0, - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The successive Cu doping into the octahedral sites of the manganese ferrite first
decreases the activation energy up to x = 0.6 ( from 0.400 to 0.225 eV) and increased

radually with increase in ‘x’ value. Cu®* is a d° (t5,°
4 y g

eg3) system. So, it is highly
unstable and has much higher energy than Mn™ ions. But the ionic radius of Cu®* is

higher than the ionic radius of Mn™* and this increases the lattice constant of the series.
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The increase in ionic radius is the predominating factor, which accounts for the high

activation energy at larger ‘x’ values.

(¢) ZnMn ;. Fe,04 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

Since Zn** ions prefer tetrahedral sites rather than octahedral sites, the added Zn
ions make their accumulation in the tetrahedral sites. The activation energy of the series
increases appreciably from 0.400 eV to 0.917 eV with increase in ‘x’ values. The Zif*
ion, a @' (tzg6 egm - completely filled ty; and e, states) system is highly stable and its
orbitals possess much lower energy than the Mn™* ions. Moreover, the ionic radius of
Zn™ is much higher than Mn*, which increased the lattice parameter. These factors

together account the high activation energy of this series.

3.1.7.2 Hall effect measurements

Hall effect is widely used in the interpretation of conduction mechanism in
ferrites [12-16]. The interpretation of Hall effect is straightforward and gives precise
results. Hall effect measurements were used to determine the concentration, mobility and
nature of current carriers in manganese ferrospinels. Here we used a four-probe method.
The sign of the thermo emf gives vital information about the type of conduction in
semiconductors: whether it is p-type or n-type. If the sign of the thermo emf is positive,
the conduction is p-type and if it is negative, the conduction is n-type. The conduction

mechanism in manganese ferrospinels can be represented as:

M?* + Fe¥* _——= M3+ + Fe2*

where M = Mn or the incorporated metal. Thus the conduction mechanism i}x nrtype
ferrites is predominantly due to the hopping of electrons from Fe?* to Fe®* ions. On the
other hand, the conduction mechanism in p-type ferrites can be ascribed to the jumping
of holes between M** and M?* ions. The mechanism of the electrical conduction in
manganese ferrospinels can be explained in terms of the oxidation of Fe?* jons by M*
ions on octahedral sites. The type of charge carriers, amount of carriers and the mobility

of the carriers of different series of manganese ferrites are shown in Table 3.1.7.
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Table 3.1.7. Data for different series of manganese ferrospinels obtained from Hall effect

measurements
Catalyst Type of charge Amount of charge Mobility
carriers carriers (cm™) (cm?/V s)
MnFe,0, electrons 2.60 x 10" - 84.20
Cro2MnggFe 0,4 holes 2.07 x 10° +0.58
Cro4MnggFe;04 holes 2.79 x 10° +0.67
CrogMngsFe,0,4 holes 3.76 x 10° +0.76
CrogMngaFe;04 holes 437 x 10° +0.84
CrFe,0;, holes 4.52 x 10° +0.93
Cop2MnggFe,0, holes 1.03 x 10" +2.58
Cop.4Mng¢Fe.0, holes 6.83 x 10" +3.07
CoooMng4Fe;0,4 holes 12.37 x 10" +3.36
CoosMng2Fe;04 holes 18.32 x 10" +3.64
CoFe,0; holes 28.57 x 10" +3.97
Nig2MnggFe,04 holes 0.03 x 10" +1.85
Nig.4+MngsFe204 holes 4.23 x 10" +2.31
NigsMng sFe;04 holes 8.37 x 10" +2.66
NigsMngFe,0,4 holes 11.63 x 10" +2.81
NiFe,04 holes 14.07 x 10'° +3.12
Cug2MnggFe04 holes 0.07 x 10" +1.38
Cug4MnggFe,04 holes 1.18 x 10" +1.79
CugeMng 4Fe,04 holes 3.78 x 10" +1.86
CugsMng2Fe;04 holes 9.72 x 10" +1.94
CuFe;0;4 holes 13.76 x 10 +2.12
Zno2MnggFe;04 holes 0.12 x 10" +2.18
Zng4MngFe;04 holes 1.01 x 10" +2.99
ZngsMng 4Fe;04 holes 4.66 x 10" +3.16
ZnosMng2Fe,0;4 holes 10.52 x 10" +3.34
ZnFe,0; holes 15.18 x 10" +3.62
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It can be seen from Table 3.1.7 that except for MnFe;0, in all the other systems
holes are the majority charge carriers. In MnFe,Q,, electrons are the charge carriers and
n-type conduction is operating. Therefore for this n-type ferrite, the most probable
mechanism is electron hopping between Fe** and Fe®* ions as:

Fe* —= Fe¥* ; e

This process is expected to take place between two adjacent octahedral sites in a spinel
lattice. Also it is observed that the concentration and mobility of these charge arriers
(electrons) in the system are highly appreciable. On incorporating metal cations into
MnFe,O, the charge carriers are shifted from electrons to holes. Though the
concentration of holes are comparable with the concentration of electrons, their mobility

is much less than that of electrons present in MnFe;Oj.

3.1.8. Missbauer Spectra

In catalysis, Mdssbauer spectroscopy is primarily employed for the
characterization of catalysts. This technique gives a better understanding of the oxidation
state [17-19], phase transitions [20], magnetic properties [21] and electronic environment
of the Mossbauer active elements in the catalysts and of the particle size of the samples.
The room temperature Mossbauer spectrum of MnFe;O4 calcined at 500°C is given in
Fig. 3.1.10. The Mdssbauer spectrum is fitted with two partially superimposed sextets

and one doublet. The Mdssbauer parameters for the spectrum are given in Table 3.1.8.

The Mdssbauer spectrum of MnFe,0, is composed of two sextets with hyperfine

fields 51.26 and 48.43 T, corresponding to octahedral and tetrahedral sites, respectively
[22-24].

The isomer shift (8) values were found out with respect to the metallic iron
(*'Fe). The spectrum of ferric iron is shifted in a positive direction relative to the metallic
iron because of the decrease in electronic charge density at its nucleus following the loss
of the 4s electrons. The spectrum of the ferrous iron is shifted to even larger positive
velocities because of the screening effect of the additional 3d electrons on the 3s

electrons which increases the radial distribution of 3s electrons and further decreases
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Table 3.1.8 Mossbauer parameters of MnFe;Os.

Type of Isomer shift (§) Quadrupole Line width Intensity
splitting (= 0.02 mm/s) ' splitting (A) (= 0.04 mm/s) (%)
(= 0.04 mm/s)

Sextets
Hyperfine
field 0.50 -0.11 0.70 40.80
(51.26 T)
Hyperfine
field 0.40 -0.21 0.48 52.78
(48.43T)
Doublet 0.24 = 0.02 0.81 0.97 59.20
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their electron charge density at the nucleus. The magnitude of the effects may vary over
wide ranges depending on covalency effects and spin states. In ferrites, F¢* ions are d°
(tzg4 egz) systems with 0.4 A, crystal field stabilization energy and Fe** ions are ¢
([283 egz) systems with zero crystal field stabilization energy due to oxygen anions.
The characteristic Mdssbauer isomer shift range for Fe** is within 1.10 to 1.30 mm/s
[25) and for Fe**, it is within 0.2 to 0.5 mm/s [26] with respect to the metallic iron. The
isomer shift values () from both the doublet and sextets correspond to Fe** ions, both in
the tetrahedral and octahedral sites. Since MnFe;Oy4 is a partially inverse spinel, we
expect Fe™ jons in the octahedral sites. But, isomer shift values corresponding to Fe**
ions are not observed. It is because the concentration of Fe** ions in the system is much
lower when compared to the concentration of Fe** ions. Also, due to the presence of Fe™*
and Fe** ions in the octahedral sites, the difference in the two valence states is averaged
out by rapid electron exchange at room temperature. It is evident from Table 3.1.8 that §
values of Fe® ions in the octahedral site (hyperfine field- 51.26 T) is 0.10 mm/s more

positive than the Fe®* ions in the tetrahedral site (hyperfine field- 48.43 T).

The quadrupolar splitting (A) exhibited by *’Fe reflected the asymmetry of the
electric field gradient (EFG) experienced by Fe>* and Fe?* ions in the system. In the case
of Fe** ion, the EFG at 3'Fe nucleus may be due to the non-spherical distribution of 3d
electrons (t2;* e,”). However, Fe** ion possesses half filled 3d configuration (tz4° €;°), the
EFG arises from the neighbouring ions. Since MnFe;0s is 50% inverted [27], the
tetrahedral site contains Mn’* and Fe** ions. Both these ions are d° systems. The Fe’*
ion experiences no chemical disorder and hence the tetrahedral sites have no EFG. The
cubic symmetry of the tetrahedral site is thus maintained. But the octahedral Fe** ions
experience EFG due to the surrounded metal ions of large size and asymmetric
distribution of electrons and also due to the surrounded oxygen anions. Thus, the
crystallographic site of Fe** ions in the octahedral site does not have a cubic symmetry,

but a trigonal symmetry.

The Mossbauer line widths are a measure of the chemical disorder around the
Mdssbauer nuclei. So, it is clear from the Table 3.1.8 that the chemical disorder around

the Méssbauer nuclei in octahedral site is more than that in the tetrahedral site.
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For materials exhibiting magnetic ordering the degeneracy of the nuclear spin
state is lifted and the Mdssbauer spectrum will be characterized by a hyperfine pattern.
The Mossbauer spectrum of MnFe,O4 is composed of two partially superimposed
six-line spectra (sextet). Hence MnFe,0O4 possesses magnetic behaviour. Gager and
Hobson [28] observed two superimposed hyperfine pattern for magnetite. According to
them these are due to the hyperfine splitting of Fe** ion in the tetrahedral site and
hyperfine splitting of Fe?* and Fe** ions in the octahedral site. It can be observed from
Fig.3.1.10 that at the lower velocity region of the spectrum, the superimposed hyperfine
lines corresponding to the transitions associated with the tetrahedral and octahedral sites
are somewhat resolved. The line width of the transitions associated with the tetrahedral
sites are temperature independent while that of transitions related with octahedral sites
increases with decrease in temperature. The decrease in temperature slows down the
electron exchange between the Fe?* and Fe® ions and thus both the Fe centre can be

distinguished in the spectrum.

3.1.9. Cation distribution

The cation distribution of the different series of manganese ferrospinels can be
found out from the X-ray intensity calculations [29], Mdssbauer spectral analysis data
[30-32] and theoretical calculations. Table 3.1.9 gives the cation vzﬂcncy distribution of
five scries of manganese ferrospinels. It can be seen that the partially inverse MnFe>O,,
is turned to fully inverse CfFezO4 by the step-wise increment of Cr ions into the
octahedral sites of the former. The same trend is observed for the other systems like
CoMn(i.qFes0s, NiyMn;.Fe;O4 and CuMn(Fe:0s. But in the case of
Zn,Mn(;.Fe-0s system, the successive incorporation of zinc ions changed the partially
inverse manganese ferrospinel to the normal spinel, ZnFe;0,. We have observed that the
type and concentration of metal ions in the tetrahedral and octahedral sites of different
series of manganese ferrospinels play a crucial role in their surface properties and

catalytic activities.
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Table 3.1.9 Cation distribution of different manganese ferrospinels.

Catalyst

Cation valency distribution

MnFezO4

Cro2MnggFe>0;
Cro.sMng¢Fe,04
Cro6Mng 4Fe,0;
CrosMng2Fe;04
CrFe 0,

Cop2MnggFe 0,
Cog4MngeFe 0,
CogsMng4Fe;0,
CoosMno2Fe,04
CoFe,0,4

Nig2MnggFe,0,4
NipsMng¢Fe,04
NigoMngsFe;0,
NiggMnq 2Fe,0,4
NiFe,04

Cuo2MnggFe;04
Cug.sMng 6Fe204
CupsMng sFe;04
CupgMng2Fe 04
CuFe,0q4

Zng:Mng gFe; 04
ZngsMngFe; 04
ZnoeMng sFe, 04
ZnogMny2Fe204
ZnFe,0;4

(1\'1f1().52+F€0.53")m[1‘"¢0.52+ Fe3+Mn053+]oc1042-

2+ 3+ 2+ 3+ 3+ 3+ 2-
(Mng4""Feqs™ )et[Feos™ Feos Mngs™ Croz™ JoaOs
2+ 3+ 2+ 3+ 3+ 3+ 2-
(Mng3 " Feor he[Feos” Feos Mngs™ Cros™ JoutO4
2+ 3+ 2+ 3+ 3+ 3+ 2-
(Mng,"Feos™ he[Feos™ Feos Mnga™™ Crog JoaOs™

2+ 3+ 2+ 3+ 3+ 3+ 2-
(Mng,1“"Feqo™ )e[Feos™ Feoz Mng1™ Crog™ JoaOs

(Fe3+)lel[Fe2+ Cr3+]oao42-

2+ 3+ 2+ 3+ 3+ 2+ 2-
(Mng4“"Fegs™ )et[Feos™ Fer Mngs™ Cogz™ JoctO4
2+ 3+ 2+ 3+ 3+ 2+ 2.
(Mng 37 Feo s et [Feos™ Fer”" Mngs™ Cogs™ JotOs
2+ 3+ 2+ 3+ 3+ 2+ 2.
(Mng2""Feog™ )et[Feo2™ Fer  Mnga™" Coos” JouOs

2+ 3+ 2+ 3+ 3+ 2+ 2.
(Mng1""Feoo™ [Feoa™ Fer” Mng,;™" Coos” JoaOs

(Fe3+)lCl[Fe3+ C03+]0uo42-

(Mng4**Feos” )t [Feos™ Fei* Mnga®* Nig2™ o Os™
(Mno3**Feo 7Yt [Feos”™* Fer** Mngs™* Nigs™*]oeOs”
(Mng2**Fegg* )r[Feo2™ Fer'* Mng2** Nige?JoaOs”
(Mg, **Feos” ) [Feor > Fer> Mng,i>* Nigg”*]ocOs™

(F63+)1c,[F63+ Ni2+]oc1042-

2+ 3+ 2+ 3+ 3+ 2+ 2-
(Mng4"Fege™ het[Feos™ Fer” Mngs™ Cuga™ JoeOs
2+ 3+ 2+ 3+ 3+ 2+ 2-
(Mng3“"Feo s het[Feos™ Fer™ Mngs™ Cugs” JouO4
2+ 3+ 2+ 3+ 3+ 2+ 2-
(Mng2""Feog )let[Feo.Z Fe;”" Mng, ™" Cugs ]oclo4

2+ 3+ 2+ 3+ 3+ 2+ 2-
(Mng1""Feog™ het[Feo1™ Fer” Mng;™ Cugg™ JoetOs4

(Fe3+)[et[Fe3+ Cu2+] oc1042-

2+ 2+ 3+ 2+ 3+ 3+ 2-
(Zno2""Mno4"Fegs™ het[Feos™ Fer2” Mnoa™ JoaO4
2+ 24, 3+ 2+ 3+ 3+ 2-
(Zno4s""Mng3  Féo3™ het[Feos™ Fers™ Mngs™ JoaO4
2+ 2+ 3+ 2+ 3+ 3+ 2-
(Znos""Mng2 " "Fegz et [Feoz™ Fers Mng2™ JocOs4

2+ 2+ 3+ 2+ 3+ 3+ 2-
(Znog " "Mng 1" Feor™ het[Feor™ Fers™ Mnoi™ JouO4

(Zn*)[Fes* JoctOa®
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3.2 Surface properties- acidity/basicity

The study of surface acidity and basicity of solids are important as these
properties have decisive roles in determining the catalytic activities and selectivities in
reactions. The strength of the sites exposed on the surface and their distribution depends
greatly upon the catalytic composition. The present system of ferrites studied contains
normal spinels, inverse spinels and mixed spinels. According to many authors [33-40],
whatever be the type of spinel, the octahedral sites are exposed almost exclusively at the
catalyst surface of the spinel oxides and so the catalytic performance is greatly
dependent on the composition of the octahedral sites. Hence, the relative acid-base
properties of the cations present in the octahedral sites are relevant in determining the

acidity and basicity of the systems.

To determine the surface acidity, three independent methods were implemented —
(1) temperature programmed desorption of ammonia, (2) thermodesorption studies of
pyridine and 2,6-dimethylpyridine adsorbed samples and (3) vapour-phase
decomposition of cyclohexanol. For evaluating the basicity of the systems, adsorption

studies of electron acceptors of different electron affinity values were carried out.

3.2.1 Temperature programmed desorption of ammonia (NH3-TPD) method
Temperature Programmed Desorption (TPD) analysis permits to identify the
strength, the number and the type of active sites that are available on the catalyst surface.
The NH3-TPD method is an easy, rapid and quantitative method, widely employed in
characterizing the acidity of solid catalysts. The technique consists in desorbing, by a
linear temperature rate, a reactive gas such as ammonia previously chemisorbed on the

surface. This method permits the determination of both protonic and cationic acidities.

Owing to the smaller size and strong basicity, ammonia can get adsorbed on
acidic sites of any strength and type. The surface OH groups (Bronsted type) and
exposed cations (Lewis type) are responsible for the acidity generation in a solid catalyst’
surface. Different modes of adsorption of ammonia on the catalyst surface are shown in
Fig.3.2.1. These modes comprise adsorption at Bronsted and Lewis acidic sites. The first
two modes of adsorptions, ‘a’ and ‘b’ in Fig. 3.2.1 are weak and the strongest interaction

occurs when ammonia is coordinatively bonded on Lewis site.
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Fig. 3.2.1. Different modes of adsorption of ammonia on oxide surface

The NH3-TPD studies of different series of manganese ferrospinels were done in
the temperature range 100 — 600°C. A definite amount of ammonia is injected into the
sample in the reactor and allowed to adsorb over the catalyst surface in a uniform
manner. This is followed by evacuation for 20 minutes to remove the weakly adsorbed
ammonia. The measurements were taken from 100°C to avoid the physisorbed ammonia.
It was observed that below 100°C, a bulk amount of ammonia was desorbed indicating
the capacity of the sample to physisorb a large quantity of ammonia. The ammonia
desorbed in the temperature range of 100 — 600°C is divided into three different
temperature regions (°C) such as 100-200, 201-400 and 401-600 and assigned as weak,
medium and strong acid sites respectively. The NH;-TPD profiles for the catalysts were
also drawn with amount of ammonia desorbed as a function of temperature. The area of
the peaks corresponds to the amount of acid sites in that temperature region. Two major
shoulders or peaks were observed for many of the systems, while only one hump was
seen for a few systems. Various conclusions derived for different series of manganese

ferospinels are presented in the following sections.
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(a) CriMn ;. Fe20; - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The acidity of this series of systems in the weak, medium and strong regions are

presented in Table 3.2.1. The NH;3-TPD profiles obtained for this series are shown in
Fig.3.2.2.

Table 3.2.1.The acid site distribution

for CryMn(;.Fe,04 system ™ 67
E
3 ) S 5
NH; Desorbed (10"mmolm™) E
4 -
X =
T 3
weak medium strong Total 3 .
£ 21
S 14
00 3.85 4.27 838 16.5 E’
0 \
0.2 3.88 431 237 106 100 200 300 400 500 600
04 397 439 212 105 Temperature (°C)
0.6 402 4.41 1.95 10.4 -'O—MF -0- MCrF-02 —A- \lCl’F-O.“

, —=— MCrF-0.6 —%— MCrF-0.8 —0— CrF
08 4.08 4.4 . 10. . .
> 1.80 03 Fig.3.2.2.  Ammonia-TPD profiles for

It can be seen from Table 3.2.1 that the progressive addition of chromium ions
into the pure manganese ferrospinel decreases the total acidity as well as acidity in the
strong region whereas the weak and the medium acidic sites were somewhat
pronounced. NH3-TPD method lacks in discriminating the type of acid sites (Bronsted
and Lewis). However, it is generally accepted that evacuation of ammonia adsorbed
surface at 400°C removes most of the Bronsted acid sites [41]. Again, it is implied that
the coordinatively bound ammonia on the strong Lewis acid site can be desorbed only at
higher temperatures and the acidity in the strong region can be due to the strong Lewis
acid sites. The acidity in the weak plus medium region is due to the Bronsted and weak
Lewis acid sites. From Fig. 3.2.1, it can be seen that except for MnFe,Qy, all the other
systems in this series possess only one peak around 200°C due to the lack of strong
Lewis sites. Also, from the cation distribution (Table 3.1.9) it can be seen that this series

of ferrites contain Mn>*, Fe**, Fe?* and Cr’* ions in the octahedral site and relative
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concentration of these ions are mainly responsible for the acidity of the individual
systems. The successive substitution of Mn by Cr decreased the amount of Fe** ions in
the octahedral sites and this is the reason for the decrease in the strong acidity values and

subsequent increase in the weak plus medium acidity.

(b) Co,Mn(;.,Fe;0y4 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
Table 3.2.2 presents the acidity values of Co-Mn series in the weak, medium and

strong regions and the NH-TPD profiles for this series are depicted in Fig. 3.2.3.

Table 3.2.2. The acid site distribution

for Co,Mn(;.x)Fe204 system £ §
E S <
NH; Desorbed (10°mmolm™) s .
X S 3. \
weak medium strong Total '§2-
$.,1 9
jost
00 385 427 838 16.50 Z ————
100 200 300 400 500 600
02 38 470 780 16.36
Temperature (° C)
04 388 48 753 1627 6 MCoF02 & MCOF-04
06 390 490 733 1613 - MCoR06 X MCoF08 o CoF

08 393 500 714 1607  Fig.3.2.3. Ammonia-TPD profiles for
10 395 504 704 1603 Co:MnuyFe,0s system

It is evident from Table 3.2.2 that the successive incorporation of Co?* ions into
the octahedral sites of the manganese ferrospinel increases both the weak and medium
acidity. But, the total acidity as well as the acidity in the strong acid region was abridged
slightly. Thus, the cobalt incorporation increased either the Bronsted or weak Lewis acid
sites or both and decreased the strong Lewis acid sites. The ammonia-TPD profiles (Fig.
3.2.3) for this series showed two peaks or shoulders for all the compositions. The peak
maximum for the first region appeared at around 200°C and the second peak maximum
was at around 500°C. The shifting of peak maximum towards the right indicates the

presence of stronger acid sites. Thus, all the compositions of this series contain
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comparable amounts of Bronsted and Lewis acid sites. Moreover, this series of ferrites
contain Mn®*, Fe**, Fe?* and Co® ions in the octahedral site (Table 3.1.9). The
successive substitution of Mn by Co did not change the concentration of Fe**ions in the

octahedral site and hence the variation of acidity is due to the relative concentration of

Mn** and Co?* ions.

(¢) NixMn;.5)Fe, Oy - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The acidity distribution on weak, medium and strong regions of Ni-Mn series of

ferrites is presented in Table 3.2.3 and Fig. 3.2.4.

Table 3.2.3. The acid site distribution

6 -
for Ni,Mn(;_,Fe2O4 system ‘”-"; 5.
S
NHj; Desorbed (10'3mmolm'f) E 4 -
X 2 3
]
weak medium strong Total £,
o
< .
00 3.85 4.27 838 16.50 E
0 T L] L L]
02 38 432 700 1514 100 200 300 400 500 600
04 383 4.35 6.88 15.06 Tempcerature (°C)
PO
—a— M . —=— MNiF-0.
06 38 436 678 1500 “x- MNiF08 o NiF

08 3.88 4.38 6.70  14.56 Fig. 3.2.4. Ammonia-TPD profiles for
1.0 3.91 4.41 6.58 14.90 Ni,Mn(;.)Fe2O4  system

It is clear from Table 3.2.3 that weak plus medium acidity of the series is enhanced
to certain extent by the incorporation of nickel into the octahedral sites of the pure
manganese ferrospinel. But acidity at the stronger region due to the Lewis acid sites is
reduced. All the compositions of this series exhibited two peak maxima at around 200°C
and 500°C showing that the systems in this series contain appreciable amount of
Bronsted and Lewis acid sites. The octahedral sites of this series of ferrites contain Mn*,
Fe**, Fe** and Ni®* ions (Table 3.1.9). Like the Co-Mn series, here also, the

concentration of Fe®* in the octahedral site is not changed by the successive
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incorporation of Ni**. Hence, the variation in acidity is mainly due to the relative

concentration of Mn>* and Ni* ions in the octahedral sites.

(d) CuyMn(,.,,Fe,0, - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
Table 3.2.4 presents the acidity values in the weak, medium and strong
regions of Cu-Mn series. The ammonia-TPD curves for this series of ferrites showing the

acidity distribution in all the temperature regions is presented in Fig. 3.2.5.

Table 3.2.4. The acid site distribution

6-
for CuxMny.xFe;0; system ~
-E -1
NH; Desorbed (10~ mmolm™) g 4
X -
S 34
weak medium strong Total °
2 2-
2
00 385 427 838 1650 ; 11
Z
02 384 431 584 13.99 0 )
100 200 300 400 500 600
04 3.86 4.33 594 14.13 Temperature (° C)
06 388 436 647 1471 S ME Fo4 0 MCuF-0.2

—X— MCuF-0.8 —o— CuF
08 3.90 438 733 15.61
Fig. 3.2.5. Ammonia-TPD profiles for

10 391 441 810 1642 CuMngoFe:04  system

The copper doping in pure manganese ferrospinel increased the weak plus
medium acidity as can be seen from Table 3.2.4. The strong acidity first showed a
reduction and then an enhancement with further addition of copper. The Cu®* ions in the
octahedral sites create surface defects and thereby enhancing the strong Lewis acidity
and this is more pronounced in CuFe;04. All the compositions of the series hold two
peak maxima at around 200°C and 500°C. The higher peak at 500°C indicates the
presence of large amount of Lewis acid sites. Again, it is evident from the cation
distribution that the octahedral sites of this series contain Mn>*, Fe>*, Fe?* and Cu®* ions

and the successive increase in copper content did not alter the concentration of Fe** ions.
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Therefore, the difference in the relative concentration of Cu®* ions and Mn>* ions in the

octahedral sites are accountable for the variation in acidity of the systems.

(e) ZnyMn(., Fe;0, - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The total acidity and acidity values in the weak, medium and strong regions of
the Zn-Mn series of ferrites are presented in Table. 3.2.5. The ammonia-TPD curves for

the series are shown in Fig. 3.2.6.

Table 3.2.5. The acid site distribution

8 1
for ZnMny.x)Fe;0; system —
E
= 6
NHj; Desorbed (10'3mmolm‘2) E
X "'o
< 4 -
weak medium strong Total  F
Q
2 2
00 3.85 427 838 16.50 Z
02 163 185 857 1205 0 ; -

100 200. 300 400 500 600
Temperature (° C)

04 142 1.67 871 11.80

o MEar0.4 MYy
06 130 145 892 1167 T MZOF08 oz
0.8 115 119 913 1147 Fig. 3.2.6. Ammonia-TPD profiles for
1.0 102 105 925 11.32 ZnMng.gFe;04  system

The addition of zinc ions into the pure manganese ferrospinel decreased the weak
and medium acidity to a great extent. But the strong acidity is enhanced by an
appreciable amount (Table 3.2.5). Though the ammonia-TPD curves (Fig.3.2.6) for this
series possess two peak maxima, the one around 500°C is highly prominent than the one
around 200°C indicating the enhancement in the strong Lewis acidity. The octahedral
sites of this series of ferrites contain Mn>*, Fe?* and Fe** ions (Table 3.1.9). The addition
of zinc into the pure manganese ferrospinel causes its accumulation in the tetrahedral
sites and pushes isomorphically Fe>* ions into the octahedral site. This increases the

concentration of Fe** ions in the octahedral sites and enhances the strong acidity.
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3.2.2 TG desorption of pyridine/2,6-dimethylpyridine

The potential of use of pyridine and 2,6-dimethylpyridine as probe molecules for
the determination of acid strength of solid acids has recently attained increased
applications. Since pyridine gets adsorbed on both Brénsted and Lewis acid sites,
thermodesorption study of pyridine adsorbed samples gives the total acid amount of the
solid surface. Thus, this method can be used as a support for the results obtained from
NH;-TPD method. But 2,6-dimethylpyridine (2,6-DMP) adsorbs strongly on Brénsted
acid sites and forms weak bonds with Lewis acid sites [42]. According to Satsuma et al.
[43] the 2,6-DMP weakly bound to Lewis acid sites, get desorbed below 300°C. Hence
thermodesorption study of 2,6-dimethylpyridine adsorbed samples beyond 300°C can
give the measure of Bronsted acid sites. The detection of Bronsted acid sites by 2,6-

DMP may be due to its stronger basicity (higher pK,value) than that of pyridine [43].

These methods of determining the total acidity and Bronsted acidity have been
done for different series of manganese ferrospinels. The samples were activated at 500°C
for 2 h and kept in two different desiccators saturated with pyridine and 2,6-
dimethylpyridine vapours at room temperature for 48 h. These samples were then
subjected to thermogravimetric analysis and the percentage of weight loss per unit
surface area was determined. The heating rate was 20°C/minute in nitrogen atmosphere.
In the case of pyridine adsorbed samples, the percentage of weight loss per unit surface
area in the temperature region 100-600°C is divided into weak (100-200°C), medium
(201-400°C) and strong (401-600°C) acid sites (Table 3.2.6). For 2,6-dimethylpyridine
adsorbed samples the percentage of weight loss per unit surface area in the temperature
region 301-600°C is divided into weak (301-400°C), medium (401-500°C) and strong
(501-600°C) acid sites (Table 3.2.7). The conclusions made for different series of

manganese ferrospinels are discussed in the following sections.

It is confirmed that the results obtained from the thermodesorption studies of
pyridine adsorbed samples can be used as a support for the NH;-TPD studies. The total
acidity values and the acidity in the weak, medium and strong regions for different series
of manganese ferrospinels obtained from TGA of pyridine adsorbed samples are in good

agreement with the data for acidity from NH;-TPD studies.
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Table 3.2.6 Acidity measurement by TG analysis of pyridine adsorbed samples.

Catalyst Pyridine Desorbed (%wt loss) 10° m™”g
Weak Medium Strong Total
MnFe,0; 0.868 1.117 1.496 3.481
CroaMngsFe, O, 0.881 1.131 0.421 2.433
CrosMngcFe,04 0.882 1.135 0.405 2422
CrosMng sFe,0, 0.884 1.139 0.391 2414
CrosMny2Fe 0, 0.886 1.141 0.373 2.400
CrFe,O, 0.888 1.143 0.355 2.386
Cog2Mng gFe,O4 0.877 1.129 1.181 3.187
Cop.4Mng cFe 04 0.880 1.133 1.170 3.183
CrosMng4Fe 0, 0.882 1.135 1.152 3.169
CrosMny»Fe,0, 0.885 1.137 1.143 3.165
CoFe,04 0.888 1.139 1.130 3.157
NigaMng gFe,O, 0.869 1.119 1.122 3.110
NigsMng ¢Fe 0,4 0.870 1.121 1.116 3.107
NigeMny sFe204 0.871 1.123 1.108 3.102
NiggMnyg ;Fe;0;4 0.872 1.125 1.093 3.090
NiFe,O, 0.874 1.128 1.076 3.078
Cup2Mng gFe;04 0.870 1.121 0.927 2918
CugsMng¢Fe;04 0.872 1.124 0.987 2.938
CupsMngFe;04 0.873 1.127 1.125 3.125
CugsMng2Fe,0O4 0.875 1.129 1.149 3.153
CuFe,04 0.877 1.131 1.171 3.179
Zng;Mng gFe,04 0.301 0.545 1.515 2.361
ZngsMnyFe 0,4 0.257 0.521 1.562 2.340
ZnosMng 4Fe;04 0.231 0.504 1.597 2.332
ZnggMny,Fe-04 0.213 0.478 1.621 2312
ZnFe,0, 0.198 0.437 1.668 2.303
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Table 3.2.7. Acidity measurement by TGA of 2,6-dimethylpyridine adsorbed samples.

Catalyst 2,6-dimethylpyridine desorbed (%wt loss)
Weak Medium Strong Total
MnFe;04 0.320 0.276 0.229 - 0.825
Cro2Mng gFe;04 0.162 0.097 0.041 0.300
Cro.sMng ¢Fe,04 0.137 0.091 0.033 0.261
Cro¢Mng 4Fe,04 0.124 0.083 0.0226 0.233
CrosMng 2Fe;04 0.113 0.072 0.023 0.208
CrFe,0q4 0.108 0.061 0.018 0.187
Cog2Mng gFe;04 0.291 0.201 0.191 0.683
Cog.4Mng ¢Fe;04 0.282 0.197 0.172 0.651
Cro.sMng 4Fe;O4 0.263 0.191 0.160 0.614
CrosMng2Fe;04 0.257 0.180 0.151 0.588
CoFe;0q4 0.251 0.173 0.142 0.566
Nig2Mng sFe,O;4 0.321 0.274 0.229 0.824
Nig.4Mng ¢Fe;Os4 0.321 0.274 0.228 0.823
NipeMng 4Fe,04 0.320 0.273 0.227 0.820
NipsMng ;Fe;04 0.319 0.271 0.227 0.817
NiFe;04 0.319 0.270 0.224 0.814
Cug,Mny gFe; 04 0.318 0.256 0.201 0.775
CupsMnyg ¢Fe 04 0.311 0.242 0.197 0.775
Cug.¢Mng.4Fe204 0.307 0.237 0.191 0.735
Cug sMng ;Fe;04 0.304 0.221 0.182 0.707
CuFe;04 0.298 0.218 0.173 0.689
ZngaMng sFe;04 0.326 0.297 0.161 0.784
Zng sMny ¢Fe204 0.317 0.280 0.153 0.750
Zng¢Mng 4Fe;04 0.313 0.273 0.142 0.728
ZnosMng 2 Fex04 0.301 0.253 0.137 0.691

ZnFe,04 0.293 0.232 0.131 0.606




It is assumed that the weak plus medium acidity obtained from NH;-TPD studies
and TGA of pyridine adsorbed samples are mainly due to Bronsted as well as weak
Lewis acid sites. From Table 3.2.7, it is clear that the relative amount of Bronsted acidity
is reduced by the successive incorporation of chromium ions into the manganese
ferrospinels in mixed Cr-Mn series. Thus the enhancement in the weak Lewis acidity is
responsible for the improved weak plus medium acidity as evident from the NH;-TPD
studies and TGA of pyridine adsorbed samples. Similar observations are seen in the
cases of mixed Co-Mn series, Ni-Mn series and Cu-Mn series. But, in the case of mixed
Zn-Mn series both the Bronsted acidity as well as the weak Lewis acidity is reduced by

the successive incorporation of zinc ions into the manganese ferrospinel.

3.2.3. Surface electron donating properties

The utility of electron acceptor adsorption for the study of the electron donor
property of the catalyst surface has been well established. Electron donor strength of a
surface 1s defined as the conversion power of an adsorbed electron acceptor into its anion
radical. It can be expressed as the limiting electron affinity value at which free radical
anion formation is not observed. The limiting amount of the electron acceptors adsorbed
on the catalysts surface depends on nature of the donor sites and also on the electron
affinity of the electron acceptors used. Thus, by a comparison between the limiting
concentration of electron acceptors adsorbed and the electron affinity values of the
respective electron acceptors, information regarding the strength and distribution of the

electron donor sites can be obtained.

The electron acceptors selected for the study were tetracyanoquinodimethane
(TCNQ), 2,3,5,6-tetra-chloro-4-benzoquinone (chloranil) and p-dinitrobenzene (PDNB)
with electron affinity values 2.84, 2.40 and 1.77 eV respectively. The adsorption
experiments were done for different series of manganese ferrospinels activated at 500°C
for 2 h. Acetonitrile is used as the solvent for the adsorption studies. The limiting
amount was estimated from the Langmuir plot where the amount of the electron acceptor
adsorbed (mmol m%) was plotted as a funcfion of equilibrium concentration (mmol dm™)
of the electron acceptor in solution. The limiting amount of TCNQ gives a measure of

total amount of basic sites whereas limiting amount of chloranil signifies the measure of
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moderate and strong basic sites. The difference between the limiting amounts of TCNQ
and chloranil represents a measure of weaker basic sites. The results obtained for
different series of manganese ferrospinels are discussed in the following sections.
Negligible adsorption of PDNB in all systems indicated the absence of very strong basic

sites.

(@) CryMn(xFe;04 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

Table 3.2.8 represents the limiting amounts of electron acceptors for Cr-Mn
series of ferrites. The total basicity of this series, as evident from the limiting amount of
TCNQ adsorbed follows the order: MnFe,0, <<< Crg,MnggFe;04 < CrgsMng ¢Fe,04 <
CrgsMng sFe;04 < CrggMng2Fe;04 = CrFey0,.

It can be seen that the incorporation of Cr** ions into the octahedral sites of the
pure manganese ferrospinel enhanced the moderate to strong basic sites very
significantly as evident from the steady increase in the limiting amount of the chloranil
adsorbed. The weak basic sites represented by the difference in the limiting amounts of
TCNQ and chloranil did not follow any trend during the successive substitution of Mn
by Cr. From the cation distribution (Table 3.1.9) it can be seen that MnFe,0, is a
partially inverse spinel and the inverse nature increases with progressive incorporation of

chromium ions into the octahedral sites. This isomorphically replaces the more acidic

Table. 3.2.8 Limiting amounts of TCNQ, Chloranil and (TCNQ-Chloranil) for Cr-Mn

series of ferrites

Limiting amount (10 mmolm™)

Catalyst TCNQ Chloranil TCNQ-Chloranil

MnFe,0s 10.71 2.60 811
Cro2Mno gFe20s 55.52 22.79 32.73
Cro.4Mno ¢Fe0s 56.28 25.19 31.09
Cro.Mng 4Fe:0s 57.58 30.67 26.91
CrosMng oFe:0s 59.01 35.29 23.72

CrFe;0s 60.61 38.58 22.03
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Fe’* from the more active octahedral sites to the hindered tetrahedral sites and
increased the amount of less acidic Cr** ions in the octahedral sites. All these factors are
responsible for the increased basicity of this series. The adsorption isotherms of TCNQ
and chloranil in acetonitrile over different compositions of mixed Cr-Mn series of

ferrites are presented in Fig.3.2.7 and in Fig. 3.2.8.
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Fig. 3.2.7 Adsorption isotherms of TCNQ ~ Fig.  3.2.8  Adsorption isotherms of

in acetonitrile over mixed Cr-Mn series chloranil in acetonitrile over mixed Cr-Mn

of ferrites. series of ferrites.

(b) CoMn(;.Fe,Oy - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The limiting amounts of TCNQ and chloranil adsorbed for different compositions
of Co-Mn series of ferrites are shown in Table 3.2.9. The addition of cobalt ions into the
octahedral sites of manganese ferrospinel increased all the regions of basicity slightly. It
is understood from the cation distribution (Table 3.1.9) that the progressive
incorporation of cobalt ions converted the partially inverse MnFe;O4 into an inverse
spinel. But this shifting of spinel type did not alter the concentration of Fe®* ions in the
octahedral sites. Therefore, the ratio of Co®*/ Mn®* is mainly responsible for the slightly

improved basicity of this series of ferrites.
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Table. 3.2.9 Limiting amounts of TCNQ, Chloranil and (TCNQ-Chloranil) adsorbed for

Co-Mn series of ferrites.

Catalyst Limiting amount (10" mmol m™)
TCNQ Chloranil TCNQ-Chloranil

MnFe,04 10.71 2.60 8.11
Coo2Mny gFe;04 15.68 7.39 8.29
Coo.sMny ¢Fe;04 16.38 8.08 8.30
Cog.sMng 4Fe;04 17.19 8.87 8.32
Coo.sMng 7Fe;04 17.88 9.52 8.36

CoFe;04 18.58 9.93 8.65

The adsorption isotherms of TCNQ and chloranil in acetonitrile over mixed Co-

Mn series of ferrites are presented in Fig. 3.2.9 and Fig. 3.2.10.
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Fig. 3.2.9. Adsorption isotherms of  Fig. 3.2.10. Adsorption isotherms of
TCNQ in acetonitrile over mixed Co-Mn chloranil in acetonitrile over mixed Co-

series of ferrites. Mn series of ferrites.

(¢) NixMn(;.,Fe;0; - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

Table 3.2.10 represents the limiting amounts of electron acceptors (TCNQ and
chloranil) adsorbed for different compositions of Ni-Mn series of ferrites. The adsorption
isotherms of TCNQ and chloranil in acetonitrile over mixed Ni-Mn series of ferrites are

presented in Fig. 3.2.11 and in Fig. 3.2.12.
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Table. 3.2.10 Limiting amounts of TCNQ, Chloranil and (TCNQ-Chloranil) adsorbed for

Ni-Mn series of ferrites.

Limiting amount (10™ mmol m™)

Catalyst
TCNQ Chloranil TCNQ-Chloranil

MnFe;04 10.71 2.6 8.11
Nig,Mny sFe;,04 20.81 6.41 14.39
Nip.4Mng ¢Fe,04 22.47 7.00 15.47
NigeMng 4Fe;04 23.13 7.58 15.52
Nig sMng ,Fe;,04 24.97 7.92 16.05

NiFe;O4 25.52 8.91 16.61
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Fig. 3.2.11 . Adsorption isotherms of Fig. 3.2.12 . Adsorption isotherms of

TCNQ in acetonitrile over mixed Ni-Mn chloranil in acetonitrile over mixed Ni-

. . Mn series of ferrites.
series of ferrites.

It can be seen from Table 3.2.10 that the bacisity of this series follows the
order: MnFe,O; >> NigoMnggFe, 04 > NigsMngeFe, 05 > NigeMngsFe, 04 >

NiggMng,Fe,04 > NiFe,04. Thus the increment in nickel content in the octahedral
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positions of pure manganese ferrospinels enhanced the basicity in the various types of
basic sites as evident from the limiting amounts of TCNQ and chloranil adsorbed. Like
the Co-Mn series, here also the increment in nickel content in the octahedral sites did not
alter the concentration of more acidic Fe’* in the octahedral site. The variation of
basicity in different compositions of Ni-Mn series depend strongly on the Ni**/ Mn**

ratio in the octahedral sites.

(d) CuMn( 4 Fe;04 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The limiting amount of the electron acceptors adsorbed over different

compositions of Cu-Mn series of ferrites are presented in Table 3.2.11.

Table 3.2.11 Limiting amounts of TCNQ, Chloranil and (TCNQ-Chloranil) adsorbed for

Cu-Mn series of ferrites.

Limiting amount (10" mmol m™)

Catalyst
TCNQ Chloranil TCNQ-Chloranil

MnFe,0, 10.71 2.6 8.11
Cup,Mng gFe,04 22.91 2.52 20.39
Cup.sMng ¢Fe;04 24.65 2.48 22.17
Cup ¢Mng 4Fe,04 26.95 2.44 24.51
CuogMng 2Fe;04 28.32 2.31 26.01

CuFe;04 30.01 2.27 27.74

The copper doping into the octahedral sites of manganese ferrospinel increased
the limiting amounts of TCNQ adsorbed appreciably, but slightly decreased that of
chloranil. The difference between the limiting amounts of TCNQ and chloranil, which
represents the weaker basic sites is enhanced with increased copper doping. In this series
of ferrites the concentration of Fe’* ions for the different compositions are the same and
the variation in donor properties of the series hence depend on the Cu?*/ Mn’” ratio. The
adsorption isotherms of TCNQ and chloranil in acetonitrile over mixed Co-Mn series of

ferrites are presented in Fig. 3.2.13. and Fig. 3.2.14.
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Fig. 3.2.13. Adsorption isotherms of Fig. 3.2.14. Adsorption isotherms of

TCNQ in acetonitrile over mixed Cu-Mn  chloranil in acetonitrile over mixed Cu-

series of ferrites. Mn series of ferrites.

(¢) ZnMn;.x)Fe, 0O, - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The limiting amounts of TCNQ, chloranil and TCNQ-Chloranil adsorbed over
different compositions of Zn-Mn series of ferrites are presented in Table 3.2.12. The data
clearly reveal that the progressive substitution of Mn by Zn reduces the weak, medium
as well as strong basic sites of the series. Unlike the other systems, the substitution of
zinc ions into the pure manganese ferrospinel goes to the tetrahedral sites rather than to
the octahedral sites. This increases the concentration of more acidic Fe** ions in the
exposed octahedral sites and are responsible for the reduced basicity of this series. The
Langmuir adsorption isotherms of TCNQ and chloranil in acetonitrile over mixed Zn-

Mn series of ferrites are shown in Fig. 3.2.15 and Fig. 3.2.16.

96



Table 3.2.12. Limiting amounts of TCNQ, Chloranil and (TCNQ-Chloranil) adsorbed for

Zn-Mn series of ferrites.

Catalyst Limiting amount (10™* mmol m™)
TCNQ Chloranil TCNQ-Chloranil
MnFe;0, 10.71 2.6 8.11
Zny;Mng gFe 04 10.21 2.58 7.63
Zny 4Mng 6Fe,04 10.02 2.51 7.51
Zng ¢Mny 4Fe,0, 9.91 2.49 7.42
Zng gMng ,Fe,04 9.62 2.46 7.16
ZnFe,0, 9.37 2.43 6.94
121 3
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Fig.3.2.15 Adsorption isotherms of Fig.3.2.16.

TCNQ in acetonitrile over mixed Zn-

Mn series of ferrites.

3.2.4. Cyclohexanol decomposition

g
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series of ferrites.

Cyclphexanol decomposition reaction is widely studied to determine the

functionality of an oxide catalyst [5, 6, 44-47]. The seléctivity of the products exhibited

by a catalyst is related to its surface acid-base and redox properties [48-52]. Spinel

oxides contain both acidic and basic sites and the amphoteric nature of the cyclohexanol

permits their interaction with acidic and basic sites. The dehydration activity resulting in

the formation of cyclohexéne is linked to the acidic property and the dehydrogenation
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activity leading to the formation of cyclohexanone is linked to the combined effects of

both acidic and basic properties [53]. A proposed mechanism [46] for the decomposition

of cyclohexanol is depicted in Fig. 3.2.17.
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Catalyst recycling

(b)

Fig. 3.2.17 Mechanism of (a) dehydrogenation and (b) dehydration of cyclohexanol on

oxide surface.

Besides cyclohexene and cyclohexanone, phenol, benzene, cyclohexane and
methylcyclopentene are also reported to form during this reaction [5]. The
decomposition of cyclohexanol was performed over different compositions of
manganese ferrites in vapour-phase at 250°C for 2 h and the products were analyzed by
GC fitted with FID using carbowax column. Cyclohexene and cyclohexanone were the
observed reaction products and formation of methylcyclopentene indicative of strong

acidic sites [54] was not observed for any of the systems. The percentage conversion of
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cyclohexanol was found to show a proportionate increase with decregse’in activation
P e e

energy of the catalyst. It was also observed that the Bronsted acid sites are mainly

responsible for the dehydration activity of the various manganese ferrites. The data for

cyclohexanol decomposition is shown in Table 3.2.13.

(@) CryMn;.y)Fe, O, - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The percentage conversion of cyclohexanol was decreased with increase in the
chromium amount in the octahedral site of the manganese ferrites. This series of
catalysts were observed as weakly acidic from the NH;-TPD results and is established
from the highly reduced dehydration activity. Thus substitution by Cr’* ions removes the
acidic sites initially present in Mn-ferrite. The inverse nature of MnFe,;O, increased
gradually with the progressive substitution of Cr’* ions in the octahedral sites due to the
replacement of Fe®* ions to the hindered tetrahedral sites. So it is considered that Cr’*

ions in the octahedral site act as possible active sites for the enhanced dehydrogenation.

(b) Co,Mn;.)Fe, 04 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The progressive substitution of Mn by Co in MnFe;0, enhanced the percentage
conversion of cyclohexanol. The dehydration activity, which is a measure of the acidic
strength, is slightly lowered with successive incorporation of Co®* ions in the octahedral
sub lattice. This result is in well agreement with the NH;-TPD studies (Table 3.2.2). The
substitution of Co®* ions increased the inverse nature of manganese ferrite, but did not
alter the concentration of Fe** ions in the octahedral sites. Thus, the reduced dehydration
activity and improved dehydrogenation activity of this series of ferrites with progressive
cobalt ion substitution are due to the increased ratio of Co®*/ Mn®" in the exposed

octahedral sites.

(¢) NixMn(;_y)Fe;Oy4 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The progressive replacement of Mn by Ni in the octahedral sub lattice of
manganese ferrite reduced the percentage conversion of cyclohexanol. The dehydration
activity signifying the acidic strength of the catalysts is rather decreased with nickel
doping. The same trend was observed for this series from NH;3;-TPD results (Table

3.2.3). The partially inversed manganese ferrite is converted gradually to the fully
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Table. 3.2.13 Reaction data for cyclohexanol decomposition over manganese ferrites.

Catalyst Conversion Selectivity (%) Activation
(%) Energy (eV)
Cyclohexene Cyclohexanone
MnFe,;04 57.59 91.28 8.72 0.400
Cro2Mng sFe;O4 32.18 38.52 61.48 0.560
Cro4Mng ¢Fe,04 29.73 37.01 62.99 0.668
CrosMng 4Fe;04 26.43 36.25 63.75 0.760
CrosMny ,Fe;O4 24.98 35.89 64.11 0.881
CrFe;04 22.14 34.82 65.18 0.888
Cog2Mng sFe; 04 73.72 90.80 9.20 0.247
Cop.sMng ¢Fe;04 75.27 88.00 12.00 0.201
CrpsMng 4Fe,04 76.29 87.50 12.50 0.182
Cro'gMno,zFezo‘z 77.86 87.10 12.90 0.166
CoFe;04 78.52 86.00 14.00 0.140
Nig2Mng gFe 04 52.57 90.76 9.24 0.411
Nig.sMng ¢Fe;04 49.78 89.25 10.75 0.450
NiggMng 2 Fe;04 44.52 85.29 14.71 0.513
NiFe,04 41.13 82.10 17.90 0.557
Cup2Mng gFe;04 64.31 47.23 52.77 0.301
Cug4Mny ¢Fe,04 65.54 46.36 53.64 0.265
CuycMng 4Fe;04 66.37 42.18 57.82 0.225
Cuo sMnyg 2Fe; 04 67.33 38.98 61.02 0.272
CuFe;04 69.03 3491 65.09 0.295
Zng,Mng gFe,O4 45.10 80.23 19.77 0.571
Zng sMng ¢Fe;04 41.28 77.36 22.64 0.689
Zny ¢Mnyg 4Fe,04 34.11 74.18 25.82 0.741
Zny sMny ,Fe;O4 25.79 71.98 28.02 0.829
ZnFe;O4 18.97 69.91 30.09 0.917

Reaction temperature — 250°C, amount of catalyst— 0.5g, TOS- 2h, flow
rate— 6 mL h'l.
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inverse spinels by the successive incorporation of Ni** ions in the octahedral sub lattice.
The variation of concentration of nickel content did not change the concentration of Fe**
ions in the octahedral sub lattice. Therefore the variation in dehydration activity and the
improved dehydrogenation is due to the change in concentration of Ni** ions in the

octahedral sites.

(d) CuyMn(;.)Fe;0; - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

It is evident from Table 3.2.13 that copper doping in manganese ferrospinel
improved the percentage conversion of cyclohexanol. The dehydration activity is
reduced radically with increase in copper content in the octahedral sites. It is interesting
to note that the dehydrogenation activity of the copper substituted manganese ferrites
exhibited an appreciable enhancement. Like the Co-Mn systems and Ni-Mn systems,
though the partially inverse MnFe,QO, is changed to an inverse spinel by the progressive
incorporation of copper ions, the concentration of Fe** ions in the octahedral sub lattice
remained unaltered with increase in copper content. The highly enhanced
dehydrogenation activity can be looked upon as the combined effect of high Lewis

acidity and high oxidizing ability supplied by the Cu®* ions in the octahedral sub lattice.

(e) Zn,Mn,.5)Fe, 0y - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The incorporation of Zn into the manganese ferntes radically reduced the
cyclohexanol conversion. The acidic strength determined from the dehydration activity
is reduced with zinc content. These results are in agreement with the results obtained
from the NH;-TPD studies (Table 3.2.5). The added zinc ions enter into the tetrahedral
sites of the manganese ferrite rather than the octahedral sites and increase the
concentration of the Fe®* jons in the octahedral sites. Thus, the partially inverse
manganese ferrite is converted to the normal spinel. Thus Fe’* ions in the octahedral

sites are playing the main role in determining the enhanced dehydrogenation activity.
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4

Acylation And Alkylation Reactions

This chapter presents Friedel-Crafts liquid-phase benzoylation of aromatic
compounds and vapour-phase alkylation of aniline and phenol. The Friedel-Crafts
reaction is of wide scope, principally for introducing carbon substituents into an
aromatic ring [1]. Friedel-Crafts acylation acylates the ring, generally using acyl halides,
acids, or anhydrides and Friedel-Crafts alkylation attaches an alkyl group, using an alkyl
halide, alcohol or olefin. The choice of the reagent and the catalyst is normally dictated
by the reactivity of the aromatic substrate. Electron-rich rings (thiophene or benzene
substituted by electron-donor groups) need milder electrophiles to bring about reaction,
while inactivated rings (benzene or halobenzenes) need more vigorous reagent/catalyst
combinations. The reaction is an aromatic electrophilic substitution, the attacking
electrophile being generated by the interaction of the reagent with the acid catalyst. Of
these two types of Friedel-Crafts reactions, acylations are more selective and versatile
because they do not give multiple acylation products nor products with rearranged acyl

groups as alkylations are prone to do.

The chapter is divided into three sections. The first section gives a detailed
discussion of the liquid-phase benzoylation of the aromatic compounds (benzene,
activated benzenes and deactivated benzenes) using benzoyl chloride as the benzoylating
reagent over the five series of manganese ferrite catalysts. In addition, the effect of
various reaction parameters on product distribution of toluene benzoylation is studied.
Catalytic activity is correlated with the acid-base properties and activation energy
determined from DC conductivity measurements. The second section deals with the
thorough investigation of alkylation of aniline using methanol over the prepared systems.
The detailed discussion regarding the influence of factors such as reaction temperature,
molar ratio, time-on-stream and contact time are also presented. The alkylation of phenol
using methanol over all the present systems and the effects of various reaction

parameters are depicted in the third section.
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4.1 Section I - Freidel-Crafts Benzoylation of Aromatic Compounds

Friedel-Crafts acylation reactions are fundamental and important processes
in organic synthesis as well as in industrial chemistry [2, 3]. Conventionally,
the Friedel-Crafts acylation of aromatic hydrocarbons is carried out in a homogeneous
phase by using Lewis acids such as AICl;, BF;, ZnCls, TiCl,. FeCls, or Bronsted acids
such as polyphosphoric and HF as catalysts [4-6]. However, these processes have the
inconvenience of using stoichiometric or even excess amount of the catalysts
for the reaction to proceed [7]. In addition, rather reaction conditions, disposal of the
spent catalyst, high toxicity, tedious work-up procedures. which may induce
environmental pollution, especially in industrially scale processes. While ranging in
effectiveness, life time and the increasing demand for cleaner processes prompted by
stringent environmental laws, solid acids may be preferred to their counterparts as they
offer a number of advantages including high activity and selectivity. easy recovery,

regeneration and reuse of the catalyst.

Towards this purpose, different solid acids have been tested as catalysts for the
acylation of aromatic compounds. Materials such as pillared clays and rare earth
exchanged pillared clays [8], Nafion-H and Nafion/silica composites [9-11], sulphated
zirconia [8, 12], graphite [13] and zeolites [14-23] have been proven to catalyse this

reaction.

It is reported that in spite of their high acidity HZSM-5. HY and H-beta zeolites
show very low activity even for activated benzenes [24, 25]. However. there are recent
reports to show the high activity of zeolites undergoing acylation reactions of activated
arenes. Botella ef al. [26] tried the acylation of toluene with acetic anhydride over beta
zeolites. They found beta zeolite as a good catalyst to perform acylation of toluene with
acetic anhydride at 150°C. An arene/anhydride molar ratio in between 10 and 20 is
beneficial for the reasonable conversions with high selectivities to methylacetophenone
(MAP). It was found that the catalytic activity is influenced by the Bronsted acidity of

the zeolite and therefore low frame work Si/Al ratios lead to better vields of MAP.

Singh et al. observed the benzoylation of xyvlenes using benzovl chloride as the

benzoylating agent [27] over various zeolites. Their results reveal that o-xylene can be
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benzoylated selectively to 3,4-dimethylbenzophenone and zeolite H-beta exhibits higher
activity and selectivity than that of the other zeolite catalysts. With benzotrichloride or
benzoyl chloride as the acylating agent and HZSM-5 as the catalyst, activated arenes
underwent benzoylation efficiently and the reaction is found essentially regiospecific
[28]. Here, the authors presumed that the Lewis acid sites (A7) in HZSM-3 can activate
benzotrichloride or benzoyl chloride by way of coordination, resulting in
phenyldichlorocarbenium ion and phenylacylinium ion respectively, which in turn react

with the aromatic nucleus to produce benzophenones.

Hino and Arata report that solid super acids, sulphated zirconia and alumina
showed activities for the benzoylation of toluene with benzoyl chloride and benzoic
anhydride at temperatures below the reflux temperature of the mixture {25, 29]. The
authors account another super acid system, tungsten oxide supported on zirconia, which
was found to be active for the acylation reaction [30]. Further, Arata ef al. examined the
benzoylation of toluene with benzoic anhydride over metal promoted sulphated zirconia,
the enhancement in the activity by the addition of Pt and Ru was observed exceedingly
effective and the isomer distribution of methylbenzophenone was similar to that with the

usual homogeneous reaction [31].

In an effort to promote rare earth salts as catalysts for Friedel-Crafts electrophilic
substitutions, Baundry er al. reported the results of alkylation [32, 33] and acylation [34]
reactions of activated benzene rings using reusable supported lanthanide salts as
heterogeneous catalysts. The benzoylation of anisole gave high yields of products while
benzene failed to react. The rate of the reaction was found to increase with substrates
with electron donating groups. which stabilizes the benzoyl cation intermediate. The
phosphotungstic acid supported on silica as well as its cesium salts were found active for

the acylation of activated benzenes with crotonic acids as the acylating agent [35].

Zinc chloride impregnated on an industrial montmorillonite clay, K10,
nicknamed as ‘clayzic” is efficient for the acyaltion of anisole [36]; Cornelis er al. {37,
38] made the comparative analysis of the kinetic behaviours of anisole in benzylation

and acylation over this catalyst and proved that the chemisorption of anisole is not the
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rate determining step. Ferrospinels of nickel, cobalt and copper and their sulphated

analogues have been reported to be active for the benzoylation of toluene [39].

Though some catalysts that complete the acylation by catalytic use have been
reported [40-52], substrates were limited to activated benzenes or aroyl derivatives.
There are only a few reports regarding the acylation of deactivated benzenes and

development of more efficient and powerful catalysts is strongly demanded.

Kobayashi er al. report catalytic Friedel-Crafts acylation of benzene‘and
deactivated benzenes such as chlorobenzene and flourobenzene using Hf(OTf), and
TfOH [53]. They observed both aromatic and aliphatic acid chlorides as the acylating
agents reacted smoothly under the conditions to afford the corresponding aromatic
ketones in good yields. Later, bismuth(Ill) triflourometane, which was found as a good
option for the acylation of deactivated benzenes was reported by Repichet ef al. [54].
_According to their observation, benzoyl chloride is the better acylating agent than

benzoic anhydride for the acylation of deactivated benzenes.

The study of benzoylation of aromatic compounds using benzoy! chloride as the
benzoylating agent and the prepared ferrite systems as catalysts is conveniently
described under two headings as (i) benzoylation of activated benzenes (toluene, xylenes
and anisole) and (ii) benzoylation of deactivated benezenes (benezene, fluorobenzene,
chlorobenzene and bromobenzene). A schematic representation of the benzoylation of

aromatic compounds using benzoyl chloride can be presented as below (Fig. 4.1.1):
R COCl R!
+ spinel catalyst
— C + HCl
R Liquid Phase R2

where,
R'=HandR*=H or R'=HandR?=CH; or R!=CH;andR*=CH;,
R'=Hand R?=0OCH;or R'=Hand R’=F, Cl and Br.

Fig 4.1.1. Schematic representation of benzoylation of aromatic compounds using

benzoy! chloride.
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4.1.1 Benzoylation of activated benzenes (toluene, xylenes and anisole)

The presence of an activating group in the aromatic ring makes acylation of
activated benzenes more easy. In order to get the desired selective product, the use of
suitable catalysts and optimization of the reaction conditions are necessary. As a
representative reaction, benzoylation of toluene using benzoyl chloride (BOC) as the
benzoylating agent is done for the process optimization and comparison of the activity of

the prepared systems.

4.1.1.1 Benzoylation of toluene

The liquid-phase benzoylation of toluene was done by taking a mixture of
toluene, benzoyl chloride and minute amount of the prepared systems as catalysts in a
50 mL double necked round bottom flask equipped with a reflux condenser in an oil
bath. The reaction yielded mainly two products, which were estimated by GC and
identified by GC-MS as 2-methylbenzophenone (2-MBP) and 4-methyibenzophenone
(4-MBP). A small amount of a third product identified as 3- methylbenzophenone (3-
MBP) is also detected. The reaction is represented schematically by the following figure

(Fig. 4.1.2).

CH,

CH, cocl cH, § CH,
O—2 00 Q0

+

C

I

o)
(4-MBP) (2-MBP) (3-MBP)

Fig.4.1.2. Scheme for the benzoylation of toluene.

The catalytic activity and product distribution greatly depend on the composition
of the catalyst and also on the reaction conditions. The process optimization was carried
out by varying the reaction parameters such as amount of catalyst, reaction temperature,
catalyst composition, presence of moisture in the reaction mixture as well as in the
catalyst and toluene/BOC molar ratio. The details of each are given in the forthcoming

sections.
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4.1.1.1.1 Effect of catalyst loading

In heterogeneous catalysis the amount of catalyst plays a crucial role in
determining the rate of the reaction. The amount of catalyst required for the reaction was
optimized by taking MnFe,O4 as catalyst. Prior to each experiment the catalyst was
activated at 500°C for 2 h. The toluene/BOC molar ratio was taken as 10 and the
reaction temperature was set at 80°C. The reaction was allowed to run for 20 minutes in
an oil bath with magnetic stirring using different amount of catalysts. The effect of
amount of catalyst on the percentage conversion of BOC is presented in the figure shown

below (Fig.4.1.3).
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Fig 4.1.3. Effect of catalyst loading. Catalyst- MnFe,O,4, Reaction temperature- 80°C,

Toluene/BOC molar ratio-10, Reaction time- 20 minutes.

It can be seen from the above figure that the amount of catalyst has an imperative
function in the benzoylation reaction. The reaction is not occurring without the presence
of a catalyst. As the amount of catalyst increased from zero grams to 0.1 g, the
percentage conversion of BOC increased from 0 % up to 78.42 %. Thus the product
yield was found to be proportional to the amount of the catalyst taken up to 0.1g,
establishing the heterogeneity of the method. After this, the conversion of BOC to the
reaction products is found to be remaining more or less constant. This trend can be
explained in terms of the fact that the further increase in the catalyst amount restricts

desorption of the acylated product from the catalyst surface. Thus. it is understood that
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there is an optimum amount of catalyst for the effective performance and in this case, it

is 0.1 g. Therefore, 0.1 g of the catalyst was used in the subsequent experiments.

4.1.1.1.2 Effect of reaction temperature
Figure 4.1.4 shows the variation of the conversion of BOC and the product
distribution with reaction temperature at a time of 20 minutes. The catalyst chosen was

MnFe»O, and the toluene/BOC molar ratio was selected to be 10.
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Fig. 4.1.4. Effect of reaction temperature. Catalyst- MnFe-O,, Toluene/BOC molar

ratio-10, Reaction time- 20 minutes.

At room temperature, conversion of benzoyl chloride is not taking place. The
reaction needs diminutive temperature to activate the reactant molecules. From Fig.
4.1.4, it is clear that the conversion of BOC and selectivity to the para product, 4-MBP
are increasing with the rise of temperature. This is probably due to the speedy desorption
of the acylated product from the catalyst surface with increase in temperature. This
facilitates the further adsorption of reactant molecules, which resulted in the increased
conversion of BOC. Also, there can be the chance of formation of the bulkier products
when the reaction temperature is raised, since the higher reaction temperature favours
the consecutive acylation, disproportionation, alkylation and decarboxylation [26]. But

no such by-products were observed even at 110°C. Though the maximum conversion of
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BOC (%) and high selectivity for 4-MBP was obtained at the reaction temperature of
110°C (refluxing temperature of the reaction mixture), a reaction temperature of 80°C

was selected for further studies to get the better comparative results.

4.1.1.3 Duration of reaction run

For studying the effect of reaction time on benzoylation of toluene, the reaction
was carried out with a toluene/BOC molar ratio of 10, at a reaction temperature of 80°C
for half an hour. The filtrate was collected from the reaction mixture at a regular
interval of 5 minutes for the GC analysis. The correlation between conversion of BOC,
product distribution and reaction time for the benzoylation of toluene over the catalyst,

MnFe,0y is illustrated in figure 4.1.5.
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Fig.4.1.5. Effect of reaction time. Catalyst-MnFe;O4, Toluene/BOC molar ratio-10,

Reaction temperature- 80°C.

The conversion of BOC and selectivity for 4-MBP over MnFe,0, is found to
increase with increase in reaction time and reached the maximum in 30 minutes of
reaction run. The increase in conversion of BOC with time, confirming the heterogeneity
of the catalytic reaction. Again, the products formed during the initial run of the reaction
is suspected to convert to thermodynamically more stable para product with increase in

reaction time.
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4.1.4 Effect of t230luene/BOC molar ratio

A series of experiments were done at 80°C with different molar ratios of
toluene/BOC over MnFe,0,. Fig. 4.1.6 shows the effect of toluen /BOC molar ratio in
the reaction mixture on the activity of MnFe;O4 and product distribution at a  fixed
toluene concentration. In all the cases, 4-MBP and 2-MBP were the main reaction
products identified. However, at lower toluene/BOC molar ratios (t/ b= 2.5, 5 and 7.5)
a significant amount of 3-MBP was also formed in the reaction mixture. Dibenzoylated

products were not observed even at lower toluene/BOC molar ratios in any of the

systems.
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Figure 4.1.6. Effect of toluene/BOC molar ratio. Catalyst-MnFe;O4, Reaction

temperature- 80°C, Reaction time-20 minutes.

Since toluene is taken in excess, the reaction is supposed to proceed via a pseudo
unimolecular mechanism. The rate of the reaction, therefore, should vary with the
concentration of the benzoyl chloride taken. From Fig. 4.1.6, it can be seen that the
conversion of BOC is increased with the increase in the toluene/ BOC molar ratio. ie.,
nse in concentration of BOC in the reaction mixture reduces the product yield. This
contradictory observation may be due to the inhibiting effect caused by the acylated
products, which can be strongly adsorbed on the catalyst surface [55]. This restricts

further adsorption of the reactant molecules and thus reduces the conversion of BOC.
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The inhibition would be less significant for reaction mixtures richer in toluene, which
helps to desorb the ketones formed. It is seen that the selectivity for the formation of 4-

MBP remains constant beyond the toluene/BOC molar ratio of 10 .

4.1.1.5 Effect of moisture

In order to study the effect of moisture in the catalyst and in the reaction mixture,
the catalyst and toluene were kept in a desiccator saturated with water vapours at room
temperature for 48 h. The reactions were carried out at 60°C for 1 h. by taking
toluene/BOC molar ratio of 10 in a 50 mL double necked round bottom flask using about
0.1 g of moisture adsorbed MnFe,O4 as the catalyst. For comparison, the reaction was
also performed with moisture free MnFe,O4. The reaction mixture was analyzed at

regular intervals of 10 minutes. The results are presented in the Table 4.1.1.

Table 4.1.1. Effect of moisture on the benzoylation of toluene over MnFe,O4 at 60°C
and /b =10.

Catalyst Reaction Reaction Conversion Product Distribution
temperature  t/b time of Hydrolysis Benzoylated
(min) BOC Product Product
(%)
10 25.23 100 --
MnFe;04 20 42.12 100 -~
(adsorbed 60°C 10 30 53.51 100 . -
with 40 61.62 100 -
moisture) 50 70.61 90 10
60 91.48 88.53 11.47
10 48.72 -- 100
20 53.48 - 100
MnFe,0, 60°C 10 30 62.97 - 100
40 71.67 - 100
50 77.48 - 100
60 80.96 -- 100
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In the presence of moisture, hydrolysis of benzoyl chloride was observed as the
major reaction, leading to benzoic acid as the product in the initial stages of the reaction.
After some time, the benzoylation reaction started to come about leading to the
formation of 4-MBP. From data in Table 4.1.1, it can be seen that there exists an
induction period for the benzoylation reaction due to the presence of adsorbed moisture
on the catalyst. Induction period is the time required for replacing the adsorbed moisture
by the reactants to start the catalytic reaction. With the fresh catalyst, only the
benzoylation reactions were observed. From these observations it can be inferred that the
Lewis acid sites are catalyzing the reaction and are initially blocked by the adsorbed
moisture enhancing the hydrolysis of the benzoylating agent. Thus for benzoylation
reactions with BOC as the benzoylating agent, moisture free catalysts and reactants are

recommended, otherwise redundant products may come up.

4.1.1.1.6 Comparison of catalyst composition

We have prepared five series of manganese ferrospinels and for the comparison
of catalyst composition, the results and discussions are conveniently made under five
groups: (a) Cr-Mn series (b) Co-Mn series (¢) Ni-Mn series (d) Cu-Mn series and (v)
Zn-Mn series. The commercially available individual metal oxides and the conventional
homogeneous catalyst AICl;, were also looked for the catalytic reaction. From the
product yield and considering the reaction as a pseudo unimolecular, the intrinsic rate

constants in the units of (min” m?) was determined for each catalyst sample using the

formula,
2.303 100
k (min”' m?) = log
twA (100 - % yield)
where,

t = time of the reaction (minutes), w = weight of the catalyst (g) and A = BET surface

area of the catalyst (m’ gh.

(a) CryMn;5Fe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
The percentage yield of the product, rate constant and the product distribution for

different composition of the Cr- Mn series are presented in Table 4.1.2.
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Table 4.1.2. Benzoylation of toluene with BOC over CryMn(,.«\Fe:O, (x = 0, 0.2. 0.4.
0.6. 0.8 and 1.0)- type systems.

Product Rate Constant Selectivity (%)

Catalyst yield(%)  (10°min"'m?) = 4.MBP  2-MBP  3-MBP

MnFe,O, 78.42 4.99 82.38 17.62
Cro sMno gFe>0, 42.79 427 80.79 16.37 2.84
CrosMno Fe204 33.18 3.71 76.32 22.61 1.07
CroMno sFe204 26.90 3.29 67.32 32.06 0.62
CrogMno2Fe;0q 18.34 2.40 66.37 33.63

CrFe,0, 11.57 1.71 62.73 37.27 —

Reaction Temperature- 80°C, Reaction time- 20 minutes, t/b — 10

The data clearly reveal that the successive incorporation of chromium ions into
the pure manganese ferrospinel. MnFe,O4, reduce the catalytic activity towards
benzoylation reaction and also the selective formation of 4-MBP. It is evident from the
NH;-TPD profiles of these spinels (Table 3.2.1) and from the thermodesorption studies
of pyridine (Table 3.2.6) that the total acidity and also strong acidity decreased
noticeably, whereas the limiting concentrations of electron acceptors were increased
(Table 3.2.8). In other words, replacement of Mn by Cr decreased the acidity of the
series and is confirmed from the their dehydration activity in cyclohexanol

decomposition reaction (Table 3.2.13).

MnFe,0y, is a random spinel or partially inverse spinel and substitution of Mn by
Cr replaces Fe’* from the octahedral sites to hindered tetrahedral sites (Table 3.1.9). In
the substituted ferrospinels, the high strength Lewis acids are provided by the octahedral
Fe’* ions which are more exposed on the catalyst surface. The shifting of Fe’* from the
octahedral sites to hindered tetrahedral sites reduces the catalytic activity of Cr-Mn
series. And as far as chromium ions are concerned they do not seem to generate strong

enough catalytic activity in spinels to catalyse Friedel-Crafts reactions [56].



The foremost factor seemed to be 6+
the activation energy of the catalyst,
which is the energy gap between valence
band and conduction band. The
activation energy of the series goes on

increasing with successive substitution

Activation energy (10"'eV)

Rate constant (lO"min"m'z)

of Mn by Cr. Figure 4.1.7 depicts the

variation of rate constant and activation 0 02 04 06 08 I

X

energy with different compositions of Rate constant Activation Eneray

Cr-Mn series. The figure clearly shows
Fig.4.1.7 Variation of rate constant and activation

the decrease in rate constant with . - .
ons energy with composition of Cr,Mn, Fe-O, (x =0,

increase in ‘activation energy of the 5 04 0.6,0.8 and 1) type catalysts

catalysts.

All these aforementioned factors synergistically decrease the catalytic activity of

chromium substituted manganese ferrospinels.

(b) CoxMn(1Fe; 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
Table 4.1.3 presents the product yield (%), rate constant and product distribution

of toluene benzoylation performed over different Co-Mn systems.

Tabie 4.1.3. Benzoylation of toluene with BOC over CoMn(;.xFe204 (x =0, 0.2, 0.4,
0.6, 0.8 and 1.0)- type systems

Product Rate Constant Selectivity (%)

Catalyst yield (%) (10°min'm? 4-MBP 2-MBP~  3-MBP

MnFe,04 78.42 4.99 82.38 17.62 -
C0o2Mng sFe;04 96.52 14.91 73.37  20.54 6.09
Coo.sMng ¢Fe;04 97.71 17.94 70.08  23.74 5.18
CopsMng4Fe,04 97.98 19.91 69.03  26.65 132
CoosMng Fe;04 98.67 25.22 68.13  27.71 4.16

CoFe;04 98.93 30.00 67.19  28.84 3.97

Reaction Temperature- 80°C, Reaction time- 20 minutes, /b — 10
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The acidity measurements reveal that the incorporation of Co®" in manganese
ferrospinel decreases its total acidity, especially acidity in the strong region slightly
(Table 3.2.2). Interestingly, we observed a greater enhancement in catalytic activity by
the incorporation of Co>*, though the selectivity for 4-MBP was considerably abridged.
Along with 2-MBP, systems afforded 3-MBP in a significant yield.

The greater catalytic activity of the Co-Mn series can be due to the following
reasons. The acylated products formed get adsorbed on the acid sites of the catalyst
surface owing to its polarity, restrict further adsorption of the reactant molecules and
reduce the reaction rate. Thus, catalysts having lesser amount of acidic sites promote the
desorption of the acylated products and thereby increasing the catalytic activity. But
when the competitive adsorption of toluene, benzoyl chloride and the benzoylated

product is considered, the preponderance adsorption of the benzoylated product is less

significant and this possibility is ruled out.

However, when the band gap or

the activation energy of the catalysts is 30 - - 40
taken into account, substitution of Mn _
by Co in the pure manganese ferrospinel —.E T30
2204
=

-3

lowered the activation energy of
manganese ferrospinel considerably.

Figure 4.1.8 shows the variation of rate

N
(=)
Activation energy (10” ¢V)

Rate constant (10
=
t

constant and activation energy with

composition of Co-Mn series of ferrites.

. . . 0 02 04 06 08 1
The enhancement in catalytic activity ¢

X

showed a proportionate increase with &— Rate constant —8— Activtion energy

decrease in activation energy. Thus it

can be inferred that the lowering of Fig.4.1.8 Variation of rate constant and Activation
activation energy by the incorporation "' with  composition of CoMn;.Fe:O4 (x

. . .. =0, 0.2, 0. .6, 0. .
of Co** ions in the octahedral position 0.02,0.4,06,08and 1) type catalysts

playing the foremost role in the enhancement of benzoylation of toluene.
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(c¢) NixMn(;.\Fe;04 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
The catalytic activity studies in this series for the benzoylation of toluene are

given in Table 4.1.4.

Table 4.1.4. Benzoylation of toluene with BOC over NixMn(; «\Fe.04 (x = 0. 0.2, 0.4,
0.6, 0.8 and 1.0)- type systems

Product  Rate Constant Selectivity (%)

Catalyst yield (%)  (10°min"'m?) 4-MBP 2-MBP 3-MBP

MnFe;04 78.42 4.99 82.38 17.62 -
NigaMng gFe;04 64.23 4.91 87.23 11.24 1.53
NigaMng ¢Fe204 60.57 4.85 88.12 10.42 1.42
NigsMng 4Fe204 57.31 4.80 89.75 9.52 0.73
NigsMng2Fe>04 51.80 4.75 93.39 7.49 -

NiFe204 45.20 4.70 92.93 . 6.91 ---

Reaction Temperature- 80°C, Reaction time- 20 minutes, t/b— 10

Though the progressive nickel addition decreased the rate constant. it enhanced
the para selectivity appreciably. In these systems, we observed a decrease in total acidity
and strong acid sites by the progressive nickel doping into the pure manganese
ferrospinel as evident from the NH;-TPD studies (Table 3.2.3) and thermodesorption
studies of pyridine adsorbed samples (Table 3.2.6). The dehydration activity in
cyclohexanol decomposition signifying the acidic strength of the catalysts is rather
decreased (Table 3.2.13) with nickel doping whereas the limiting concentrations of

electron acceptors increased (Table 3.2.10).

It is evident from the cation distribution (Table 3.1.9) that the progressive
substitution of Mn** ions by Ni** ions increased the inverse nature of MnFe-O, but did
not alter the concentration of Fe** ions in the octahedral sites. Hence the concentration of
Ni** ions in the octahedral sites is seemed to be responsible for the catalytic activity of

this series.
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From the DC conductivity

. 499 + 36
measurements data (Table 3.1.5)
we observe an enhancement in _E 2
-
.. by h ‘4894 2
activation  energy y the o= 3
successive replacement of Mn by % 147 3
< -
. . . Z 5
Ni, and NiFe,O, have the highest 54 79 3
N . . L 3
value for activation energy in this 3 <
series. The reduction in catalytic .
; 169 + + t + + 38
activity of these systems follows 0 02 04 06 08 !

X
the same order with increase in

L. . —&— Rate constant —@— Activation energy
activation energy. Fig. 4.1.9

shows the variation of rate Fig4.1.9. Variation of rate constant and activation energy
constant and activation energy with composition of Ni,Mn Fe.04(x=0,0.2,0.4,0.6,
with composition. The synergistic  0-3and 1)- type catalysts.

effect of enhancement in activation energy and reduced acidity in the Ni-Mn series

decreased their catalytic activity.

(d) CuxMn(;,Fe; 05 (x=0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
A series of experiments were performed to evaluate the catalytic activities of

different Cu-Mn ferrites. The results obtained are summarized in Table 4.1.5.

Table 4.1.5. Benzoylation of toluene with BOC over CuMn.Fe;0; (x =0, 0.2, 0.4,
0.6, 0.8 and 1.0)- type systems.

Product Rate Constant Selectivity (%)

Catalyst yield (%)  (10°min"'m?) = 4-MBP 2-MBP  3-MBP

MnFe,04 78.42 4.99 82.38 17.62
CupoMnosFe;04  89.72 8.27 74.28 18.33 7.39
CupsMnoeFe:04  93.79 11.03 71.18 20.85 7.97
CupsMngsFe;04  95.76 13.31 69.32 22.36 8.32
CupsMngoFe;04  89.68 10.11 68.37 22.40 9.23

CuFe, 04 80.51 8.66 67.98 22.75 9.27

Reaction Temperature- 80°C, Reaction time- 20 minutes, t/b - 10
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In these systems, we couldn’t

14— T 40
observe a correlation between the
amount of acidic sites and the catalytic Ent s
activity  for toluene  benzoylation B 2
o 10+ ‘i
whereas a good correlation between the = 130 2
= B
. .. =] 4 =
activation energy and catalytic activity z 8 z
8 z
. . o Z
was found. The analysis of the data in 2 ol 3
<
) <
Table 4.1.5 shows that the catalytic
4 ——t—t + t 20

activity of the manganese ferrospinel 0 02 04 06 08 1

increases by the successive copper & Rate constant Activation eneray
doping up to x = 0.6 and afterwards

showed a decline in the activity. Fig.4.1.10. Variation of rate constant and activation
However, for the values of x above 0.6, energy  with composition of CuMny;_Fe0, (x
the values of activation energy increase, =0.0.2,04,06.0.8 and 1) type catalysts.

which resulted in a decrease in the rate of the reaction. Fig. 4.1.10 clearly depicts the
variation of rate constant and activation energy with composition. The selectivity for 4-
MBP is considerably reduced on incorporating copper ions. Along with 2-MBP, a
significant amount of 3-MBP was also formed. Though the catalytic activity of

manganese ferrospinel was increased from 2 to 2.5 fold by the incorporation of copper,

the systems were seemed to be poorer choice in the selective formation of
4-MBP.

(¢) Zn,Mn(.yFe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
The results obtained for the benzoylation of toluene over different Zn-Mn

ferrospinels are summarized in Table 4.1.6.

An examination of the data in Table 4.1.6 reveals that the zinc-manganese
combination somewhat decreased the rate of the reaction and the product selectivity
declined drastically. The incorporation of Zn ions into the manganese ferrospinel
increased the amount of strong acidic sites as evident from the NH;-TPD measurements
(Table 3.2.5) and thermdesorption studies of the pyridine adsorbed samples (Table

3.2.6). Hence a correlation between acidity and activity could not be achieved
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Table 4.1.6. Benzoylation of toluene with BOC over ZnMn,,.,Fe-O; (x = 0, 0.2, 0.4,
0.6, 0.8 and 1.0)- type systems

Product  Rate Constant Selectivity (%)

Catalyst yield (%) (10°min"'m? =~ 4-MBP  2-MBP  3-MBP

MnFe,0, 78.42 4.99 82.38 17.62 —
Zno -Mny gFe; 0, 60.42 4.83 57.59 21.68 20.73
Znp sMng¢Fe 0,4 52.98 4.58 58.72 21.62 19.66
ZnoeMng 4Fe;0; 45.07 4.03 63.79 18.71 17.50
Zno gMngFe 04 39.78 3.88 66.07 17.61 16.32

ZnFe,0,4 34.01 3.68 68.36 16.32 15.32

Reaction Temperature- 80°C, Reaction time- 20 minutes, t/b - 10

Figure 4.1.11shows the variation

of rate constant and activation energy ] 77
with composition of Zn-Mn ferrite _; 51 >
series. The substitution of Mn by Zn E '75r§
increased the activation energy of the %45.. %0
systems radically. The rise in activation g S g
energy of these systems follow the order: ;2 4T é
ZnFe;04 > Zng sMng ;Fe; 04 >

ZnoeMnosFe;0s > ZngsMngeFe,0s > > o 02 04 : 06 : 08 : ! »
Zno2Mng sFe; 04 > MnFe,0,4. The rate of x

the reaction follows the reverse order and —&— Rate constant —— Activation Energy

hence, the reduction in activity can be

. o . Fig.4.1.11. Variation of rate constant and activation
explained by considering the factors like eneray with composition of Zn.Mn.Fe:0s (x
enhancement in activation energy with =g 02 0.4,0.6,0.8and I)-type catalysts.

Zn?* substitution.

The commercially available individual metal oxides and the conventional
homogeneous catalyst AICl;, were also tested for the catalytic activity. The results are

shown in the following table (Table 4.1.11).
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Table 4.1.7. Benzoylation of toluene with BOC over individual metal oxides and AICl;.

Catalyst Conversion of Selectivity (%)

BOC (%) 4-MBP 2-MBP 3-MBP
AlCl; 78.02 34.89 33.06 32.05
MnO, 1.24 100 - -
Fe,O3 72.87 33.64 33.76 326
Cr0; -- -- -- --
CoO 0.78 100 -- -
NiO 0.20 100 -- --
CuO 0.25 100 - -
Zn0O 0.36 100 - --

Reaction Temperature- 80°C,. Reaction time- 20 minutes, t/b — 10

The homogenous catalyst AICl; gave 78 % conversion which required more than
the stoichiometric amount of the catalyst and furthermore, the product selectivity was
very low. Fe;O; gave reasonable percentage of conversion of BOC with low selectivity.
No benzoylation reaction was observed over Cr,Oj;. Other metal oxides such as MnOs,
Co0, NiO, CuO and ZnO gave lower reactivity. The activation energy of the individual
metal oxides varies in the range 2-5 eV whereas the activation energy of the different
manganese ferrites varies in between 0.4 and 0.95 eV. The high activation energy of the

metal oxides may be the cause for their poor activity.

4.1.1.1.7 Catalyst reusability

For checking the reusability, the catalyst was removed from the reaction mixture
by filtration. It was washed thoroughly with acetone until free of reaction mixture, dried
in an air oven for over night and activated at 500°C for 5 h. The same catalyst was again
used for carrying out another reaction under the similar reaction conditions. As well, the
catalyst was tested three times for the benzoylation of toluene. Though negligible, a
decrease in conversion of BOC was observed, but the selectivity towards the formation

of 4-MBP remained constant in recycling the catalyst (Table 4.1.8).
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Table 4.1.8. Catalyst reusability

Number of Conversion of Selectivity (%)
times BOC (%) 4-MBP 2-MBP 3-MBP
0 78.42 82.38 17.62 —
1 75.31 82.29 17.71 -
2 73.05 82.17 17.83 —
3 70.65 81.97 18.03 —

Catalyst-MnFe,04, Amount of the catalyst —0.1 g, Reaction temperature- 80°C, Reaction

time- 20 minutes, t/b — 10.

The small decrease in the conversion of BOC might be due to the iron leaching
during the reaction. After the completion of the reaction and subsequent 1o the removal
of the catalyst the filtrate was tested for iron with ammonium thiocyanate solution. A
blood red colouration indicating the iron leaching during the reaction period was
observed. Over again, the XRD of the reused catalyst afier the third recycling was taken.
Interestingly, we observed that the spinel phase remained intact even after the reaction.
The XRD pattern of the reused catalyst retained all the distinctiveness of the fresh
catalyst except for a small decrease in the intensity of the peaks (Figure 4.1.12). The
lowering of intensity of XRD peaks may be due the leaching out of iron during the

reaction.
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Fig. 4.1.12. XRD patterns of (a) fresh catalyst and (b) used catalyst.
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Accordingly, all the spinel ferrites were found to be reusable to a large extent.
The individual metal oxides and the conventional homogeneous catalyst, AICl; were not

found to be reusable to any possibility.

4.1.1.1.8 Mechanism of benzoylation reaction

The Friedel-Crafts acylation is an electrophilic substitution reaction.. The
homogeneous Friedel-Crafts acylation requires a little more than the stoichiometric
amount of the Lewis acid catalyst. Mainly two mechanisms are found to operate
depending on the reaction conditions. In most cases, the active electrophile is believed to
be an acylium ion, RCO". In the other mechanism, the attacking species is a complex
formed between the Lewis acid and the carbonyl group of the acyl halide. The acylium
ion has been detected by IR spectroscopy in polar solvents such as nitrobenzene; but in
non-polar solvents such as chloroform, only the complex and not the free ion is present.
Regardliess of which is the active electrophile, they are not as potent as those involved in

other types of electrophilic substitutions.

Earlier studies on the heterogeneous Friedel-Crafts acylation of aromatic
compounds reveal that both Bronsted and Lewis type of acid sites catalyse the reaction
[25, 28, 31 and 38]. Arata ef al. concluded from their reaction results on benzoylation of
toluene using sulphate-supported alumina that the benzoyl cation (PhCO") from benzoyl
chloride molecule is generated by a Bronsted site on the catalyst to form the acylated
aromatics [25]. Paul er al., by the mechanistic studies of benzoylation of aromatic
compounds, presumed that the Lewis acid sites (AP**) in HZSM-5 catalysts promote the
formation of phenylacylium ion, which in turn react with the aromatic nucleus to

produce benzophenones [28].

Spinel ferrites possess both Bronsted and Lewis acid sites. It is considered that
Bronsted acid sites are created by the adsorption of water on the Lewis acid sites [25]
and Saur et al. from their studies on sulphated alumina and titania found the Bronsted
acidity to be increased in the presence of moisture [57]. The study of effect of moisture
on the catalyst for benzoylation of toluene showed that the rate of the reaction decreases
due to moisture adsorption over the catalyst. This suggests that reaction involves the
interaction of Lewis acid sites of the catalysts with benzoy! chloride. The interaction of
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the Lewis acid site with BOC resulted in the formation of an electrophile (CsHsCO")
which then attacks the toluene molecule to form methylbenzophenones. Again, from the
catalyst comparison studies, it is revealed that more than the amount of acidic sites
present in the system activation energy of the catalyst playing the foremost role in
deciding the rate of the reaction. An easy adsorption of the aromatic substrate on the
catalyst surface is hence proposed. Based on these facts, a plausible mechanism can be

represented by the following figure (Fig. 4.1.13).

]
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Fig. 4.1.13. Plausible mechanism of benzoylation of toluene using benzoyl chloride.
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4.1.1.2 Benzoylation of xylenes

The presence of two activating methyl groups in the aromatic ring makes the
acylation of xylenes more easier than toluene. Generally, zeolites are explored for the
acylation of activated aromatic compounds to get the shape selective products [20, 21,
24, 58-64]. The benzoylation of o-xylene with benzoyl chloride was done over all the
prepared ferrite systems to facilitate their activities and to compare the correlations given
in the benzoylation of toluene. The major reaction product 3.4-dimethylbenzophenone
is industrially important and is used for the manufacture of dyes and several organic

intermediates for the production of fine chemicals.

The reaction procedure was the same as in the case of toluene benzoylation.
Since xylene is an activated benzene, the reaction was very speedy with ferrite catalysts
at the refluxing temperature and also several reaction products aroused. Accordingly, to
get the comparable results, the reaction temperature was optimised at 50°C. The
xylene/BOC molar ratio was 10 and the reaction run was carried out for 20 minutes.
The reaction products were analyzed by GC and identified by GC-MS as 3,4-
dimethylbenzophenone (3,4-DMBP) and 2,3-dimethylbenzophenone (2,3-DMBP). A
reaction scheme can be drawn for the benzoylation of o-xylene with benzoyl chloride as

the benzolating agent is shown below (Figure. 4.1.14).

CH, cocl CH,
CH, CH, ﬁ

Fig. 4.1.14. Reaction scheme for benzoylation of o-xylene with benzoyl chloride over

manganese ferrospinels.

The product yields, the rate constants and the product distribution for the

benzoylation of o-xylene are presented in the following table (Table 4.1.9).
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Table 4.1.9 Benzoylation of o-xylene with benzoyl chloride over manganese ferrospinels

Product Rate Constant Product Distribution (%)
Catalyst Yield (%) (10°min"'m™)
3,4-DMBP 2,3-DMBP
MnFe,04 83.78 5.91 933 6.7
Cl’o_zMno_gF6204 49.28 5.15 100 -—-
CrosMng ¢Fe 04 42.35 4.83 100 ---
CroMng 4Fe 04 32.71 3.59 100 -
CrpsMng>Fe 04 21.81 3.00 100 -
CrFe304 18.66 2.88 100 =
Cop2Mng gFe;04 89.78 9.90 90.05 9.95
Cog sMng ¢Fe,04 92.52 12.31 91.22 8.78
CopMng 4Fe204 95.73 16.21 93.10 6.90
Cop gMng 2Fe;04 98.71 25.31 95.54 4.46
CoFex04 99.56 35.86 96.37 3.63
Nig2Mng gFe;0;4 70.84 5.88 97.51 249
Nig4Mng ¢Fe;04 67.22 5.81 98.88 1.12
Nio.6Mn0.4FCZO4 63.13 5.63 100 -—-
Nio'gMno,zFezolz 57.26 5.53 100 -
NiFe;04 50.19 5.44 100 ---
Cug2Mng gFe;04 85.49 7.01 91.35 8.65
Cug4Mng sFe;04 86.52 7.96 93.46 6.54
CugsMng 4Fe;04 87.91 8.90 96.66 3.34
CUo‘sMno.zFezo‘t 85.62 8.59 98.59 1.41
CuFe,04 82.36 7.05 100 -
Znp2Mng sFe; 04 65.42 5.53 87.87 12.13
Zno.4Mno.6Fe204 58.74 5.38 89.32 10.68
Zno_(,Mno}4Fe204 53.25 5.18 92.31 7.69
Zng sMng 2Fe; Oy 47.68 4.95 95.73 4.27
ZnFe,04 42.15 4.84 98.33 1.67

Reaction temperature- 50°C, Reaction time- 20 minutes, Amount of the catalyst-0.1 g,

0-xylene/BOC molar ratio -10
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The analysis of the data in Table 4.1.9 leads us to the following interpretations.

(a) CrMn(;.Fe 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The product yields and rate constants for manganese ferrospinels brought down
by a long way by the progressive substitution of chromium. But in this case, the
selectivity for 3,4-dimethylbenzophenone was highly appreciable. The reduction in the
product yield can be due to the combined effect of increased activation energy (Table

3.1.6) and lowering of acidity (Table 3.2.1) due to chromium doping.

(b) CoMn(,. )Fe,04 (x =10, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

Though the introduction of cobalt in manganese ferrospinel enhanced the product
yield dramatically, the selectivity for the 3,4-DMBP was somewhat diminished. It can be
seen from the acidity measurements that the cobalt substitution in manganese ferrospinel
decreased the total acidity as well as the acidity due to a strong sites to a small extent
(Table 3.2.2). But a proportionate decrease in catalytic activity is not observed and so it
is concluded that in this case acidity is not the core factor determining the activity. The
lowering of activation energy with cobalt substitution (Table 3.1.6) supported the

enhanced activity.

(c) Ni;Mn(; .« )Fe; 0, (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

Though the successive nickel doping in Ni-Mn ferrite series show reduced
reaction rates, the selectivity for 3,4-DMBP increases appreciably with the nickel
content. It is evident from the acidity measurements that nickel substitution decreases the
acidity (Table 3.2.3). Also, the activation energy of this series is enhanced with nickel

doping (Table 3.1.6). Both these factors together influence a reduction of product yield.

(d) CuMn(;Fe,04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The effect of copper doping in manganese ferrite is to an increase in the rate of
the reaction initially, but then the rate declines with further introduction of copper
content. It can be seen from the DC conductivity measurements that the lowering of
activation energy with copper substitution showed an increase in the value beyond x
= (.6 (Table 3.1.6). So it is clear that activation energy of the catalyst is the foremost

factor deciding the activity.
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(e) Zn,Mn(; yFe,04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The zinc substitution decreased the rate of the reaction and aiso the selectivity for
3,4-DMBP. The enhanced acidity in the strong region with successive incorporation of
zinc as evident from the NH;-TPD studies (Table 3.2.5) and thermodesorption studies of
pyridine adsorbed samples (Table 3.2.6), found no correlation with the catalytic activity.
But the DC conductivity measurements revealed that the replacement of Mn by Zn
increased the activation energy (Table 3.1.6), which is the prime cause for their poor

catalytic activity.

4.1.1.2.1 Benzoylation of isomeric xylenes

The position of the methyl groups on the benzene ring plays an important role in
defining the type of products in xylenes. Ortho-, para- and meta-xylenes were separately
acylated by benzoyl chloride over MnFe»O, at 50°C under identical reaction conditions.
Different xylenes gave different product distribution and the results are shown in the

following table (Table 4.1.10).

Table 4.1.10. Benzoylation of isomeric xylenes

Type  Product Product distribution (%)
of Yield 2,3-DMBP  3,4-DMBP 2,6-DMBP 2,4-DMBP 2,5-DMBP
xylene (%)
ortho 83.78 6.71 93.29 — — —
para 78.57 - - - — 100
meta 74.61 — - 14.35 85.65 -—-

Catalyst- MnFe,0y4, Reaction temperature-50°C, xylene/BOC molar ratio-10, Reaction

time-20 minutes.

The data in Table 4.1.10 reveal that the chemical reactivity of the xylenes follow
the order, o-xylene > p-xylene > m-xylene. The benzoylation of o-xylene leads to the
formation of 3,4-dimethylbenzophenone (3,4-DMBP)and 2,3-dimethylbenzophenone
(2,3-DMBP) with high selectivity for 3,4-DMBP (93.29%). With p-xylene, the reaction
gave cent percent 2,5-dimethylbenzophenone (2,5-DMBP). Under similar reaction
conditions, m-xylene gave two monoacylated products, 2,6-dimethylbenzophenone (2,6-

DMBP) and 2,4-dimethylbenzophenone (2,4-DMBP).
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4.1.1.3 Benzoylation of anisole

Anisole functions as an excellent substrate for Friedel-Crafts acylation. Mild
reaction conditions are sufficed because the alkoxy group is highly activating functional
group. The benzoylation of anisole with benzoyl chloride was carried out over all the
manganese ferrite samples to endorse the conclusions made under other activated
benzenes discussed earlier. The experimental procedures and the reaction conditions
were almost the same as in the case of previously presented aromatics. A small change in
the optimization conditions required. the reaction temperature is set at 40°C. The

reaction can be represented by the following scheme (Figure. 4.1.15).

OCH, cocl OCH,
O
|
© + © —_— ©7C4© + HCI
methoxybenzophenone

Fig. 4.1.15. Reaction scheme for benzoylation of anisole using benzoyl chloride.

The methoxy substituent in anisole increases the rate of electrophilic substitution
about ten thousand fold than benzene. This activation of the benzene ring towards the

electrophilic substitution may be correlated with the electron donating influence of the

Oreo

: . -—t
substituents, as measured by molecular dipole moments ( » ). As the methoxy

group is ortho-para directing we foresee mainly two reaction products. The GC
analysis data claimed the same as 4-methoxybenzophenone (4-MYBP) and 2-
methoxybenzophenone (2-MYBP) as the main reaction products. A small amount of 3-

methoxybenzophenone (3-MYBP) was also observed in some cases.

The product yields, the rate constants and the product distribution for the
benzoylation of anisole with benzoyl chloride as the benzoylating agent are presented in

the following table (Table 4.1.11).
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Table 4.1.11. Benzoylation of anisole with benzoyl chloride over manganese ferrospinels

Catalyst Product Rate Constant Product distribution (%)
Yield (10°min'm™)
(%) 4-MYBP 2-MYBP 3-MYBP
MnFe,04 87.58 6.79 85.74 10.72 3.52
CrpoMnggFe,O4 5725 6.49 80.21 15.22 4.57
CrpsMnggFe.O4  49.98 6.30 80.78 13.98 5.24
CroeMng4Fe-04 4237 5.79 81.30 12.83 5.87
CrogMng,Fe;O4  33.25 4.90 81.87 12.11 6.02
CrFe,0, 26.42 4.28 80.52 13.63 5.85
CopaMnggFe, 04  91.58 10.96 67.95 21.48 10.57
CopsMng¢Fe,O4  93.58 12.99 62.54 24.19 13.27
CopsMng 4Fe204  94.51 14.87 61.91 27.81 10.28
CopgMngp-Fe, 04  96.09 18.86 58.70 28.42 12.88
CoFe 04 96.95 22.96 52.36 29.22 18.42
NipoMnggFe.O4  73.52 6.34 89.73 8.46 1.81
NigsMnoFe-04  69.79 6.29 91.59 8.41 -
NipgMngsFe.O4  66.57 6.17 93.64 6.36 -
NiggMng2Fe;O4  60.62 6.07 95.24 4.76 -
NiFe-O,4 50.14 5.76 96.33 3.67 ---
Cup2MnggFe,04  91.81 9.02 81.78 12.38 5.84
CupaMngcFe,O4  93.62 10.92 78.31 13.44 8.25
CupeMngsFe204  95.31 12.88 77.14 13.85 9.01
CupsMngoFes0s  90.21 10.29 76.72 14.52 8.76
CuFe>04 88.43 10.28 76.34 14.88 8.78
Znolen0,8F8204 70.78 6.41 70.76 27.53 1.71
ZnpsMno¢Fe,O4  63.88 6.19 69.14 30.08 0.78
Zno‘éMno_‘tFezO‘s 57.19 5.71 68.57 3143 -—-
InggMngsFe,04  51.57 5.54 67.89 32.11 -
ZnFe-,04 45.27 5.34 67.57 3243 ---

Reaction conditions: Reaction temperature- 40°C, Reaction time- 20 minutes, Amount of

catalyst-0.1 g, anisole/BOC molar ratio -10
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The benzoylation of anisole with benzoyl chloride under the mild reaction
conditions over the manganese ferrospinels executed well. Most of the catalyst series
gave more than 90% product yield. The details of the performance of each catalyst series

in the benzoylation of anisole are given in the following sections.

(a) CryMn(;_yFe, 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

Similar to the case of other activated benzenes such as toluene and xylenes the
product yield and rate constants of benoylation of anisole over the Cr-Mn series
decreased on the successive incorporation of chromium. In this case, the selectivity for
the 4-methoxybenzophenone is not appreciable compared to the pure manganese
ferrospinel. The increase in activation energy by the incorporation of chromium ions
(Table 3.1.6) and decrease in strong acidity (Table 3.2.1) are the probable reason for

their poor catalytic activity.

(b) CoyMn(,Fe,04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The successive incorporation of the cobalt into the pure manganese ferrospinel
increase the rate of the reaction tremendously. But, in this case the selectivity for 4-
methylbenzophenone is poor compared to the pure manganese ferrospinel. The increase
in the rate of the reaction with the successive incorporation of cobalt into the manganese

ferrospinel is due to the lowering of activation energy in this series.

(¢) NixMn(;.,)Fe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The progressive nickel-doping in manganese ferrosp.inel decreased the rate of the
reaction, but increased the selectivity for the 4-methylbenzophenone. NiFe.O,4 gave
96.3% selectivity for 4-MYBP. The nickel doping in manganese ferrospinel decreased
the acidity and increased the activation energy of the series. These two factors

synergistically reduced the catalytic activity.

(d) CuMn(.yFe,04 (x=0, 0.2, 0.4, 0.6, 0.8 and 1.0) - fype systems

The copper doping increased the rate of the reaction moderately. But, this series
failed in achieving high selectivity for 4-MYBP. The decrease in rate of the reaction
beyond x = 0.6 is commensurated to the lifting up of activation energy beyond the
sameValue of ‘x’. Thus, it can be inferred that activation energy is playing the foremost

role in the catalytic activity of ferrospinels in the benzoylation of activated benzenes.



(e) ZnMn;xFe, 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

Though the Zn-Mn series possess enhanced acidity, it failed in progressing the
rate of the reaction and also, in the selective formation of 4-MYBP. Though the
formation of 3-MYBP is negligible, a significant amount of 2-MYBP is formed during
the reaction. The Zn substitution increased the activation energy or the band gap of the

pure MnFe,04 and accordingly reduced the reaction rate.

4.1.2 Benzoylation of deactivated benzenes (benzene and halobenzenes)

This section presents the benzoylation of benzene and halobenzenes such as
flourobenzene, chlorobenzene and bromobenzene. The inactivated rings need more
vigorous reagent/catalyst combinations and tough reaction conditions. The aromatic

substrates, which are less, activated than halobenzenes not undergo Friedel-Crafts

acylation reactions.

4.1.2.1 Benzoylation of benzene

There are only a few reports regarding the benzoylation of benzene using
heterogeneous catalysts [62, 65-67]. The lack of any activating group in the ring makes
the acylation of benezene more difficult. The benzoylation of benzene using benzoyl
chloride as the benzoylating agent was carried out over different series of manganese
ferrite samples. The experimental procedures, reaction conditions and calculation
methods were similar to those we have done for the benzoylation of activated benzenes,
except the reaction temperature was set at 80°C and the reaction to be run for 30
minutes. As we expected, the GC analysis data gave a single product, benzophenone.

The results obtained are shown in the Table 4.1.12.

The interpretations we have made out in the case of activated benzenes are
seemed to be different in the case of benzene. The series of catalysts, which showed
higher activity for the benzoylation of activated benzenes, gave only moderate activity in
the case of benzene benzoylation. Here, an attempt is made to correlate the acidic
properties of the catalysts with the activity. The details of the catalytic performance of

each series of ferrite catalysts are given in the coming sections.



Tabie 4.1.12. Benzoylation of benzene with benzoyl chloride over manganese

ferrospinels

Product Rate Constant
Catalyst Yield (%) (10°min"'m™)
MnFe,0, 66.57 2.30
Cro2Mng gFe,0,4 16.22 0.90
Cro4Mng ¢Fe204 13.21 0.86
Cro,éMno,;FegO‘; 10.51 0.77
Cro,gMnoA'_)FegO4 8.14 0.68
CrFe,O4 5.73 0.54
Cog2Mng gFe,04 54.01 2.26
Coo_4Mno_6Fe204 50.57 2.23
CoosMng sFe;04 47.76 222
COo,gMﬂo,zFCzOA; 43.23 2.19
CoFe,04 38.71 2.15
Nip2Mng gFe204 49.86 2.23
Ni0,4Mno_6Fe204 47.18 2.20
Nio,6Mn0,4Fezo4 42.93 2.14
Nio_gMﬂo,zFezo‘t 38.06 2.10
NiFe;04 32.02 2.04
CUo_gMn0A3FCQO4 50.28 1.66
Cu0_4Mno_6Fe204 46.57 1.70
Cu0_6Mn0_4FeZO4 47.52 1.81
CUo_sMno.zFezo‘; 48.79 1.97
CuFe;04 47.12 2.24
Zno,zMno,gFezo4 50.88 2.47
Zno_4Mno,6FezO4 47.98 2.64
ZnoAﬁMno.4Fe204 46.13 2.77
Zno'gMno,zFezo‘; 42.95 2.88
ZnFe,04 39.57 297

Reaction temperature- 80°C, Reaction time- 30 minutes, Amount of catalyst-0.1 g,

benzene/BOC molar ratio -10
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(@) Cry\Mn.x)Fe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The catalytic activity of
chromium substituted manganese
ferrospinels was not appreciable for
the benzoylation of benzene. The
electron donating property studies
revealed the increase in basicity by
the chromium substitution (Table
3.2.8). The NH;-TPD measurements
(Table 3.2.1) showed that the weak
acidic sites were improved by the

incorporation of chromium, whereas

A 25
_:E 21 +075 g
= E
> 15+ g
z 4 10452
Z 2>
3 05+ el
5 (&)
= <
= 0 + $ { + F +0.15
0 0.2 04 0.6 U8 1
X
—&— Rate constant

—e— Acidity in the strong region
Fig.4.1.16. Variation of rate constant and acidity with

composition of Cr,Mn;Fe.O, type catalysts.

the medium and strong acidic sites got diminished. These results have been supported by

-the thermodesorption studies of the pyridine adsorbed chromium ferrite samples (Table

3.2.6). Figure 4.1.16 depicts the variation of rate constant and acidity in the strong region

with composition of Cr-Mn series. Moreover, the activation energy or the band gap of

the chromium ferrite samples bumped up on progressive chromium substitution (Table

3.1.6). All these factors together have an effect on the dullness of these series of samples

towards the benzene benzoylation.

(b) CoMn(;.5Fe;04 (x =10, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The effect of  cobalt
substitution in manganese ferrite is to
sustain the rates of the reaction more
or less unaffected. The acidity
measurements by the NH;-TPD
studies (Table 3.2.2) showed that
replacement of Mn by Co in
manganese ferrospinel increases both
the weak and medium acidic sites, but

the amount of strong acidic sites
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Fig.4.1.17. Variation of rate constant and Acidity with

composition of Co,Mn;.,\Fe-O, type catalysts.

abridged slightly. The thermodesorption studies of the pyridine adsorbed samples
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(Table 3.2.6) fairly supported this observation. The variation in rate constant and acidity
in the strong region can be clearly seen in the figure 4.1.17. The strong acidic sites can
be either Lewis or Bronsted sites nearer to the Lewis acid sites. We have ruled out the
possibility of participation of Bronsted sites in benzoylation reactions by the moisture
adsorption studies. However, the activation energy or band gap of the samples which
seem to be the important factor in determining the rates of the reaction in activated
benzenes, showed no correlation with the rate of benzene benzoylation. Thus, we can
conclude that the acidity in the strong regions or Lewis acidic sites take the active role in

the rate of benzene benzoylation.

(¢) NixMn(.yFe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The rate of the reaction is

05T 7085
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Fig.4.1.18. Variation of rate constant and Acidity with

which are prop ped up by the results composition of NiMn,.,\Fe,O, type catalysts.

of thermodesorption studies of

pyridine, adsorbed samples (Table 3.2.6). Fig. 4.1.18 illustrates the variation of rate
constant and acidity with composition. Since the order of the rate of the reaction well
commensurate with the acidity values, the gradation in catalytic activity can be
explained in terms of acidity values especially in the strong acid regions. Also, the
activation energy of this series is increased with nickel doping provides some

involvement to the reduced catalytic activity towards benzene benzoylation.



(d) CuMn)Fe; 05 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The replacement of Mn by Cu
first decreased the rate constant and
then showed an increase as Mn is being
substituted with Cu. The NH;-TPD
studies (Table 3.2.4) revealed that the
copper doping decreased the amount of
acidic sites in both the weak and
medium regions drastically whereas,
the strong acidic regions first showed a
decrease and then an increase with the

The
the

successive  copper  doping.

thermodesorption  studies  of
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Fig.4.1.19 Variation of rate constant and acidity with

composition of CuMn(,_,)Fe,O; type catalysts.

pyridine-adsorbed samples (Table 3.2.6) uphold these results. But the thermodesorption

studies of the 2,6-dimethylpyridine adsorbed samples (Table 3.2.7) revealed that the

incorporation of copper drastically decreased the Bronsted acidic sites. So, the relatively

high catalytic activity of copper substituted systems is due to the generation of Lewis

acid sites at the higher copper loadings Fig. (4.1.19).

(¢) ZnyMn(;yFe 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The substitution of zinc into
the manganese ferrite increased the
amount of acidic sites in strong
regions as evident from the NH;- TPD
(Fig. 3.2.6)
thermodesorption studies of pyridine

adsorbed samples (Table 3.2.6). The

profiles and

same trend in activity for the

benzoylation can be revealed from
Table 4.1.12. The improvement in

catalytic activity by the incorporation
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composition of Zn,Mny,_,Fe.O, type catalysts.
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of zinc can be well explained with the enhanced strong acidity. The increase of
activation energy by the successive zinc substitution in manganese ferrospinel for the

benzoylation of activated benzenes found no role in the benzene benzoylation.

4.1.2.2 Benzoylation of halobenzenes

The benzoylaton of halobenzenes are more difficult than benzene. Our literature
survey reveals that benzoylation of halobenzenes over heterogeneous catalysts have not
been reported so far, whereas over the homogeneous catalysts a few reports have been
found [53, 54]. If the atom bonded to the ring has one or more non-bonding valence shell
electron pairs, as do halogens, electrons may flow into the aromatic ring by p-pi
conjugation (resonance) and the charge distribution in the ring is greatest at sites ortho
and para to the substituent. Although halogen atoms have non-bonding valence electron
pairs that participate in p-pi conjugation, their strong inductive effect predominates, and

. A cl

hence compounds such as chlorobenzene are less reactive than benzene ( +— ; dipole

moment — 1.56 D).

The benzoylation of halobenzenes such as fluorobenzene, chlorobenzene and
bromobenzene was done usiﬁg benzoyl chloride as the benzoylationg agent over the
ferrite samples. For each aromatic substrate, the reaction temperature was set at the
refluxing temperature of the reaction mixture and the reaction was carried out for 45
minutes to get the comparable yields. Though the benzoylation of halobenzenes give
ortho and para product, our catalysts lead to only the para product with satisfactory
percentage of product yield. The rate constants and product yield for the benzoylation of

halobenzene are shown in Table 4.1.13

O

cocl |

C
00— 0 -
X X’

Where, X =F, Cland Br

Figure.4.1.21. Scheme for benzoylation of halobenzenes using benzoyl chloride over

ferrite catalysts.



Table 4.1.13 Benzoylation of halobenzenes with benzoyl chloride over manganese

ferrospinels
fluorobenzene chlorobenzene bromobenzene
(Reaction (Reaction (Reaction
temperature - 80°C) temperature-132°C) temperature-140°C)
Catalyst

Product Rate Product Rate Product Rate

yield constant yield constant yield constant

(%) (10°min'm) (%)  (10°min'm?) (%)  (10°min’'m?)

MnFe-04 58.25 1.25 63.64 1.46 70.18 1.73
Crg2Mng gFe;O4 9.27 0.33 14.14 0.52 19.22 0.72
Cl‘o.4Mn0_6F6204 7.37 0.31 11.52 0.50 15.89 0.70
CrosMng 4Fe204 6.12 0.29 9.73 0.48 12.98 0.65
CrogMngoFe,0O4  4.66 0.26 8.01 0.45 10.63 0.61
CrFe,0q4 3.85 0.24 6.43 0.41 8.42 0.55
Cop2MnpgFe.04 4591 1.20 51.54 1.41 58.26 1.70
Coo_4Mno_(,Fe204 43.21 1.18 48.37 1.37 55.38 - 1.68
CopsMnp 4Fe.0O4  40.23 1.16 45.14 1.35 52.44 1.67
CopgMngoFe,O4 3532 1.13 39.81 1.32 46.36 1.62
CoFes 04 30.45 1.08 34.56 1.27 40.61 1.56
NigsMnggFe.O4  42.88 1.19 47.73 1.38 54.14 1.66
NigsMngeFe 0,  39.54 1.13 44.14 1.31 50.76 1.60
NiggMng 4Fe.O4  35.27 1.09 40.19 1.29 45.87 1.55
NiggMngFe.O4  30.28 1.06 35.14 1.27 39.84 1.50
NiFe;04 24.48 0.98 29.09 1.21 34.51 1.48
CupaMnggFe.05  51.61 1.16 57.85 1.39 64.12 1.64
CupsMngyeFe.O4  48.53 1.15 54.39 1.36 60.88 1.63
CupgMng 4Fe;04  47.12 1.19 52.53 1.39 58.56 1.64
CupgMngoFes0s  46.55 1.22 51.24 1.40 57.16 1.66
CuFe,04 41.94 1.25 46.42 1.46 51.41 1.69
Ing2:Mnp gFe-O4  42.92 1.30 48.13 1.52 52.87 1.79
IngaMngFe.O4  40.42 1.39 45.11 1.61 50.13 1.87
IngeMng4Fe-O4  38.93 1.46 44.18 1.72 48.57 1.96
InggMngoFe,0O4 3743 1.58 42.72 1.88 45.92 2.08
ZnFe;04 35.96 1.74 39.78 1.98 42.52 2.16

Reaction conditions: Reaction time- 45 minutes, Amount of catalyst-0.1 g,

halobenzene/BOC molar ratio -10.
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The trends in catalytic activity of the ferrite series for the benzoylation of
halobenzene well resemble with the results obtained for benzene benzoylation. The
reactivity of halobenzenes for the benzoylation reaction over the ferrite catalysts follows
the order, fluorobenzene < chlorobenzene < bromobenzene. Thus, the inductive effect of
the halogens seemed to be the decisive factor in determining the reactivity of the

halobenzenes.

(a) Cr\Mn(; 4 Fe;04 (x=0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The Cr-Mn series showed poor activity for the benzoylation of halobenzene. The
acidity measurements by the NH3;-TPD method (Table 3.2.1) and the thermodesorption
studies of the pyridine adsorbed samples (Table 3.2.6) show that except for the
enhancement in acidity values in the weak regions, chromium addition decreases the
acidic sites in all the other regions especially in the strong regions. So, the radical
decrease in catalytic activi.ty can be correlated to the reduction in acidic sites b)f the

incorporation of chromium ions.

(b) CoxMn(j.yFe 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The rate of the reaction slightly reduced by successive incorporation of Co into
the manganese ferrospinel. The incorporation of cobalt improved the acidity values of
manganese ferrite in the weak and medium regions, but strong acidic values diminished
gradually (Table 3.2.2). Thus, the gradual diminution in catalytic activity is associated

with the trivial decrease in acidic values in the strong regions.

(¢) NixMnFe;04 (x=0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The progressive nickel doping in manganese ferrospinel seemed to decrease the
rate of the reaction. The nickel doping decreased the acidity values of manganese
ferrospinel especially in the strong region (Table 3.2.3), which is found to be the prime

cause for their decreased reaction rate.

(d) CuyMn(;x)Fe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
Initially, the copper doping decreased the reaction rate, and showed an increase
in the rate with further incorporation of copper. The trend in activation energy with

copper doping found no correlation with reaction rate for the benzoylation of
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halobenzene. The incorporation of copper into the manganese ferrospinel, decreased the
acidity values in the weak and medium acidic regions (Table 3.2.4). The acidic sites in
the strong region first declined with copper substitution, and then increased with
additional amount of copper. Thus, the gradation in their rate constants for the

benzoylation of halobenzene can be correlated to the acidity in the strong regions.

(¢) Zn,Mn;)Fe;O4 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

To a greater extent the substitution of Mn by Zn increased the rate of the
reaction. This can be well correlateﬂ with the enhancement in the acidity in the strong
region as evident from the NH3;-TPD measurements (Fig. 3.2.5). The rise in activation

energy with Zn substituion (Table 3.1.6) showed no effect in the benzoylation of

deactivated benzenes.

Comparison of activated and deactivated benzenes

It can be seen from the aforementioned sections that different compositions of
manganese ferrospinels effectively catalysed the benzoylation of activated as well as
deactivated benzenes. We have observed that the decisive properties of the catalyst in
deciding the catalytic activity for activated and deactivated benzenes are different. The
acylation of benzenes and more particularly that of deactivated halobenzenes is a much
difficult reaction than the acylation of the activated benzenes. It is evident that in the
case of activated benzenes like toluene, xylenes and anisole, the aromatic ring is highly
activated and therefore less acidity of the samples is sufficient to bring about such
reactions [68). Thus. the adsorption of the activated aromatic substrate over the catalyst
become easier and the following surface reactions seemed to determine the rate of the
reaction. For this, activation energy of the catalysts is more involved than the acidity.
Since, in the case of benzene and halobenzenes, the aromatic ring is not activated or
deactivated, the adsorption of the aromatic substrate over the catalyst is difficult. Here,
the adsorption of the aromatic substrate over the catalyst has more involvement in
determining the rate of the reaction and hence the acidity of the catalysts plays the

decisive role.
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4.2 Section II — Aniline Alkylation

This section presents the vapour-phase alkylation of aniline using methanol as
the alkylating agent over the ferrite samples. The effect of various reaction parameters
such as methanol to aniline molar ratio, time-on-stream, catalyst composition, reaction
temperature and flow rate on product distribution are discussed in this section. The
reaction products of the alkylation of aniline with methanol are N-, N,N’-, N,C-, C- and
C,C- (at high temperatures only) derivatives. The C-alkylated products are formed
through the intramolecular transformations of the N-alkylated products. Methylation of
aniline is industrially important owing to the wide uses of various substituted anilines
like N-methylaniline (NMA), N,N-dimethylaniline (NNDMA), toluidines and xylidines
[1-3]. It is possible to selectively synthesize N-alkylated products, which are industrially
more important by controlling the reaction parameters and acidity of the catalysts. The

industrial applications of the various alkyl anilines are presented in the following table
( Table 4.2.1).

Table 4.2.1 Industrial applications of various alkyl anilines.

Alkylanilines Applications

N- methylaniline Intermediate for paper and textile dyes, drugs, perfumes and
explosives. Polymerization initiator for unsaturated polyester,
resins and plastics and rubber accelerators. NMA is widely

used as acid acceptor for semi-synthetic antibiotics.

N,N-dimethylaniline  Intermediate for the manufacture of vanillin, Michler’s ketone,
methyl violet and dyes. It can be also used as a solvent, an
alkylating agent and a stabilizer. NNDMA can be used in

photochemical dechlorination at room temperatures.

Toluidines Intermediate  for  agricultural chemicals, dye stuffs,

pharmaceuticals and colour photographic developers.

Xylidines Intermediate for drugs.
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In recent vears, chemists have turned their attention to the use of environmentally
friendly catalysts instead of mineral acids. Bhattacharya and Nandi [4] have reported the
liquid-phase dialkylation of aniline using mineral acids. Prolonging the residence period
beyond 2 h not only decreased the conversion of aniline but also resulted in the increased
formation of undesirable tarry products. The use of aluminium alkoxides and halides as
catalysts has also been reported [5-7]. Another common method of alkylation uses
dimethyl sulphate or alkyl halide, which are toxic and corrosive, as alkylating agents [8].
In order to avoid these problems alkylation reactions can be performed under vapour-
phase conditions using solid acids as catalysts and non-toxic alkylating agents such as

methanol.

With the increasing awareness of environmental issues, studies on solid acids are
being pursued intensively due to their ecofriendly nature and the potential to replace the
conventional Friedel-Crafts type systems. Towards this purpose, different solid catalysts
such as oxides [9;15], multimetallic catalysts [16], Raney-Nickel [17], zeolites [18-26],
AEL type molecular sieves [27, 28] and clays [29-34] have been tried for the alkyiation

of aniline.

The vapour-phase methylation of aniline by methanol has been extensively
studied [5, 7, 3540]. Low temperature normally favours N-alkylation and high
temperature favours ring alkylation by Hoffmann-Martius rearrangement [7] or
dehydration of methanol to alkenes or dimethyl ether, which can then methylate the ring
[41]. There are enough evidences in the literature to show the formation of N- and C-
methylanilines [37, 42, 43]. Trotta ef al. [38] and Fu and Ono [39] reported the selective
N-methylation of aniline with dimethyl carbonate. At high temperatures N,N-

dimethylaniline undergoes isomerisation to give N-methyltoluidines.

An-Nan Ko et al. [9] investigated the aniline methylation over y-alumina, which
produced successively NMA and NNDMA. They assumed the reaction to be psuedo
unimolecular. The second methylation leading to NNDMA exhibited higher rate
constant and lower activation energy. It is also observed that the selectivity of NNDMA

increased with increasing reaction temperature and methanol/aniline molar ratio.
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With the intention of investigating the influence of acidity of catalyst for aniline
alkylation, Narayanan ef «l. [32] selected three transition metal oxides with different acid
strengths viz., Cry03, ZrO, and V.05 and impregnated on K10 montmorillonite and
silica. Chromia is a strong Lewis acid, zirconia is amphoteric and vanadia is weakly
acidic. The authors observed that a 10 wt% vanadia loaded SiO, and K10 promoted
aniline alkylation more efficiently than the respective chromia or zirconia impregnated
catalysts. Though aniline conversion depends on acidity, the authors did not find any
linear or quantitative relationship between the two. Again, they [30] characterized the
acidic sites in vanadia tmpregnated on to K10 and silica and came to the conclusion that
the presence of a combination of Bronsted and Lewis acidic sites on the catalyst surface

favours the aniline alkylation reaction.

Aluminophosphate-based molecular sieves are found to be good options for
anline alkylation reaction with high selectivity to N-alkylated products. Prasad and Rao
[44] studied the alkylatfon of aniline by methanol over AIPO,-5 catalyst with the aid of a
parallel study on the reaction of NNDMA to speculate on the possible mechanism. They
observed the formation of NMA at lower temperature, which is subsequently converted
to NNDMA, which itself isomerises to N-methyltoluidine (NMT) as the temperature is
increased. Isomerization occurs largely by the carbocation mechanism, as demonstrated

by studying the reaction of NNDMA.

According to Elangaovan et al. [28], weak and moderate acid sites are sufficient
for N-alkylation, whereas strong acid sites are mandatory for C-alkylation. The cobalt
and zinc incorporated aluminophosphates designated as CoAPO-5 and ZAPO-5 gave a
considerable amount of N-methyltoluidine (NMT) apart from NMA and NNDMA owing
to their strong acidic sites. Though CoAPO-11 and ZAPO-11 possess strong acidic sites,
NMT is not produced which is attributed to their smaller pore size. The authors proposed
that the smaller pores might not be sufficient for the fonﬁation of NMT. Singh e al. [27]
correlated the acidity-basicity function of ALPO-11, SAPO-11, MAPSO-11 and ZSM-5
with the activity of the catalysts and product pattern of the methylation of aniline. The
selectivity of NNDMA is more in the reaction catalyzed by SAPO-11, compared to

ALPO-11. This can be accounted from the relatively stronger acid sites present in
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SAPO-11 which might be necessary for the consecutive methylation of aniline for
NNDMA formation.

A wide variety of metal orthophosphates have also been employed as catalysts
for aniline alkylation. Aramendia et al. [45] tested various magnesium orthophosphates
with different structures and acid-base properties as catalysts for aniline methylation.
They observed that the catalysts were selectively active for the N-alkylation of aniline
with methanol as they yield no C-alkylated product. Also, the magnesium
pyrophosphates were found to be more active than the magnesium orthophosphates.
Further, the authors [46] used Na,COs-impregnated magnesium orthophosphate for the
alkylation of aniline with methanol. The progressive carbonate loading in the catalysts
neutralized the acidic sites in magnesium orthophosphates by the basicity of Na,CO;.
The overall conversion decreased with increase in Na;COj; content, but the selectivity

towards NMA increased.

Woo et al. [47, 48] investigated the selective alkylation of aniline with methanol
over several metallosilicates. They suggested that strong acid sites are active sites that
yield C-alkylated products and coke, medium acid sites yield NNDMA and NMT and
weak acid sites give NMA.

Chen et al. [43] found HZSM-5 zeolite modified by alkali metal species to boost
the selectivity towards NNDMA. The ion-exchanged KHZSM-5 exhibited high
conversion and selectivity for NNDMA.. Although, Cs” ion provided the highest basicity,
it resulted in the lowest NNDMA yield over CsZSM-5. Su ef al. [26] studied aniline
alkylation over different zeolites. The zeolites X and Y exchanged with K, Rb or Cs are
more basic and favour the production of N-alkylates. The zeolites with more acidic

cations such as Li and Na lead to C-alkylation.

Ivanova ef al. [49] performed '*C NMR to investigate the mechanism of aniline
alkylation with methanol on HY zeolite [49]. The results point to the existence of two
types of strongly adsorbed methanol species, one with solid-like characteristics and
another with liquid-like characteristics corresponding to more mobile ‘intra-crystalline’
methanol. The strongly adsorbed species are attributed to the adsorption complexes of

methanol with aniline and surface methoxy species, respectively. Among all the species
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observed, only methoxy species are shown to be responsible for aniline alkylation, which

take place in the temperature range of 373 to 523 K.

A schematic representation of various reaction pathways of aniline alkylation

using methanol as the alkylating agent is shown in Fig. 4.2.1.

NHCH, N(CH,),
[ T ©
(NMA) (NNDMA)
NH, NH
MeOH MeOH ) MeOH  Products like
—_— N-methylxylidine and
N,N-dimethyl toluidine
CH, CH,
lidi
NH, (xyhdines)
NHCH,
CH, Q
L CH,
(Toluidines)

(N-methyltoluidines)
Fig. 4.2.1 Reaction scheme of aniline alkylation using methanol as the alkylating agent.

The vapour-phase aniline alkylation using methanol as the alkylating agent was
done over the five series of manganese ferrospinels. We observed that the ferrite systems
could produce mainly N-alkylated products with very high selectivity towards NMA.
Unlike the other conventional systems the activities of our spinel systems remained for

longer durations.

4.2.1 Process optimization

The alkylation reactions were carried out in a fixed-bed down —flow silica reactor
of 1 cm ID and 30 cm length in the temperature range 250-550°C under atmospheric
pressure. 0.5 g of the catalyst activated at 500°C for 2h was taken for each run and was

placed at the center of the reactor. The temperature was controlled by a Cr-Al
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thermocouple placed inside the reactor. The feed mixture (aniline and methanol) was
admitted to the reactor by means of a syringe pump. Evolved gases from the reactor were
passed through a condenser and on to a collector that allowed liquids to be withdrawn at
required time intervals. Volume hourly space velocity (VHSV) was varied from 3 mL h
to 9 mL h™'. The products were analysed by gas chromatography (Chemito GC 8610,
flame ionization detector, SE 30 column, 2 m length). A blank run with no catalyst was

carried out at 350°C in the reactor indicated negligible thermal reaction.

4.2.1.1. Effect of methanol to aniline molar ratio

The change in conversion and product distribution for aniline alkylation at
different molar ratios of MeOH to aniline at 350°C and volume space velocity of
5mL h™'is shown in Fig.4.2.2.

100+

804

%

401

204

w
'S

5 6
MeOH / Aniline molar ratio

M Toluidine selectivity EINNDMA selectivity LCINMA selectivity B Aniline conversion

Fig. 4.2.2. Effect -of MeOH/aniline molar ratio on conversion and selectivity of
methylation of aniline over CrogMng,Fe;O4. Reaction temperature-350°C, TOS- 2 h,
VHSV-5mLh™.

It is obvious from the figure that the major reaction product is N-methylaniline
and its selectivity remained cent percent from a molar ratio of 3 up to a molar ratio of 5.
Further increase in the molar ratio decreased the selectivity for NMA with corresponding

increase in the selectivity for NNDMA. This suggests that higher molar ratios, favour
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the consecutive methylation of NMA owing to the presence of large amount of
methanol. Negligible amount of C-alkylated product, toluidines were observed even at
higher molar ratios. When the molar ratio was 3, the aniline conversion was 38.44%,
improved significantly up to a molar ratio of 5 (58.51%). However, excess of methanol
beyond the molar ratio of 5 lowered the aniline conversion because the alcohol probably
undergoes side reactions leading to the formation of coke. Therefore MeOH-aniline
molar ratio of 5 was selected as the optimum feed mix ratio in the subsequent

experiments,

4.2.1.2 Effect of reaction temperature
A series of aniline alkylation reactions were performed in the temperature range
of 200 to 550°C over CrogMny,Fe;04. Figure 4.2.3 shows the influence of reaction

temperature on aniline conversion and product distribution.

Aniline conversion

200 250 300 350

Temperature (°C)

Fig.4.2.3. Effect of reaction temperature on aniline  alkylation.  Catalyst-

CrosMng,Fe;0s, TOS-2h, VHSV-5mLh', MeOH/aniline molar ratio-5.

It can be seen that temperature has a marked influence on the aniline conversion
and product selectivity. At all the temperatures, N-methylaniline was observed to be the
major product. Its selectivity remained cent percent up to 350°C, but decreased on
further rise in temperature. At higher temperatures NNDMA is formed by the successive

alkylation of NMA. This reduced the NMA selectivity and increased the NNDMA
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selectivity. Ring alkylation leading to toluidines was observed in the temperature region
of 500 - 550°C. According to Prasad and Rao [44] the C-alkylated products are formed
by the isomerization of N,N-dialkylated product at high reaction temperatures. The
aniline conversion showed a significant increase with the rise of temperature from
200 to 350°C. However, further increase in temperature rather reduced the aniline
conversion, which may be due to the coke deposition in this temperature range. Another
possible reason for the reduced conversion is that methanol decomposition to C-oxides
will be larger at higher temperatures. These results indicate that the optimum

temperature range is 300-350°C for high aniline conversion and high selectivity for
NMA.

4.2.1.3 Effect of flow rate

Figure 4.2.4 shows the influence of flow rate (VHSV) over CrygMng,Fe;O4 at
350°C and a MeOH/aniline molar ratio of 5.

Anilinc conversion

Flow rate, mL/ h

Fig. 4.2.4 Effect of flow rate on conversion and selectivity of methylation

of aniline over CrpsMng,Fe;04. Reaction temperature- 350°C, MeOH/aniline molar
ratio-5 and TOS-2 h

Increase in feed rate increases the diffusion of the reactant molecules through the
catalyst. So aniline gets much less time to go into the product side which will result in a
decrease in aniline conversion and higher alkylated products of aniline. Yuvaraj et al.
observed a similar trend over zeolites Y and B [41]. The ferrite samples follow the same

drift as it can be seen from Fig.4.2.4. With the increase of VHSV, aniline conversion
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decreased dramatically. The lower flow rate enhances the formation of dialkylated
product, NNDMA and a negligible amount of C-alkylated product, toluidines were
observed at the flow rate of 3 mL h™'. As the flow rate was increased from 3 to 9

mL h', the reaction shifted completely towards N-monoalkylation leading to the
product, NMA.

4.2.2 Comparison of catalyst composition

For the catalyst comparison the aniline alkylation reactions were performed over

the five series of the manganese ferrospinels.

(@) CryMn(;.)Fe;04 - type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The percentage conversion of aniline and the product distribution of aniline
alkylation reaction carried out over the mixed Cr-Mn ferrite systems are presented in
Table 4.2.2. It can be seen that the successive incorporation of chromium into the

manganese ferrospinel increased both the aniline conversion and NMA yield.

Table 4.2.2 Alkylation of aniline with methanol over CryMn(;_y)Fe204 - type systems

Aniline NMA Selectivity (%)

Catalyst conv.(%) Yield (wt %) NMA NNDMA Toluidine

MnFe,04 22.45 13.12 78.72 13.73 7.55
Crg2Mng gFe 04 4737 42.36 98.72 1.28 -
Cro4Mng ¢Fe 04 49.66 49.37 99.01 0.99 -
CrpsMng 4Fe 04 53.37 56.52 100 -
CrosMng ,Fe;04 58.51 61.78 100 - -

CrFe;04 51.27 54.73 100 - -

Reaction temperature-350°C, MeOH/aniline-5, TOS- 2 h and flow rate —5mL /h.

The thermodesorption studies using 2,6-dimethylpyridine showed a decrease in
the relative amount of Bronsted acidic sites by the replacement of Mn by Cr. The NH3-
TPD studies and the thermodesorption studies of pyridine adsorbed samples revealed the
enhancement in the weak and medium acidic sites with increase in chromium content
and this may be due to the presence of weak Lewis acid sites. But it is seen that the

limiting concentrations of the electron acceptors adsorbed showed a proportionate
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increase with increase in chromium content. The decrease in the dehydration activity
from the cyclohexanol decomposition reaction confirmed the decrease in acidity with
increase in ‘x’ values. Table 4.2.3 presents the acid-base properties of Cr-Mn series

along with NMA yields.

Table 4.2.3. Dehydration activity, weak plus medium acidity, limiting amount and NMA
yields of the system CryMn, 4 Fe;04(x =0, 0.2, 0.4, 0.6, 0.8 and 1)

Dehydration  Bronsted Weak+medium Limiting amount NMA

X Activity(wt %)  acid Acidity (10"* mmol m?) Yield
Cyclohexene  sites (%) (10* mmol m?) TCNQ Chloranil (w1 %)

0 91.28 0.825 8.12 10.71 2.6 13.12
0.2 38.52 0.300 8.19 55.52 28.62 42.36
0.4 37.01 0.261 8.36 56.28 29.19 49.37
0.6 36.25 0.233 8.48 57.58 30.12 56.52
0.8 35.89 0.208 8.61 59.01 31.29 61.78
1 34.82 0.187 8.65 60.61 32.74 54.73

Though aniline alkylation is an acid catalyzed reaction, it is observed that acidity
of the catalysts is not the sole factor determining the catalytic activity. The decisive role
in determining the catalytic activity of the spinels is their cation distribution. The
partially inverse MnFe,O4 spinel is shifted to the more inverse nature by the
incorporation of chromium ions in the octahedral sites. This resulted in the isomorphic
replacement of Fe’* ions from the more exposed and active octahedral sites to the
hindered tetrahedral sites. Cation valency distribution of mixed Cr-Mn series are

presented in Table 4.2.4.

The cation valency distribution of the mixed Cr-Mn series reveals that
Fe(,cl3+/Felm3+ ratio decreases with increase in ‘x’ value. The octahedral cations are more
polar and more accessible to the reactant molecules than the tetrahedral cations [30, 51].
But, due to the easy electron hopping between the sites [52-54], tetrahedral ions can also
influence the overall activity of the system, and this hopping mechanism is more

pronounced in inverse spinels. The participation of Fe** ions in the octahedral sites as
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Table 4.2.4. Cation valency distribution of CryMn(; x)Fe204 -type systems

Catalyst Cation valency distribution

MnFe;04 (Mnos™ Fegs™ Je[Feos”” Fe "Mngs JoOs™
Cro2Mny sFe;04 (Mno.s""Feo s Ne[Feos” Feos” Mnoa™ Croz” JouOs”
Cro.sMny 6Fe,04 (Mno 3" Feo s el Feor”” Feos” ™ Mnos”" CroJociO4”
Cro.6Mnyg 4Fe;0q4 (Mno2”"Feos” e Feos™ Feo.s” Mng2™ Cro6 JoctOs™
Cro.sMng Fe;04 (Mng,**Feos™ [ Feos” Feos*Mng,** Crog*JoeOs”

CrFe;04 (Fe Ne[Fe*" Cr'oeOs”

the alcohol adsorbing centers has already been reported [50]. Except for CrFe,;Qy, all the

other systems in this series possess some amount of Fe** ions in the octahedral sites and

this may be the reason for reduced catalytic activity of CrFe,Os compared to

CrosMng,Fe,O4 and Cro¢MngsFe;O4. Since aniline is a strong base, even the weak

Lewis acid sites on the catalyst surface can make effective coordination with this

molecule. It is also believed that only weak to moderate acidity favour the reaction [55]

and the enhanced catalytic activity of mixed Cr-Mn systems is due to the improved weak

Lewis acidity.

Effect of time-on- stream

The catalytic stability of
different mixed Cr-Mn systems
were checked by observing NMA
yield over a period of seven hours.
The reactions were carried out at
350°C, at a MeOH/aniline molar
ratio of 5 and the product analysis
was done at regular intervals of 60
minutes (Fig. 4.2.5). All the
catalysts showed excellent stability

and selectivity for NMA for a long

reaction period.
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Fig4.2.5. Effect

—— MCrF-0.6 —%— MCrF-0.8 —e—CrF

of

time-on-stream over the system,

Cr,Mn,Fe,O4 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1). Reaction
temperature- 350°C, MeOH/ aniline-5, and feed rate -

SmLh™.

152



(b) CoxMn(y.Fe;O4 - type systems (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0)

A series of experiments were performed over mixed Co-Mn spinels at a reaction
temperature of 350°C and MeOH/aniline molar ratio was maintained at 5 (Table 4.2.5).
Though the selectivity for NMA is not as excellent as for Cr-Mn series, this series of
ferrites exhibit rather pronounced selectivity. The yields of NNDMA and toluidines were

decreased with increase in ‘x’ values.

Table 4.2.5. Alkylation of aniline with methanol over Co,Mn(;.,Fe;04 - type systems

Aniline NMA Selectivity (%)

Catalyst conv.(%) Yield (wt%) NMA NNDMA Toluidine

MnFe;04 22.45 13.12 78.72 13.73 7.55
Coo2MnggFe, 04 27.73 18.36 85.12 9.28 5.60
CoosMngeFe;04  30.57 20.37 89.01 6.84 4.15
CopsMng4Fe20s  32.16 23.52 91.52 498 3.50
CopsMng Fe;04  35.79 26.78 94.64 3.13 2.23

CoFe;04 37.29 28.73 97.71 1.37 0.92

Reaction temperature- 350°C, MeOH/ aniline molar ratio- 5, TOS- 2 hand flow
rate —=SmL h™.

Like the Cr-Mn mixed ferrites, in this case also the relative amount of Bronsted
acid sites were diminished with increase in ‘x’ values, whereas the amount of weak plus
medium acidic sites were slightly improved. Thus it can be inferred that the improved
acidity may be due to the enhanced weak Lewis acidic sites by the successive
incorporation of cobalt ions in the octahedral sites. The limiting concentrations of the
electron acceptors showed a slight increase in values with increase in cobalt content,
while the dehydration activity determined from the cyclohexanol decomposition reaction
is reduced slightly. The limiting amounts of electron acceptors adsorbed, the relative
amount of Bronsted acidic sites (from the thermodesorption studies of 2,6-dimethyl
pyridine adsorbed samples), the acidity in the weak plus medium sites (from NH;-TPD
measurements) and the dehydration activities along with NMA yields are presented in

Table 4.2.6.
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Table 4.2.6. Dehydration activity, weak plus medium acidity, limiting amount and

NMA yield of the system CoMn,(Fe.O,;(x=0,0.2,0.4,0.6,0.8and ).

Dehydration ~ Bronsted Weak+medium Limiting amount NMA

X Activity (wt %) acid Acidity (10™ mmol m?) Yield
Cyclohexene  sites (%) (10™ mmol m’?) TCNQ Chloranil (wt %)

0 91.28 0.825 8.12 10.71 2.60 13.12
0.2 90.80 0.683 8.16 15.68 5.39 18.36
0.4 88.00 0.651 8.21 16.38 6.32 20.37
0.6 87.50 0.614 8.27 17.19 7.62 23.52
0.8 87.10 0.588 8.36 17.88 8.69 26.78
1 86.00 0.566 8.43 18.58 9.63 28.73

The cation valency distribution of mixed Co-Mn series are presented in Table

4.2.6. The partially inverse MnFe,0, spinel is shifted to the more inverse nature by the

incorporation of cobalt ions in the octahedral sites. It can be seen that the concentration

of Fe’* ions in the octahedral sites is the same for all compositions in this series.

Therefore, the catalytic activity is mainly determined by the Co®*/ Mn** ratio in the

octahedral site. The enhanced weak Lewis acidity supplied by the incorporated cobalt

ions in the octahedral sites of the pure manganese ferrite slightly improves the catalytic

activity.

Table 4.2.6 Cation valency distribution of CoMn(;.x)Fe;04 - type systems.

Catalyst

Cation valency distribution

MnFe;04
Cop2Mng gFe; 04
Cog.4Mng 6Fe;04
CogsMng sFe,04
Cop sMng2Fe 04

CoFe;04

(Mngs™ Feos” e[ Feos™ Fer Mngs JoetOs™
(Mno4*Feos elFeo s> Fer> Mg s’ C0p2* o4
(Mno3**Fep 7" e[ Feo 3> Fe,“ Mng3”* C0p4”JoetO4”
(Mno 2" Feo s” Ve[ Feo 2™ Fer® Mng2™ Cog 6 JoctOs™
(Mno ;**Feos” e Feo 1> Fer* Mg ** Cogg”*JoetOs™

(Fe* e[Fe*" Co*ociOs®
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Effect of time-on-stream

In Fig. 4.2.6, the yield of
NMA is plotted as a function of
time-on-stream. The reactions were
carried out at 350°C and at a
MeOH/aniline molar ratio of 5 for
7 hours and the product analysis
was done at a regular interval of 60
minutes. All the catalysts except
CoFe;04 showed excellent
catalytic ~ stability. The poor
catalytic stability of CoFe,O4 is
due to the formation of
carbonaceous products over the

catalyst surface.

30 1
£ 20 n¢,\ ? N
2
<
= 104 M\.
z
0 L) T L] 1
2 3 4 5 7
Time (h)
—e—MF —&— MCoF-0.02 —— MCoF-0.04

—— MCoF-0.06 —%— MCoF-0.08 —8— CoF

Fig.4.2.6. Effect of time-on-stream over the system,

CoMn,Fe-0,. Reaction

aniline molar ratio -5, and flow rate <SmL h '

temperature- 350°C, MeOH/

(¢) Ni;Mn(;.5Fe;04 - type systems (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The product distribution and percentage of aniline conversion over different

mixed Ni-Mn systems are presented in Table 4.2.7. The NMA selectivity increased with

rise in ‘x’ values and all the compositions exhibited somewhat enhanced activity.

Table 4.2.7. Alkylation of aniline with methanol over NiyMn(;.Fe.O4 (x = 0, 0.2, 0.4,

0.6, 0.8 and 1.0)- type systems

Aniline NMA Product distribution (%)

Catalyst conversion (%)  Yield (wt %) NMA NNDMA Toluidine

MnFe;04 22.45 13.12 78.72 13.73 7.55
Nig2Mng gFe20s4 23.73 15.36 91.12 7.28 1.60
Nip4Mng ¢Fe>04 25.57 17.37 93.01 5.81 1.18
NigeMng 4Fe20;4 27.16 19.52 95.32 3.71 0.97
NiggMng2Fe.0, 28.79 21.78 97.41 2.59 -

NiFe,Oq4 30.29 23.73 98.83 1.17 ---
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Reaction temperature-350°C, MeOH/ aniline-5, TOS- 2 h and flow rate -5mL h™".

It is seen that the successive nickel doping increased the weak plus medium
acidity as revealed from the NH;-TPD studies and also, from the thermodesorption
studies of pyridine adsorbed samples. The relative Bronsted acid sites remained more or
less constant throughout the series and thus, the increase in weak plus medium acidity
may be due to the slightly enhanced weak Lewis acidity. The dehydration activity of the
catalysts diminished whereas the limiting concentration of the electron acceptors
adsorbed showed a reasonable increase with increase in nickel content. The relevant

acidity-basicity values and the catalytic activity of the mixed Ni-Mn ferrites are shown
in Table 4.2.8.

Table 4.2.8. Dehydration activity, weak plus medium acidity, limiting amount and

NMA yield of the system NiMn;Fe,O4(x=0,0.2,04,0.6,0.8 and 1).

Dehydration ~ Bronsted ~Weak+medium Limiting amount NMA

X Activity (wt %) acid sites Acidity (10 mmol m?) Yield

Cyclohexene (%) (10™ mmol m'z) TCNQ Chioranil (wt %)

0 91.28 0.825 8.12 10.71 2.60 13.12

0.2 90.76 0.824 8.14 20.81 6.41 15.36
0.4 89.25 0.823 8.18 22.47 7.00 17.37
0.6 88.98 0.820 8.22 23.13 7.58 19.52
0.8 85.29 0.817 8.26 23.97 7.92 21.78
] 82.10 0.814 8.32 25.52 8.91 23.73

The spinel compositions and cation valency distribution of the mixed Ni-Mn
spinel ferrites are depicted in Table 4.2.9. All the ferrites in this series are inverse in
nature and the inverse nature increases with increase in ‘x’ values. Like the Co-Mn
series, in this case also, the concentration of the Fe>* ions in the octahedral sites is same
for all the compositions. Hence the catalytic activity is mainly determined by the amount
of incorporated nickel ions in the octahedral sites. Thus, the improved catalytic activity
of the Ni-Mn series is due to the enhancement in weak Lewis acidity by the successive

nickel doping.



Tabie 4.2.9 Cation valency distribution of Ni\Mn(;.«\Fe204 (x = 0, 0.2, 0.4. 0.6, 0.8 and

1.0)- type systems.

Catalyst Cation valency distribution

MnFe;Oq (Mo Feos” el Feos™ Fer” Mnos™ JoaOs™
Nig 2Mng gFe;04 (Mno 4> Feos” el Feo 4> Fer’* Mng 4" Nig 2”104
Nig.sMno ¢Fe>04 (Mno 3> Feo 7" Ve Feo 5™ Fer’" Mng 3" Nig.4* JouOs™
NigsMng 4Fe204 (Mng»"*Feos” e Feo 2™ Fer’ Mno2™ Nig g™ JoalO4™
Nig sMno 2Fe;04 (Mno 1**Feo s* el Feo 1™ Fer’ Mny 1> Nig g JolO4™

NiFe,04 (FeNe[Fe* Ni**JoeOs”

Effect of time-on-stream

All the compositions of this
series were checked for catalytic
stability at 350°C and at a MeOH/
aniline molar ratio of 5 for 7 h. The
reaction mixture was collected at
regular intervals of 1 h and analysed.
The yield of NMA is plotted as a
function of time-on-stream (Fig.
42.7). All the mixed Ni-Mn
compositions  showed reasonable
stability. NiFe;O4 and MnFe,04 were
found to be deactivated due to the
formation of carbonaceous products

over the catalyst surface.
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NMA yield (%)
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Time (h)
—o— MF —&— MNIiF-0.2 —&— MNIiF-0.4

—>— MNiF-0.6 —%— MNiF-0.8 ——NiF

Fig4.2.7. Effect of time-on-stream over the
system Ni,Mn,, Fe-O,(x =0, 0.2, 0.4, 0.6, 0.8 and 1).
Reaction temperature-350°C, MeOH/ aniline molar

ratio-5, and flow rate =5mL h™".

(d) CuMn(;Fe,04 (x=0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The percentage of aniline conversion and product distribution over various Cu-

Mn series are depicted in the Table 4.2.10. The NMA selectivity is improved with

successive copper addition and all the compositions performed with rather enhanced

activity.
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Table 4.2.10. Alkylation of aniline with methanol over CuMn(4,Fe,0; - type systems

Aniline NMA Product distribution (%)

Catalyst conv.(%) Yield (wt %) NMA NNDMA Toluidine

MnFe,04 22.45 13.12 78.72 13.73 7.55
CugaMng gFe204 24.13 17.57 94.12 5.88 -
Cup sMng ¢Fe20q4 26.12 21.48 96.11 3.89 -—-
Cup¢Mng 4Fe204 27.23 23.74 98.17 1.83 ---
Cup gMng ,Fes04 28.19 24.94 99.41 2.59 ---

CuFe;04 29.49 27.76 98.83 1.17 ---

Reaction temperature-350°C, MeOH/ aniline molar ratio-5, TOS- 2 h and flow rate -
SmL h.

The acidity-basicity of the catalysts along with NMA yield are depicted in the
Table 4.2.11. The weak Lewis acidic (weak plus medium acidity) sites were increased
on successive copper doping into manganese ferrospinel as evident from the NH;-TPD
studies and thermodesorption studies of pyridine and 2,6-dimethylpyridine adsorbed
samples. The dehydration activity of the catalysts determined from the cyclohexanol
decomposition reaction is diminished with rise in ‘x” values, whereas the limiting

amount of the electron acceptors adsorbed increased with increase in the copper content.

Table 4.2.11. Dehydration activity, weak plus medium acidity, limiting amount, aniline

conversion and NMA yields of the system, CuMn, 4 Fe204.

Dehydration Bronsted Weak+medium Limiting amount NMA
X Activity(Wt%)  acid Acidity (10* mmol m?) Yield (wt %)
Cyclohexene  sites (%) (10* mmol m?) TCNQ  Chloranil
0 91.28 0.825 8.12 10.71 2.60 13.12
0.2 47.23 0.810 8.15 22.91 8.37 17.57
0.4 46.36 0.791 8.19 24.65 9.52 21.48
0.6 42.18 0.777 8.24 26.95 10.65 23.74
0.8 38.98 0.752 8.28 28.32 11.82 24.94
| 34.91 0.731 8.32 30.01 12.80 27.76
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The cation valency distribution of the mixed Cu-Mn series depicted in the

Table 4.2.12 reveals that all the ferrites in this series are inverse and the concentration of

Fe’* ions in the octahedral sites for all compositions is the same. Thus. the catalytic

activity of this series is mainly determined by the Cu®*/Mn’" ratio in the octahedral sites

and the slight enhancement in the catalytic activity is due to the increased weak Lewis

acidity with copper doping.

Table 4.2.12. Cation valency distribution of Cu,Mn(,.,Fe,O4 - type systems

Catalyst

Cation valency distribution

MnFe;04
Cup2Mng gFe Oy
Cug 4Mng¢Fe; 0,
Cug¢Mng 4Fe>04
Cup sMng Fe;04

(Mnos Fegs ulFeos  Fer’ Mngs  JoeOs™
(Mno.4**Feo s Nl Feos™ Fer’ Mng 4> Cug2*JocOs™
(Mno 32" Feo 7> el Feos™ Fer* Mngs®* Cug 4*ocOs”
(Mng2*"Feos® el Feo 2™ Fer’ Mng2™ Cug g’ JoaOs™

2+ 3+ 2+ 3+ 3+ 2+ 2.
(Mng " Fego™ he[Feo1” Fer.Mng;”" Cuog™ JoaOs

CuFe>04

(Fe*)lFe® Cu?JoeOs”

Effect of time-on-stream

A set of reactions was
performed to ensure the catalytic
stability of the Cu-Mn ferrite series at
350°C for 7 hours. The MeOH/
aniline molar ratio was maintained at
5. The reaction mixture was collected
and analyzed at regular intervals.
Fig.4.2.8 shows the variation of NMA
yield (%) with time. All the
compositions of the series showed
moderate stability for a long period of

reaction.

* .\'_._“’\0_..

NMA yicld (%)
=

8 T T T T T 1
2 3 4 5 7
Time (h)
—o—MF —— MCuF-0.2 —&— MCuF-0.4
—#— MCuF-0.6 ——MCuF-0.8 —8—CuF
Fig.4.2.8. Effect of  time-on-stream  over the

system CuMn,Fe,O; Reaction temperature-350°C,

MeOH/ aniline-5, and flow rate —5mL h™'.
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(@) Zn:Mn . Fe 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
Table 4.2.13 presents the percentage of aniline conversion and product
distribution of aniline alkylation reactions with methanol for mixed Zn-Mn ferrite series.

All the compositions showed privileged activity with shoddier NMA selectivity.

Table 4.2.13 Alkylation of aniline with methanol over ZnMn(; x)Fe,Oy4 - type systems

Aniline NMA Product distribution (%)

Catalyst conv.(%) Yield (wt %) NMA NNDMA Toluiding

MnFe;04 22.45 13.12 78.72 13.73 7.55
Zng2Mng sFe, 04 13.31 12.75 72.37 20.52 7.11
ZngsMng ¢Fe,04 12.21 11.48 69.47 23.53 7.00
Znoe¢Mng 4Fe;,04 10.32 10. 74 67.54 25.61 6.85
Znp sMng>Fe,04 8.91 9.94 65.12 28.81 6.07

ZnFe,04 6.94 8.76 64.82 29.17 6.01

Reaction temperature-350°C, MeOH/aniline-5, TOS- 2 h and flow rate —SmL h'.

The analysis of the data in Table 4.2.14 shows that the weak plus medium acidity
and Bronsted acid sites are decreased with rise in ‘x’ values. The limiting amount of the
electron acceptors adsorbed decreased while the dehydration activity slightly enhanced
by the successive replacement of Mn by Zn. Therefore, it can be confirmed that acidity

is not the sole factor determining the catalytic activity of the ferrites.

Table 4.2.14. Dehydration activity, weak plus medium acidity, limiting amount, aniline

conversion and NMA yields of the system, Zn,Mn,_ 4 Fe-O,.

Dehydration  Bronsted  Weak+medium Limiting amount NMA
X  Activity(wt%)  acid Acidity (10™ mmol m?) Yield (wt %)
Cyclohexene  sites (%) (10" mmolm?) ~ TCNQ  Chloranil
0 91.28 0.825 8.12 10.71 2.60 13.12
0.2 87.23 0.784 3.48 10.21 2.58 12.75
0.4 85.36 0.750 3.09 10.02 2.51 11.48
0.6 83.18 0.728 2.75 9.91 2.49 10. 74
0.8 81.98 0.691 2.34 9.62 2.46 9.94
I 79.91 0.606 2.07 9.37 2.43 8.76
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The cation distribution of the mixed Zn-Mn ferrite systems is depicted in Table
4.2.15 reveals that the progressive incorporation of Zn*" jons into the tetrahedral sites
shifted the partially inverse MnFe.Oy to the normal ferrites. Thus, the Feo /Fee’ ratio

increases with rise in ‘x’ values thereby promoting the catalytic activity for the series.

Table 4.2.15 Cation valency distribution of ZnMn, «)Fe,0, - type systems

Catalyst Cation valency distribution

MnFe,0, (Mngs ' Feps” he[Feos Fer’"Mngs JouOs™
Znp ;Mng gFe; 04 (Zno2*"Mng4**Feo.s” Ne[Feo s> Fer 2’ Mng 4 *1oaOs™
Zng sMng ¢Fe; 0, (Zno.a*"Mng 3> Feo 3 elFeo s> Fera® Mngs**1oaOs™
Zng¢Mng 4Fe 04 (Zno s "Mng2**Feg 2’ NialFeoa™ Fers’ Mng 2’ 1oaOs™
Zng sMng 2 Fe;04 (Znog”Mno 1> Feo i Ve Feo®" Ferg® Mg > loeOs™

ZnFe;04 (Zn2+)lcl[Fe?.3+]oc(O42.

Effect of time-on-stream 28 -

The catalytic stability of the ;EQI_!:“
catalysts was checked by noting the

NMA yield (%) for 7 hours. All the

NMA yicld (%)
%

mixed Zn-Mn ferrites showed prolonged

stability. The deactivation of MnFe,Oy is '\‘\o\‘\‘\’

due to the deposition of carbonaceous 8

products over the catalyst surface. The

Time (h)
. I+ . . .
reduction of Fe™ ions in the reaction ME . MZnF0.2 MZnF-0.4
medium and the normal spinel structure —=—MZnF-0.6 —¥—MZnF-0.8 ——ZnF

of ZnFe;0, restricts the redistribution of )
Fig.4.2.9Effect of time-on-stream over the system

electrons to regain the original oxidation Mn, Fe,0,.  Reaction temperature-350°C
X -x1 V24 s

state is the cause for its poor stability. MeOH/aniline-5 and flow rate —=5mL h™.

4.2.3 Mechanism of aniline alkylation
From the results obtained for the reaction over the ferrite catalysts, it is clear that
N-alkylation of aniline is a facile reaction. The reaction is supposed to be consecutive or

sequential and follows the order: Aniline - NMA — NNDMA — Others. It is also
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believed that only weak to moderate acidity favours the reaction and the presence of
certain minimum number of acidic and basic sites are enough to trigger the reaction. Any
excess number of acid sites even if present will not be involved in the reaction and will
be surplus. Strong acidity on the other hand, if present will only deactivate the catalyst
by coking due to cracking of the alcohol and there by making it unavailable for
alkylation. The presence of more Lewis acid sites is preferred for the reaction. Aniline
being a stronger base than methanol gets adsorbed preferentially over the Lewis sites.
The participation of Fe’* ions in the octahedral sites as the alcohol adsorbing centers has
already been reported [50]. Fig. 4.2.10 depicts a plausible mechanism of aniline

alkylation over ferrite catalysts.

H\NﬁH

N2 H\+/H
N H\/CHs
g . " _H*
[:f:] |ﬁi|‘777iiéilr ““\\\\\\
ACH:; H\"h;.\\

A

-~ +
*~CH,
S
Fe2*

0]
l -
AM AR ~___ ‘ 0

Fig. 4.2.10. A plausible mechanism for aniline alkylation over ferrite catalysts.
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4.3 Section III — Phenol Alkylation

Alkylation of phenol with methanol is an industrially important reaction as the
reaction products, o-cresol is an important organic intermediate for herbicides and
insecticides, 2,6-xylenol is used in the manufacture of polyphenylene oxide (PPO) and
special grade paints and anisole is an additive in gasoline to boost octane [1, 2]. Other
alkylated phenols such as p-cresol, m-cresol and other xylenol isomers are also
industrially important as antioxidants, herbicides, and insecticides and are used for
stabilizing natural and synthetic rubber. So, the choice of a suitable catalyst and the
proper operating conditions is of primary importance in determining the industrial
convenience of the process. A schematic representation of the various reaction pathways

of phenol alkylation using methanol as the alkylating agent is presented in Fig. 4.3.1.

OH OH
Q MeOH Q
Me Me,

OH 2
MeOH
MeOH (cresol) (xylenol) = by-products
_———"
OMe
OMe
MeOH
-
Me
(anisole) (methylanisole)

Fig. 4.3.1 Reaction scheme of phenol alkylation using methanol as the alkylating agent.

Earlier, Friedel-Crafts catalysts have been used for the alkylation of phenol, but
the selective methylation of phenol on the aromatic carbon atoms has not been
successful [3]. The environmentally friendly solid acid catalysts are very good
alternatives to proton acids or Friedel-Crafts-type catalysts. The catalysts employed for
this reaction include y-alumina [4-9], silica-alumina [10], supported phosphoric acid [11,
12], magnesium oxide [13], titania [14], mixed oxides [14- 18], acid solids such as

BaSQ,, SrSO,4 and Lax(HPO,); [6], Nafion —H [19] and zeolites [ 22-28].
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The alkylation of phenol with methanol is basically an acid-base reaction. So, the
difference in activity and product selectivity could be explained on the basis of
difference in acid-base properties of the catalysts. However, there is a continuous debate
on the correlation between acid-base properties and product selectivity. There is always
a competition between O- and C-alkylation [20, 22, 29] and the strength of the acidic
sites play a crucial role in the product selectivity. Acidic catalysts generally produce a

mixture of cresols and xylenols and also get deactivated with time due to coking.

It has been reported by Benzouhanava ef al. [30] that strongly acidic catalysts
favour O-alkylation to give anisole as a predominant product while weak acidic
sites or strong basic sites favour C-alkylation. Tliemat-Manzalji er al. [31] and
Marczewski et al. [32] have claimed that weak acidic sites favour C-
alkylation. Again, Samalada e al. have reported that existence of medium strength acid
sites is selective towards O-alkylation. According to Rao er al. [33-35] increase in
acidity enhances the phenol conversion and selectivity for 2,6-xylenol at the expense of
o-cresol. Balsama et al. [22] have studied the alkylation of phenol with methanol in the
presence of X and Y zeolites exchanged with various cations and of pentasil-type

molecular sieves and claimed that strongly acidic catalysts promote ring alkylation.

Tanabe and Nishizaki [3] have reported that basic catalysts such as MgO
selectively alkylate phenol at the ortho-position. Rao et al. have reported the
involvement of acidic sites to give predominantly ortho-alkylation [33]. Velu and
Swami [36] have done the alkylation of phenol with methanol over magnesium-
aluminium calcined hydrotalcites (MgAI-CHT). According to them, the reaction
proceeded predominantly through anisole as the intermediate and they suggested the
participation of combined acidic and basic sites in calcined hydrotalcites for alkylation.
The same authors [37] further studied the phenol alkylation over CuAl-CHT and the
selective C-alkylation to give o-cresol and 2,6-xylenol could be attributed to the higher

acidity of these catalysts.

Santhacesaria ef al. [38] evaluated the catalytic activity of different catalysts with
different acid strengths for phenol alkylation and concluded that the selectivity of the

products greatly depend on the geometrical factors of the adsorbed reagents.
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Furthermore, they observed that the Bronsted acid sites are responsible for coke

formation.

This section gives detailed discussion on vapour-phase phenol alkylation reaction
with methanol as the alkylating agent over the five series of manganese ferrospinels. We
observed that in majority of the cases manganese ferrospinels could produce o-cresol
with high selectivity and in a few cases 2,6-xylenol was also formed. O-alkylation
leading to anisole was observed in negligible amount. A thorough depiction of précess
optimization such as effect of reaction temperature, flow rate, methanol to phenol molar

ratio and water in the feed are also included in this section.

4.3.1 Process optimization

The vapour-phase alkylation of phenol with methanol was carried out at
atmospheric pressure using a vertical flow-type reactor of 2 c¢cm ID and 30 cm length,
kept in a cylindrical double walled furnace mounted vertically. 0.5 g of the catalyst
activated at 500°C for 2 h was placed in the middle of the reactor and packed with silica
beads. The temperature of the reactor was maintained by a Cr-Al thermocouple placed
inside the reactor. A pre-mixed phenol- methanol solution was introduced at the top of
the reactor by means of a syringe pump. The products were analysed by gas
chromatography (Chemito GC 8610, flame ionization detector, SE 30 column, 2 m
length). A blank run was carried out at 350°C with no catalyst in the reactor indicating

negligible thermal reaction.

4.3.1.1 Effect of methanol to phenol molar ratio

In order tochoose an optimum feed mix ratio, the alkylation reactions
on ZnogMng,Fe,O4 was carried out at 350°C using several methanol/phenol molar
ratios. The C- alkylated products such as o-cresol and 2,6-xylenol were the
major reaction products observed. Phenol conversion and product selectivities are

plotted against methanol/phenol molar ratio (Fig. 4.3.2).

It can be seen from the figure that the phenol conversion gradually increases with
rise in methanol/phenol molar ratio. The O-alkylated product, anisole remained more or

less constant through out the molar ratios studied. Since the phenol conversion and
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selectivities towards o-cresol and 2,6-xylenol were maximal at a methanol/phenol molar

ratio of 7, this feed mix ratio was selected for further studies.

100+

80

%

5 7
MeOH/Phenol molar ratio

OPhenol Conversion M Anisole selectivity B o-cresol selectivity B 2,6-xylenol selectivity

Fig. 4.3.2. Effect of MeOH to phenol molar ratio on conversion and selectivity
of methylation of phenol over ZnggMng,Fe;04. Reaction temperature- 350°C, TOS-
2hand VHSV-4 mL h'.

4.3.1.2 Effect of reaction temperature
The alkylation reactions were carried out in the temperature range 300-450°C
over ZnggMng,Fe,04 at a MeOH/phenol molar ratio of 7. The phenol conversion and

product selectivites are depicted in the Table 4.3.1.

Phenol conversion showed an increase with rise in temperature upto
350°C. The O-alkylation leading to anisole formation was detected to be less than 3%
throughout the temperature region studied. The manganese ferrospinels were found to be
more prone to C-alkylation at any temperature region. At lower temperatures o-cresol
was detected as the major reaction product. With the rise in temperature, consecutive
methylation of o-cresol to 2,6-xylenol was increased and the maximum yield of 2,6-
xylenol was observed at 350°C. Further rise in temperature did not show an

enhancement in the alkylation rate, but phenol underwent decomposition reaction
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forming benzene and toluene. Again, at higher temperatures methanol undergoes

decomposition in greater extent decreasing the reaction rate.

Table 4.3.1 Product distribution (wt%) for the phenol alkylation reaction- Effect of

reaction temperature.

Products Reaction Temperature (°C)
distribution

300 325 350 375 400 450 500
C-oxides --- - 0.33 0.72 1.93 2.13 2.72
Benzene - --- -- - 0.98 1.62 3.01
Toluene -- - --- 0.98 2.72 3.01 4.17
Anisole 2.97 2.56 1.72 1.61 1.11 0.91 0.52
Unreacted 68.63 57.68 37.68 3948 46.61 50.64 57.63
Phenol .
o-cresol 26.67 33.08 40.81 42.85 36.88  32.01 28.59
2,6-xylenol 1.83 6.68 1946 1446 11.77 9.69 3.36
Phenol 31.37 42.32 62.32 60.52 5539 49.36 42.37
conversion
Selectivity (%)
o-cresol 85.01 78.16 6548 70.64 66.58  64.82 67.48
2,6-xylenol 5.83 15.78 31.22 2389 2125 19.63 7.93

Reaction temperature-350°C, MeOH/phenol-7, TOS- 2 h and flow rate — 4mL/h.

4.3.1.3 Effect of flow rate

The effect of contact time (VHSV) on phenol conversion and product selectivity
at 350°C performed over ZnggMng,Fe,04 at a MeOH/phenol molar ratio of 7 is shown
in Fig. 4.3.3.

As the flow rate increases from 4 to 8 mL h™' the phenol conversion drastically
declines from 62% to 6.5%. At higher flow rates, the residence time of the reactant
molecules over the catalyst surface is less compared to the lower flow rates resulting in

the lower conversions. At lower contact time, o-cresol was observed as a major product
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with negligible amount of 2,6-xylenol. Higher contact time resulted in an increased in
the formation of 2,6-xylenol, and this was allied with a resultant decrease in the
o-cresol yield. This is an indication of the consecutive methylation of o-cresol over the

catalyst surface at high contact time.

1004

80+

%

Flow rate (mL h™)

OPhenol conversion M Anisole selectivity [2,6-xylenol selectivity O o-cresol selectivity
Fig. 4.3.3. Effect of flow rate on conversion and selectivity of methylation of phenol

over ZnggMngoFe;O4. Reaction temperature- 350°C, TOS- 2 h, MeOH to phenol

molar ratio- 7.

4.3.1.4 Effect of water in the feed

In order to study the effect of water in the feed, alkylation reaction with four
different molar ratios of methanol-to-water-to-phenol were done and the results obtained
were compared (Table 4.3.2). It can be seen from the above discussions that C-alkylation
of phenol with methanol occurred efficiently at a methanol to phenol molar ratio of 7
and at a temperature of 350°C over ZngsgMng;Fe;O04. In a vapour-phase set-up with
excess of methanol there is every chance of loss of methanol due to decomposition or
side reactions. With the intention of reducing these side reactions and to suppress the
coke formation over the catalyst surface, we have added some water in the feed mix and
studied its effect on the reaction. Interestingly, it was observed that water in the feed
significantly suppressed the using up of methanol without much affecting the product

yields.
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Table 4.3.2. Product distribution (wt%) and selectivity for the phenol alkylation reaction-
Effect of water in the feed.

Product Feed composition (MeOH: H,O : Phenol)
distribution

7:0:1 6:1:1 5:2:1 4:3:1
C-oxides 0.33 -—- --- ---
Benzene - 0.42 0.51 0.50 -
Toluene -- 0.79 0.88 0.92
Anisole 1.72 0.31 0.20 0.18
Unreacted Phenol 37.68 40.43 44.80 60.88
o-cresol 40.81 41.67 40.60 36.38
2,6-xylenol 19.46 16.38 13.55 11.14
Phenol conversion 62.32 59.57 55.20 49.12
Methanol conversion 51.71 42.71 33.89 21.07
Selectivity (%)
o-cresol 65.84 69.95 73.55 75.08
2,6-xylenol 31.22 27.49 24.55 22.68

Reaction temperature-350°C, MeOH/ phenol-7, TOS- 2 h and flow rate -4 mL h™".

4.3.2 Comparison of catalyst composition

The alkylation of phenol with methanol was done over five series of manganese
ferrospinels at 350°C and at a methanol/phenol molar ratio of 7 and flow rate was kept at
4 mLh™'. The catalytic activity was correlated to the acid-base properties of the samples.

C-alkylation was dominant over O-alkylation with the ferrites.

(a) CryMn(1.Fe,04 (x =10, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
A series of experiments were performed to evaluate the catalytic activity of Cr-

Mn ferrites. The phenol conversion and selectivites are depicted in Table 4.3.3.

Even though the selectivity for o-cresol is enhanced tremendously, the phenol
conversion reduced radically by the incorporation of Cr-ions. The secondary alkylated
product, 2,6-xylenol produced by the consecutive methylation of o-cresol is not observed

in this series.
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Table 4.3.3. Alkylation of phenol with methanol over CruMn(,.x\Fe204 - type systems.

Phenol o-c.resol 2,6-xylenol Product selectivity (%)

MnFe,04 40.75  39.63 --- 1.37 98.63 ---
CroaMnggFe,Os  18.68 17.90 --- 0.98 99.02 ---
Cro4sMngeFe,04  16.42 16.42 - --- 100 ---
CroeMng4Fe.04  15.18 15.18 --- --- 100 -
CrosMngoFe 04 14.02 14.02 - --- 100 ---
CrFe,04 13.61 13.61 --- - 100 ---

Reaction temperature-350°C, MeOH/ phenol-7, TOS- 2 h and flow rate —4mL h™'.

The total acidity, especially acidity in the high acid strength region was
decreased by the successive incorporation of Cr ions in the octahedral positions of the
pure manganese ferrospinel as evident from the NH;-TPD studies and thermodesorption
studies of the pyridine adsorbed samples. This is supported by the dehydration activity
from the cyclohexanol decomposition reaction. The limiting concentration of the
electron acceptors adsorbed showed a fair increase with increase in chromium content.
The acid-base properties of the Cr-Mn series along with phenol conversion (wt%) are

presented in Table 4.3.4.

Table 4.3.4. Dehydration activity, total acidity, limiting amount and phenol conversion

of the system CryMn, 4 Fe:04(x =0, 0.2, 0.4, 0.6, 0.8 and 1).

Dehydration Total Acidity Limiting amount Phenol
X Activity (Wt %) (10™* mmol m?) (10™ mmol m?) Conversion
Cyclohexene TCNQ chloranil (wi%)

0 91.28 16.50 10.71 40.75 39.63
0.2 38.52 10.56 55.52 18.68 17.90
0.4 37.01 10.48 56.28 16.42 16.42
0.6 36.25 10.43 57.58 15.18 15.18
0.8 35.89 10.41 59.01 14.02 14.02

1 34.82 10.36 60.61 13.61 13.61
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Since phenol is a polar molecule, even the very weak basic sites can easily
remove a H" from phenolic O-H bond forming phenolate ion. The phenolate ion then
coordinate with the acidic site of the catalyst. Therefore, in phenol alkylation it is the
acidity rather than the basicity that controls the catalytic activity. The decrease in the

acidity of the series by chromium substitution is the prime cause for their reduced phenol

conversion.

Effect of time-on-stream

A set of experiments were performed over mixed Cr-Mn series at 350°C and at a
methanol-to-phenol molar ratio of 7 over a period of 6 h to evaluate the stability of the
system. The product analysis was done at regular intervals of 60 minutes. The
deactivation studies of the mixed Cr-Mn series are depicted in the following figure (Fig.

4.3.4). Among the systems, MnFe,O, showed excellent stability where as other systems

showed slight deactivation with time.
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Fig. 43.4. Effect of time-on-stream over the system, CryMn;4 Fe;O4 (x =0, 0.2,

0.4, 0.6, 0.8 and 1) Reaction temperature- 350°C, MeOH/ aniline- 5, TOS- 2 h and
flow rate <4mL h™".

(b) CoxMn(;.Fe,04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The phenol conversion and product selectivity of phenol alkylation reaction
done over mixed Co-Mn series is depicted in Table 4.3.5. It is clear from the table
that the replacement of Mn by Co in the pure manganese ferrospinel decreased the

phenol conversion and o-cresol selectivity slightly. Though negligible amount of
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O-alkylated product, anisole is observed all along the system, the secondary alkylated

product 2,6-xylenol is not detected.

Table 4.3.5. Alkylation of phenol with methanol over CoMn(;.\\Fe-Oy - type systems

Phenol o-qresol 2,6->fylenol Product selectivity (%)
I T O U ol
MnFe,04 40.75  39.63 - 1.37  98.63 ---
CopaMng gFe;0s  37.81 36.80 - 1.22  98.78 ---
CopsMngeFe.04 3529  35.57 - 0.91 99.09 -—-
CopeMngsFes04  34.13  34.44 - 0.88 99.12 ---
CopsMng-Fe,0s  32.92 33.18 - 0.79  99.21 ---

CoFe>04 30.67 30.13 --- 0.77 ---

Reaction temperature-350°C, MeOH/ phenol-7, TOS- 2 h and flow rate 4mL h".

The variation in total acidity is smooth and decreases from MnFe,O4 to CoFe>O,4
as the cobalt content increases in the system. This observation was confirmed by the
dehydration of cyclohexanol carried out on these catalysts which is taken as a measure of
the acidity index. The limiting amount of the electron acceptors adsorbed showed a
slight increase with Co-substitution. Table 4.3.6 depicts the acid-base properties along

with phenol conversion (wt%).

Table 4.3.6. Dehydration activity, total acidity, limiting amount, o-cresol and 2,6-xylenol

yields of the system CoxMn, 4 Fe;04(x =0, 0.2, 0.4, 0.6, 0.8 and 1).

Dehydration Total Acidity Limiting amount Phenol Conversion
X Activity (wt %) (10° mmol (10 mmol m?) (wWt%)
Cyclohexene m?) TCNQ chloranil
0 91.28 16.50 10.71 40.75 39.63
0.2 90.80 16.36 15.68 37.81 36.80
0.4 88.00 16.27 16.38 35.29 35.57
0.6 87.50 15.79 17.19 34.13 34.44
0.8 87.10 15.70 17.88 32.92 33.18
] 86.00 15.63 18.58 30.67 30.13




Though phenol alkylation is essentially an acid-base reaction, the acidity of the
catalysts has a decisive role in determining the rate of the reaction. Since the cobalt
substitution decreased the total acidity slightly, the same trend is reflected in the phenol

alkylation activity.

Effect of time-on-stream

The phenol alkylation reactions were done over Co,Mn;«Fe;O4- type system at
350°C and at a flow rate of 4 mLh" for 6 h to check the stability of the system. The
product analysis was done at regular interval of 60 minutes (Fig.4.3.5). All the systems

showed excellent stability for a long period of reaction time.
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Fig. 4.3.5. Effect of time-on-stream over the system, CoMn; Fe;04 (x = 0, 0.2, 0.4,
0.6, 0.8 and 1). Reaction temperature- 350°C, MeOH/ aniline- 5, TOS- 2 h and flow
rate <4mL b

(¢) Ni,Mn(.yFe; 04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
Table 4.3.7 represents the phenol conversion and product selectivites of phenol

alkylation performed over mixed Ni-Mn ferrites.

Ni-Mn mixed series showed poor activity for phenol methylation with
progressive incorporation of Ni. The selectivity for o-cresol remained more or less cent
percent through out the series. The secondary methylation leading to 2,6- xylenol is not

detected throughout the series.
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The acid-base properties of the series determined by various methods along with
phenol conversion (wt %) are shown in Table 4.3.8. The total acidity of this series
decreased with successive Ni-doping as determined by NH;-TPD method. The decrease
in the dehydration activity from the cyclohexanol decompostion reaction confirmed the
decrease in acidity with increase in "X’ values. But, it is seen that the limiting
concentrations of the electron acceptors adsorbed on the catalyst showed a proportionate

increase with increase in nickel content.

Table 4.3.7. Alkylation of phenol with methanol over Ni\Mn(,_\Fe,O, - type systems

Phenol o—qresol 2,6->§ylenol Product selectivity (%)

T e oy AT ool

MnFe,04 40.75 © 39.63 --- 1.37 98.63 ---
Nig2MngsFe,05 2522 24.91 --- 0.58 99.42 ---
Nig4Mnge¢Fe,04 2392 23.84 - 0.41 99.59 -
NiggMng 4Fe;04  22.16  21.91 - 0.42 99.58 ---
NiggMngoFe, 04 21.87  21.36 --- 0.31 99.69 ---

NiFe;04 20.34 20.03 --- 0.27 99.73 -

Reaction temperature-350°C, MeOH/ phenol-7, TOS- 2 h and flow rate 4mL ht.

Table 4.3.8. Dehydration activity, total acidity, limiting amount and o-cresol yield of the
system Ni,Mn;, Fe;04(x =0, 0.2, 0.4, 0.6, 0.8 and 1).

Dehydration Total Acidity Limiting amount Phenol Conversion
X Activity (wt %)  (10* mmol m?) (10™ mmol m?) (Wt%)
Cyclohexene TCNQ chloranil
0 91.28 16.50 10.71 40.75 39.63
0.2 73.76 15.14 20.81 25.22 39.63
0.4 70.25 15.06 22.47 23.92 2491
0.6 68.98 15.00 23.13 22.16 23.84
0.8 65.29 14.96 23.97 21.87 21.91
1 62.10 14.90 25.52 20.34 21.36
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Ni-addition progressively removes the acidic sites originally present in pure
manganese ferrospinel system and correspondingly possessed lesser activity for phenol
alkylation.

Effect of time-on-stream

The Ni-Mn series were checked for catalytic stability by noting the phenol
conversion for 6h The reaction temperature was kept at 350°C and methanol-to-phenol
molar ratio was 7. The product analysis was done at a regular interval of 60 minutes and
the results are presented in the figure 4.3.6. MnFe,0,4 performed excellent stability.
Nig2Mnyg sFe;04, Nig4Mng ¢Fe,04 and Nig¢Mng sFe,04 showed slight deactivation where
as NipsMng,Fe, 04 and NiFe;04 showed rapid deactivation.

50
S
2 e
s . |8 BMF
| DIMNF-0.2
Pl R = - - B MNiF-0.4
s |BE = S BIMNIF-0.6
s MRE = - EIMNIF-0.8
= EEE =3l B: B mNiF

2 3 4 5

Time (h)

Fig. 4.3.6. Effect of time-on-stream over the system, Ni,Mn;.x Fe;04 (x = 0, 0.2, 0.4, 0.6,
0.8 and 1). Reaction temperature- 350°C, MeOH/ aniline- 5, TOS- 2h and flow
rate—4mL h™'.

(d) Cu,Mn(;Fe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems

The phenol alkylation with methanol was performed over mixed Cu-Mn
series at 350°C. The results obtained are depicted in Table 4.3.9. The phenol
conversion first showed a decrease on incorporating Cu’" ions into the octahedral
position and then increased with increase in copper content. The selectivity for o-cresol
remained more or less constant all along the series. Negligible amount of O-alkylated
product, anisole is detected through out the series. 2,6-xylenol, which is produced by the

secondary methylation of o-cresol 1s not observed throughout the series.

175



Table 4.3.9. Alkylation of phenol with methanol over CuyMn(;.\Fe204 - type systems

Phenol o-c.resol 2,6-xylenol Product selectivity (%)

T Gy AT crosol _ xlono

MnFe,04 40.75 39.63 --- 2.75 97.25 ---
CupoMngsFe,04  24.62  24.19 --- 1.75 98.25 ---
Cug4MngyeFe, 0,  28.71 28.16 --- 1.91 98.08 ---
CupeMng4Fe,04  30.61 29.95 - 2.15 97.84 ---
CuggMng Fe, 04  32.93 32.17 --- 230 97.70 ---

CuFe;04 33.59 32.90 - 2.05 97.95 ---

Reaction temperature-350°C, MeOH/ phenol-7, TOS- 2 h and flow rate —<4mL h'".

Table 4.3.10 presents the acid-base properties of the Cu,Mn,_,Fe,04- system. The
total acidity of the system first decreased and then increased with successive Cu-
addition. The dehydration activity did not fc;llow the same trend; it goes on increasing
with increase in Cu-content. The limiting concentration of the electron acceptors

adsorbed remained rather constant throughout the series.

Table 4.3.10. Dehydration activity, total acidity, limiting amount and phenol conversion

yield of the system Cu,Mn, 4 Fe;0,(x=0,0.2,0.4, 0.6, 0.8 and 1).

Dehydration Total Acidity Limiting amount Phenol Conversion
x  Activity (Wt %) (10* mmol m?) (10* mmol m?) (W1%)
Cyclohexene TCNQ chloranil
0 91.28 16.50 10.71 40.75 40.75
0.2 92.23 13.99 10.21 24.62 24.62
0.4 93.36 14.13 10.02 28.71 28.71
0.6 94.18 14.71 9.91 30.61 30.61
0.8 95.98 15.61 9.62 32.93 32.93
] 96.91 16.42 9.37 33.59 33.59
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Effect of time-on-stream

A series of phenol alkylation experiments were performed at 350°C
over CuMn,, Fe;O4- system for 6 h and the product analysis was done at regular
intervals of 60 minutes to check the catalytic stability. The results are presented in Fig.
4.3.7. Except for the pure manganese ferrospinel, MnFe,Oy all the other samples in this

series exhibit poor stability.
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Fig. 4.3.7. Effect of time-on-stream over the system, Cu,Mn,. Fe;Os. Reaction

temperature- 350°C, MeOH/ aniline- 5, TOS- 2 h and feed flow <4mL h'.

(e) ZnMn(;.Fe,04 (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0) - type systems
The phenol conversion and product selectivites obtained from phenol alkylation

experiments done over Zn-Mn series is shown in Table 4.3.11.

Table 4.3.11. Alkylation of phenol with methanol over ZnMn(;.x)Fe;04 - type systems

Phenol o-cresol 2,6-xylenol Product selectivity (%)

Caaiyst &’tﬂz) (ﬂfol/il) (yv::ol/f) Anisole crz;Ol 2,6-xylenol

MnFe,04 40.75 39.63 --- 2.75 97.25 -
Zng,MnggFe;0s  50.03 47.56 1.38 247 95.06 2.75
ZngsMng¢Fe; 05  53.97 46.66 6.23 200 86.46 11.54
ZngeMng 4Fe;04  58.52 43.98 13.28 2.15 75.15 22.69
ZnogMngFe; 05  62.32 40.81 20.46 1.68  65.48 32.83

ZnFe;04 61.91 41.37 19.17 2:21 66.82 30.97

Reaction temperature-350°C, MeOH/ phenol-7, TOS- 2 h and flow rate 4mL h',
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The Zn-Mn series performed enhanced activity for phenol alkylation. The
concentration of anisole obtained through out the series remained less than 3%.
Moreover, the formation of the secondary alkylated product, 2,6-xylenol is enhanced

with successive Zn-addition.

The substitution of zinc into the manganese ferrite increased the total acidity as
evident from the NH;-TPD profiles. This results are propped up by the dehydration
activity from the cyclohexanol decomposition studies whereas the limiting concentration
of the electron acceptors is reduced with increase in zinc content. The acid-base

properties along with phenol conversion of Zn-Mn series are depicted in the following

table (Table. 4.3.12).

Table 4.3.10. Dehydration activity, total acidity, limiting amount and phenol conversion

of the system Zn,Mn, Fe;04(x =0, 0.2, 0.4, 0.6, 0.8 and 1).

Dehydration Total Acidity Limiting amount Phenol
X Activity(wt %) (10 mmol m?) (10* mmol m?) Conversion
Cyclohexene TCNQ Chloranil (Wt%)

0 91.28 16.50 10.71 2.60 40.75
0.2 92.23 13.99 10.21 2.58 50.03
0.4 93.36 14.13 10.02 2.51 53.97
0.6 94.18 14.71 9.91 249 58.52
0.8 95.98 15.61 9.62 2.46 62.32

1 96.91 16.42 9.37 243 61.91

The enhanced catalytic activity of the Zn-Mn series can be attributed to the

improved total acidity possessed by the system.

Effect of time-on-stream
To establish the catalytic stability of the Zn-Mn series a set of phenol alkylation
experiments were performed and noted the phenol conversion at regular intervals of 60

minutes. The reaction temperature was kept at 350°C and the methanol-to-phenol molar
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ratio was maintained at 7. The results obtained are presented in the figure 4.3.8. All the

systems in this series, except ZnFe;04 exhibited excellent stability.
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Fig. 4.3.8. Effect of time-on-stream over the system, Zn,Mn, x Fe;Os(x =0, 0.2, 0.4, 0.6,

0.8 and 1). Reaction temperature- 350°C, MeOH/ aniline- 5, TOS- 2 h and flow rate
—4mLh".

4.3.3 Mechanism of phenol alkylation

Alkylation of phenol with methanol is essentially an acid-base reaction.
Therefore, the catalytic activity and product selectivity depend strongly on the acid-base
properties of the catalysts and up to a certain extent on the reaction conditions.
According to Velu and Swami [35], in the case of strong acid catalysts phenol
methylation initially accelerates the formation of O-alkylated product, anisole. Anisole,
then undergoes intramolecular rearrangement of methyl group to form o-cresol. At
higher temperatures, o-cresol further undergoes isomerization to form meta- and para-
isomers. Xylenol isomers are also produced by the consecutive methylation of cresol
isomers. But, in the case of less acidic and bifunctional systems, direct C-alkylation
occurs without the intervention of anisole as an intermediate [37]. Phenol dissociates to
form a protonic site and a phenolate ion, which gets adsorbed on the basic and acidic
sites of these catalysts, respectively. The proton site promotes methanol to produce a
carbonium ion, which attacks the ortho position of the adjacently adsorbed phenolate

species. Thus, in such cases methylation of phenol is more selective to ortho positions

yielding o-cresol and 2,6-xylenol.
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From the above discussions, it can be seen that manganese ferrospinels produce
ortho-alkylated products (formation of o-cresol and 2.6-xylenol, but not meta- or para-
cresols and xylenol isomers.) and the total ortho-selectivity always exceeded 97%.
Additionally, in all the cases amount of anisole formed was negligible and did not show
any marked variation with contact time. So, the possibility of anisole acting as an

intermediate is ruled out.

The extent of ortho-selectivity can be attributed to the nature of adsorption of
phenol on the catalysts. According to Tanabe et al. [3] the Bronsted acid sites in the
catalysts interact with the aromatic ring and consequently, the phenol molecule will lie
parallel to the catalyst surface. This parallel orientation of the phenol molecule is shown
in the following figure (Fig. 4.3.9). Thus, all positions of the aromatic ring of the phenol
molecule will become evenly accessible for the attacking group. This leads to the

formation of all possible alkyl phenols resulting to poor selectivity for ortho-alkylation.

OH
H
H* H+ + l MeOH all possible
H- H* alkyl phenols

Fig.4.3.9. Parallel orientation of the aromatic ring on the catalyst surface

But, if the orientation of the aromatic ring is vertical to the catalyst surface, as
suggested by Klemm et al. [38] and Santacesaria er al. [37] interaction of the aromatic
ring with the strong acid sites on the catalyst surface is prevented, resulting in high
ortho-selectivity. This is possible in bifunctional catalysts where a Lewis acid site exists
beside a Lewis basic site. Phenol molecule will interact with the catalyst by giving a
phenolate ion adsorbed on the acid site and a hydrogen ion bound to the basic one.
Hydrogen ions thus formed should have sufficient mobility to activate the methyl groups

of methanol and alkylation at the ring, in the ortho position occurs effectively. A
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plausible scheme for the alkylation of phenol with methanol is shown in the following

figure (Fig. 4.3.10).

S AT Tz

— O- H* — [ Activated complex] ———=

Reaction products

Fig. 4.3.10. Reaction mechanism of phenol alkylation using methanol
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5

Oxidation Reactions

Catalytic oxidation is widely employed in the manufacture of bulk chemicals
from aromatics and more recently, as an environmentally attractive method for the
production of fine chemicals [1-3]. The present chapter is divided into two sections.
The first section depicts the liquid-phase hydroxylation of phenol using hydrogen
peroxide as the oxidant over different manganese ferrospinels and the effects of various
reaction parameters on the product distribution. The vapour-phase oxidative
dehydrogenation of ethylbenzene and effect of various reaction parameters for styrene

production are presented in the second section.

5.1 Section I — Phenol Hydroxylation

Phenol hydroxylation is one of the industrially important reactions as the
products namely catechol and hydroquinone are extensively used as photographic
developers, ingredients for food and pharmaceutical applications and antioxidants [4].
This reaction has an added importance for the reduction of refractory organic pollutants
such as phenol in the aqueous effluents from industries such as pharmaceutical,
chemical, petrochemical etc. The heterogeneous catalytic oxidation mineralized these
refractory organic compounds to CO; and H,O. This technique allows a significant
reduction of the temperature and necessary pressure employed by the non-catalytic
oxidation techniques and thereby improving the economy of the process [5-7]. The
oxidation and hydroxylation of aromatic compounds using molecular oxygen are not in
common practice either in the laboratory or in the industry. Hydrogen peroxide is found
to be a superior alternative as it is a good weight efficient oxidizing agent, which yields
water and oxygen only on decomposition [8, 9]. In recent years, due to the tightening of
the environmental regulations, diphenols from phenol hydroxylation and reduction of
phenolic pollutants in waste waters using heterogeneous catalysts with hydrogen
peroxide as the oxidant has become one of the promising approaches because it demands

for the simple techniques and produce little environmental pollution.
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A schematic representation of the various reaction pathways of phenol

hydroxylation using hydrogen peroxide as the oxidant is presented below (Fig. 5.1.1).

OH
OH
OH O
Polymerisation products
(Catechol) + Carboxylic acids
OH l
0 CO, + H,0
(Benzoquinone)
OH
(Hydroquinone)

Fig. 5.1.1 Reaction scheme for phenol hydroxylation using hydrogen peroxide as the

oxidant.

Since 1970, hydroxylation of phenol catalyzed by mineral acids [10-12], simple
metal ions and their complexes in homogeneous liquid-phase [13-15] with hydrogen
peroxide as oxidant, has been extensively studied. Although some of these showed
potential catalytic activities, the disadvantages of homogeneous reactions are very

distinct to prevent their wide use in phenol catalytic oxidation.

A wide range of heterogeneous catalysts have been introduced, due to their eco-
friendly nature and their potential to replace the conventional homogenous systems. Pure
metal oxides or supported oxides have been found to catalyze the hydroxylation of
phenol viz., Fe,0; [16], C0304 [17], Fe;03/Al,05 [18], Ca0O/SiO; [19], MoO3 [20] V205
and colloidal TiO, [21], but neither the catalytic activity nor the product selectivity of

these catalysts is satisfactory.

Molecular sieves such as TS-1 [22], TS-2 [23], Ti-ZSM-48 [24], Ti-B[25],
TAPO-11 [26], Ti-MCM-41 [27], VS-2 [28], zirconotitanosilicates {29] were intensively

studied and were found to exhibit unique catalytic activity including high activity,
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minimal non-productive hydrogen peroxide decomposition and high catalyst stability
[30]. These positive aspects have led to an extraordinary series of work on the use of
transition metal substituted silicate zeolites as catalysts for phenol hydroxylation.
Despite the obvious attractiveness of these titanium silicate zeolite as catalysts, the
somewhat complicated synthesis, small pore size and low reaction rate [31] will perhaps
limit their application as a popular tool for oxidation in organic chemistry. The
compound, H,V,Zr,04.H,0 is found to be a novel complex oxide with two transition
metals, showing many advantages compared with TS-1, such as cheaper preparation and
high stability [32]. These compounds with smaller crystallite size exhibited much higher

catalytic activity for phenol hydroxylation by hydrogen peroxide.

Complex oxides containing transition metals such as La; ¢Srp;CuQOg.x [33] and
V-Zr-O [34, 35] were used for hydroxylation of phenol, however both the diphenol yield
and reaction rate were low. Iron oxide nanoparticles [36] prepared by the in situ forced
hydrolysis of Fe** ions chemisorbed at the poré walls, showed hydroxylation activity, but
the active component of such catalysts was lost easily, and the phenol conversion of such

catalysts was not high enough.

Heteropoly acids such as molybdovanadophosphoric acid [37] and
molybdotungstophosphoric acid [38] were tried for the hydroxylation of phenol by
hydrogen peroxide, but the decomposition of HO; was obvious and acetonitrile was the

only solvent medium applicable.

The present part of the thesis deals with the detailed investigation
of CrMng.Fe0s  CoMn(gFe:0s,  NigMng.Fe0s,  CuyMn 4 Fe,O4 and
ZnMn( 5 Fe,04 —type manganese ferrospinel systems for phenol hydroxylation using
hydrogen peroxide as the oxidant. The objectives are to investigate the reaction
pathways and associated mechanisms and to correlate the activity with the amount of
holes or cation vacancies present in the systems and composition of the catalysts. In
addition, the influence of the reaction parameters such as amount of catalyst, phenol to
hydrogen peroxide molar ratio, reaction temperature, pH and solvents are studied. We
observed that manganese ferrites, particularly, CuMn(,_,,Fe.O4 were the most active

series of systems for the reaction.
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5.1.1 Process optimization

The liquid-phase hydroxylation of phenol using 30% H:0; as the oxidant was
carried out in a 50 mL round bottom flask equipped with an air condenser. The reaction
mixture was stirred using a magnetic stirrer. About 0.1 g of the catalyst was taken and
prior to each reaction they were activated at 500°C for 2 h. Phenol and the solvent were
taken in the round bottom flask at the desired temperature. The required amount of the
hydrogen peroxide was added drop wise to the reaction medium and the reaction was
allowed to proceed for 30 minutes. The products were analyzed using Chemito GC
chromatograph fitted with FID. The influence of various reaction parameters on phenol

conversion and product selectivity is presented in the ongoing sections.

5.1.1.1 Effect of catalyst loading

The catalyst amount required for the maximum phenol conversion (%)
was optimized by taking CuFe,0y as the catalyst and water as the solvent. The amount of
the catalyst was varied from 0.05 g to 0.30 g and ;111 the reactions were carried out at
room temperature for 30 minutes. The effect of amount of catalyst on phenol conversion

and product selectivity are shown in Fig. 5.1.2.

90 -
" - e . °
—X— Phenol conversion
601 X X X X >4
% —— Catechol selectivity
30 1
—e— Hydroquinone
— - » FOR—— selectivity
0 i LIS L T T 1

0.05 0.075 0.1 0.15 0.2 03
Amount of catalyst (g)

Fig. 5.1.2 Effect of catalyst loading. Catalyst- CuFe,0O4, Reaction temperature- room
temperature, H;O,/Phenol volume ratio-10, Reaction time-30 minutes and Solvent-

water.
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From the figure, it can be seen that the catalyst concentration has no influence on
phenol conversion. The product selectivity remained more or less constant at any
catalyst loading. According to Santos et al. [39], catalyst concentration has scarcely any
influence on phenol conversion and at low catalyst concentrations an important
contribution of the homogeneous reaction is inferred. They suggested a homogeneous
mechanism for the oxidation of phenol, while the oxidation of intermediates is mainly
due to the heterogeneous reaction. This is supported by the observations by Yu et al.
over V-Zr-O complex [32] that excess of catalyst has no advantage in the phenol
conversion and a large excess of catalyst reduced the yield significantly. 0.1 g of the

catalyst was used for the subsequent studies of the reaction.

5.1.1.2 Effect of reaction temperature
A set of reactions was performed over CuFe;O, at different temperatures for 30
minutes. The hydrogen peroxide to phenol volume ratio was kept at 5. Figure 5.1.3

shows the variation of phenol conversion and the product distribution with reaction

temperature.

B Phenol conversion
[ Catechol selectivity

Hydroquinone
selectivity

Temperature (° C)

Fig. 5.1.3 Effect of reaction temperature, Catalyst- CuFe,04, amount of catalyst-0.1 g,

H,0,/Phenol volume ratio-5, Reaction time- 30 minutes, solvent-water.

The phenol hydroxylation reaction was observed to be exothermic and the
conversion of phenol decreased with reaction temperature. That is, the lower temperature

is found beneficial for higher conversion of phenol. The phenol conversion is maximum
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at room temperature (59.81%) and no phenol conversion is observed beyond 70°C. The
product selectivity showed a marked difference with varying temperature. The rise in
temperature favoured the increase in catechol selectivity. The fact that the percentage
conversion of phenol decreased with increasing temperature suggests that the activation

energy for hydrogen peroxide decomposition is lower than that for the hydroxylation of
phenol [32].

5.1.1.3 Effect of reaction time

The appropriate reaction time is the main assurance for a perfect reaction. For
optimizing the reaction time for the phenol hydroxylation, the reaction was carried out
over CuFe,0; at room temperature for 60 minutes and the hydrogen peroxide to phenol
volume ratio was 5. The filtrate was collected from the reaction mixture at a regular
interval of 10 minutes for the GC analysis. Figure 5.1.4 illustrates the conversion of

phenol and product selectivity with time.

100
801 M Phenol conversion
60-

% _ O Catechol selectivity
404
O Hydroquinone
20 selectivity
L — 4
0

10 20 30 40 50 60

Time (minutes)

Fig. 5.1.4. Effect of reaction time, Catalyst- CuFe;O4, Reaction temperature- room

temperature, amount of catalyst-0.1 g, HO,/Phenol volume ratio-5, solvent-water.

In the first 10 minutes we could not observe any phenol conversion; but a sudden
rise in conversion of phenol was obtained at 20 minutes, which reached the maximum at
30 minutes and then, turned to decline. Thus, extended reaction time appeared to be
unfavourable for the phenol hydroxylation. In the whole process of the reaction the
yield of catechol declined sharply (from 93.67% to 13.88%) and at the same time, the

selectivity for hydroquinone increased remarkably. With increase in reaction time,
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significant amount of the tarry products was detected in the reaction mixture, indicative

of the polymerization of the reaction products, catechol and hydroquinone.

5.1.1.4 Effect of hydrogen peroxide to phenol volume ratio
Table 5.1.1 summarized the catalytic hydroxylation results under various volume

ratios of H,O, /phenol. All the reactions were done over CuFe,O4 at room temperature

for 30 minutes.

Table 5.1.1 Effect of Hydrogen peroxide to phenol volume ratio on phenol hydroxylation

H,0,(mL)/phenol(mL) Phenol Product selectivity (%)

volume ratio conversion(%) Catechol Hydroquinone
1 10.32 67.65 32.25
2 21.62 52.68 47.32
3 32.05 48.67 51.33
4 45.09 35.32 T 64.38
5 59.81 16.76 83.24
6 42.67 47.39 52.61
7 23.72 46.36 53.64
8 10.67 46.01 53.99
9 No desired products

Catalyst- CuFe;0,, Reaction temperature- room temperature, amount of catalyst-0.1 g,

Reaction time- 30 minutes, solvent-water.

The H;0, to phenol volume ratio was varied from 1 to 9. It is observed that
phenol conversion increased with increase in hydrogen peroxide to phenol volume ratio,
reached a maximum conversion and then declined. A large excess of 30% hydrogen
peroxide reduced the product yields very significantly. The probable reason for the lower
yield is that a large excess of hydrogen peroxide enhances its decomposition rather than
the hydroxylation of phenol. Catechol and hydroquinone were the products observed at
all volume ratios. The formation of secondary oxidation product, benzoquinone was not
observed at higher amount of hydrogen peroxide, but at this condition, increased

formation of tarry products and evolution of CO; were detected. The tarry products are
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due to the deep oxidation of the reaction products with large excess of hydrogen
peroxide. The proportion of the products seemed to be sensitive to the variation in H,O»
to phenol volume ratio. At lower H>O,/ phenol volume ratios catechol was detected with

greater selectivity.

5.1.1.5 Effect of pH of the reaction medium
The pH values used for this study- 3, 7 and 10, were attained by adding dilute
H,SO4, H,O and Na,CO;, respectively. The reactions were performed at toom

temperature for 30 minutes and the results obtained are presented in Fig. 5.1.5.

100+

804 O Phenol conversion
M Catechol selectivit

60- y

% O Hydroquinone
40 i selectivity
204 |
0 7

Fig. 5.1.5. Effect of pH of the reaction medium, Catalyst- CuFe,O4, Reaction
temperature- room temperature, amount of catalyst-0.1 g, H,O,/Phenol volume ratio-5,

solvent-water and reaction time- 30 minutes.

The phenol conversion was found to be greater for acidic rather than for basic
media. But the desired product selectivity was very low in acidic medium. Though the
basic media showed greater selectivity for hydroquinone, phenol conversion reduced
tremendously. At neutral reaction medium (pH-7), both the conversion of phenol and
selectivity for the hydroquinone were appreciable. Thus, neither the acidic nor the basic
environment is good for phenol hydroxylation. A neutral reaction medium is a better

choice for phenol hydroxylation.
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5.1.1.6 Effect of solvent
Table 5.1.2 presents the catalytic data for phenol hydroxylation over CuFe;O4
catalyst with different solvents such as water, acetonitrile, methanol, 1,4-dioxane and

acetone. All the experiments were performed at room temperature for 30 minutes.

Table 5.1.2. Effect of solvent.

Solvent Phenol Conversion Product distribution (%)
(%) Catechol Hydroquinone
Water 59.81 16.76 83.24
Acetonitrile 44.84 59.76 40.54
1,2-dioxane 18.78 67.52 32.48
Methanol 5.76 -— 100
Acetone No desired products

Catalyst- CuFe,O,4, Reaction temperature- room temperature, amount of catalyst-0.1 g,

Reaction time- 30 minutes, H,O,/Phenol volume ratio-5.

When acetone was chosen as the solvent, the catalytic reaction did not take place
while with methanol as a solvent, the catalytic reaction gave low conversion with cent
percent selectivity to hydroquinone. The phenol conversion with 1,2-dioxane was three
times greater than that with methanol as the solvent. It can be seen that acetonitrile is a
good solvent favourable for improving phenol conversion. The best conversion was
observed with water as the solvent. The reduction of catalytic activity with other
solvents is probably due to the adsorption of these solvents on the active sites of the
catalyst. Since a high conversion of phenol was observed with water as the solvent, this
technique can be used for the reduction of phenolic pollutants in aqueous effluents from

industries.

5.1.2 Comparison of catalyst composition

Under the optimized reaction conditions the phenol hydroxylation was done over
the five series of manganese ferrospinels. The catalytic activity is correlated with the
number of holes or cation vacancies and their mobility determined from the Hall effect

measurements.
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(a) CryMn().\)Fe,04- type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The data for the phenol hydroxylation carried out over Cr-Mn series is presented

in Table 5.1.3.

Table 5.1.3 Hydroxylation of phenol over Cr,Mny,.,\Fe;04 (x =0, 0.2, 0.4, 0.6, 0.8 and
1.0)- type systems

Catalyst Phenol Conversion Product selectivity (%)
(%) Catechol Hydroquinone

MnFe,04 6.03 51.57 48.43
Cro2Mng gFe;,04 17.57 55.39 44.61
Crg.4Mng ¢Fe,04 18.62 52.46 47.54
Cro¢Mng 4Fe,04 22.73 50.06 49.94
CrosMng ;Fe,04 24.69 49.18 50.82

CrFe 04 25.01 ) 49.54 50.45

Reaction temperature- room temperature, amount of catalyst-0.1 g, Reaction time- 30

minutes, H,O,/Phenol volume ratio-5.

The incorporation of the Cr’* ions in the octahedral sites of the manganese
ferrospinels enhanced the catalytic activity. But a considerable amount of unidentified
polymerization products were formed in the reaction mixture catalyzed by chromium
incorporated systems. This series of catalysts mainly produced catechol and
hydroquinone as the reaction products and no benzoquinones were detected. In the case
of MnFe;04, considerable evolution of CO; was noted. This can be either due to the

transformation of reaction products to CO; or by the direct complete oxidation of phenol.

The type, amount and mobility of the carriers present in the systems along with
the phenol conversion of Cr-Mn series are presented in the following table (Table 5.1.4).
It can be seen that the type of carriers were changed from electrons to holes by the
incorporation of chromium ions into the manganese ferrospinels. The amount and
mobility of the charge carriers were also improved with chromium content. The change
in the catalytic activity with increase in the chromium content can be accounted for in
terms of the enhanced cation vacancies (holes), resulting in the increased formation of

diphenol product.
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Table 5.1.4. Type, amount and mobility of the charge carriers and phenol conversion of

the system, Cr,Mn, .4 Fe;O04(x =0, 0.2, 0.4, 0.6, 0.8 and 1)

Catalyst Type of Amount of Mobility of the Phenol
carriers holes/ electrons carriers Conversion

(cm™) (cm? V s) (%)

MnFe,0;4 Electrons 2.60 x 10 - 84.20 6.03
CroasMnosFe,04  Holes 2.07 x 10° +0.58 13.57
CrosMng¢Fe;04  Holes 2.79 x 10° +0.67 17.62
CroeMngsFe 04 Holes 3.76 x 10° +0.76 20.73
CrogMng,Fe;0;,  Holes 437x 10° +0.84 22.69
CrFe;04 Holes 4.52x10° +0.93 23.01

(b) CoxMn;.x)Fe;0;4- type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
Table 5.1.5 reports the catalytic activity of Co-Mn series in phenol hydroxylation

at room temperature with water as solvent.

Table 5.1.5. Hydroxylation of phenol over Coan“.,,FezO.‘ (x=0,0.2,04, 0.6, 0.8 and
1.0)- type systems

Catalyst Phenol Conversion Product selectivity (%)
(%) Catechol Hydroqﬁinone
MnFe,0, 6.03 5157 48.43
Cop 2Mny sFe;04 23.68 52.05 47.95
Cop.aMng ¢Fe 04 37.69 56.22 43.76
Cop ¢Mng 4Fe;04 42.69 59.72 40.28
Cop sMny 2Fe204 46.17 63.76 36.24
CoFe,04 47.93 64.18 35.82

Reaction temperature- room temperature, amount of catalyst-0.1 g, Reaction time- 30

minutes, H>O»/Phenol volume ratio-5.

The progressive incorporation of Co into the manganese ferrospinels increased

the catalytic activity in phenol hydroxylation. Product analysis showed that Co-Mn
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series catalyzes the formation of diphenols such as catechol and hydroquinone with high
selectivity. Deep oxidation products such as quinones, carboxylic acids, tarry products

and evolution of CO, were not observed.

Table 5.1.6 presents the type, amount and mobility of the carriers present in the

systems along with the phenol conversion of Co-Mn series.

Table 5.1.6. Type, amount and mobility of the carriers and phenol conversion of the

system CoMn|_, Fe;,04(x=0,0.2,0.4,0.6,0.8 and 1)

Catalyst Type of Amount of Mobility of the Phenol
carriers holes/ electrons carriers Conversion

(cm™) (cm?’/V s) (%)

MnFe;04 Electrons = 2.60x 10" - 84.20 6.03
Co92MnggFe;05  Holes 1.03 x 10" +2.58 23.68
Coo4MngeFe;05  Holes 6.83 x 10" +3.07 37.69
CopsMng4Fe;04  Holes 12.37 x 10" +3.36 42.69
CoosMng Fe;04  Holes 18.32x 10" +3.64 46.17
CoFe;04 Holes 28.57 x 10" +3.97 47.93

The type of charge carriers changes from electrons to holes by the progressive
addition of Co into the octahedral sites of the manganese ferrospinels. Also, the mobility
and the amount of the carriers improved radically by the addition of Co. The
aforementioned factors play decisive role in enhancing the catalytic activity of the Co-

Mn series for phenol hydroxylation.

(c) Ni\Mn(;.,)Fe;0;- type systems (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The percentage conversion of phenol and product selectivity for phenol

hydroxylation done over Ni-Mn series are presented in Table 5.1.7.

The data in the table clearly reveal that the incorporation of Ni** ions into the
octahedral positions of the manganese ferrospinel improve the catalytic activity fairly to
yield diphenols with high selectivity. Only a negligible amount of the tarry products
were detected. No quinones and carboxylic acids were found, but a considerable

evolution of CO, was noted.
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Table 5.1.7. Hydroxylation of phenol over NiyMny,.x)Fe;O4 (x = 0, 0.2, 0.4, 0.6, 0.8 and
1.0)- type systems

Catalyst Phenol Conversion Product selectivity (%)
(%) Catechol Hydroquinone
MnFe;0, 6.03 51.57 48.43
Nig 2Mng 3Fe;04 6.76 57.16 42.84
Nigp4Mng ¢Fe,04 16.32 60.37 39.63
Nig ¢Mng 4Fe;04 22.72 62.71 37.29
Nip sMng ;Fe,04 25.18 63.76 36.09
NiFe;0,4 25.72 64.81 35.19

Reaction temperature- room temperature, amount of catalyst-0.1 g, Reaction time- 30

minutes, H,O,/Phenol volume ratio-5.

The characteristics of the charge carriers along with phenol conversion of Ni-Mn

series are depicted in Table 5.1.8.

Table 5.1.8. Type, amount and mobility of the carriers and phenol conversion of the

system NicMn, « Fe;04(x =0, 0.2, 0.4, 0.6, 0.8 and 1)

Catalyst Type of Amount of Mobility of the Phenol
carriers holes/ electrons carriers Conversion

(cm™) (cm*/V s) (%)

MnFe;0s4 Electrons 2.60 x 10" - 84.20 6.03

Nip2MnggFe;0s  Holes 0.03 x 10" +1.85 6.76
NipsMngsFe;04  Holes 423 x 10" +2.31 16.32
NipeMng4Fe;04  Holes 8.37x 10" +2.66 22.72
NipsMng,Fe;04  Holes 11.63 x 10" +2.81 25.18
NiFe,0, Holes 14.07 x 10"° +3.12 25.72

Similar to the previous systems, the charge carriers are shifted from electrons to
holes by the successive incorporation of Ni** into the octahedral sites of pure manganese
ferrite. The number of holes and their mobility in the catalyst systems were appreciable

and these are the decisive factors enhancing the catalytic activity of this series.
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(d) Cu,Mn(;.yFe;04- type systems (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The percentage of phenol conversion and product selectivity for phenol

conversion carried out over Cu-Mn series is shown in Tale 5.1.9.

Table 5.1.9. Hydroxylation of phenol over Cu,Mn( )Fe;04 (x = 0, 0.2, 0.4, 0.6, 0.8 and
1.0)- type systems

Catalyst Phenol Conversion Product selectivity (%)
(%) Catechol Hydroquinone

MnFe;O4 6.03 51.57 48.43
Cug,Mny gFe,04 25.66 47.35 52.35
Cup.4sMng ¢Fe,04 36.37 44.30 55.70
CupsMng 4Fe;04 47.57 33.63 66.37
CupsMny ,Fe;04 54.79 22.54 ’ 77.46

CuFe,04 59.81 16.76 83.24

Reaction temperature- room temperature, amount of catalyst-0.1 g, Reaction time- 30

minutes, H,O,/Phenol volume ratio-5.

It can be seen from the above table that the step-wise increment in Cu-content
proportionally increased the phenol conversion and the maximum conversion was
obtained for CuFe;04. Unlike other systems, the increase in Cu content enhanced the
selectivity for hydroquinone. No quinones, carboxylic acids and tarry products were

detected and only a negligible evolution of CO, was noted.

Most of the catalysts tested for the catalytic oxidation in aqueous phase have
been based on copper oxide with different supports [40-43]. It has been found that the
catalysts which contain copper as the active element exhibit higher ability for

accelerating the catalytic oxidation of phenol [44, 45].

Table 5.1.10 presents the type, amount and mobility of the charge carriers present

in the Cu-Mn series along with phenol conversion.
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Table 5.1.10. Type, amount and mobility of the carriers and phenol conversion of the

system Cu,Mn, .« Fe;O4(x =0, 0.2, 0.4, 0.6, 0.8 and 1).

Catalyst Type of Amount of Mobility of the Phenol
carriers holes/ electrons carriers Conversion

(cm™) (cm?/V s) (%)

MnFe,0, Electrons 2.60x 10" - 84.20 6.03
CupoMngsFe;0;  Holes 0.07x 10" +1.38 25.66
CupsMngsFe,04  Holes 1.18x 10" +1.79 36.37
CupeMng4Fe,0;  Holes 3.78 x 10" +1.86 47.57
CupgMng,Fe;,04  Holes 9.72x 10" +1.94 54.79
CuFe,04 Holes 13.76 x 10" +2.12 59.81

The Cu-incorporated systems have holes as the charge carriers and their number

and mobility in the systems are appreciable. These characteristics of the Cu added

systems account for their high catalytic activity towards phenol hydroxylation.

(¢) Zn,Mn(;.xFe,0;- type systems (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The data obtained for the hydroxylation of phenol over Zn-Mn series are
presented in the Table 5.1.11.
Table 5.1.11. Hydroxylation of phenol over Zn,Mn,.)Fe;O04 (x =0, 0.2, 0.4, 0.6, 0.8 and
1.0)- type systems
Catalyst Phenol Conversion Product selectivity (%)
(%) Catechol Hydroquinone
MnFe,04 6.03 51.57 48.43
Zno_zMno_gFezo4 20.76 52.73 47.26
Zno_4Mno,6Fe204 36.72 55.90 44.08
Zngy ¢Mnyg 4Fe;04 39.56 58.28 41.70
Zny sMng yFe 04 42.07 59.70 40.28
ZnFe,04 43.93 64.33 35.67
Reaction temperature- room temperature, amount of catalyst-0.1 g, Reaction time- 30

minutes, H,O»/Phenol volume ratio-5.



Phenol hydroxylation over Zn-added manganese ferrospinels produced diphenols
such as catechol and hydroquinone with high selectivity. Benzoquinones and carboxylic
acids were not observed. But, a negligible amount of unidentified tarry products along

with evolution of CO, were noted.

Table 5.1.12 illustrates the-characteristics of charge carrers possessed by the Zn-

Mn series.

Table 5.1.12. Type, amount and mobility of the carriers and phenol conversion of the

system Zn,Mn,_ Fe;O4(x =0, 0.2, 0.4, 0.6, 0.8 and 1).

Catalyst Type of Amount of Mobility of the Phenol
carriers holes/ electrons carriers Conversion

(cm™) (cm®/V s) (%)

MnFe;04 Electrons 2.60 x 10" -84.20 6.03
ZngMnggFe;04 ~ Holes 0.12x 10" +2.18 ©20.76
Zng4MnocFe;04  Holes 1.01x 10" +2.99 36.72
ZngeMnosFe;04  Holes 4.66 x 10" +3.16 39.56
ZnpgMng,Fe;04  Holes 10.52 x 10" +3.34 42.07
ZnFe,0, Holes 15.18 x 10" +3.62 43.93

The enhanced amount of holes and their appreciable mobility in the catalyst
systems are the decisive factors which determine the improved the catalytic activity in

phenol hydroxylation of Zn-Mn series.

5.1.3 Mechanism of phenol hydroxylation

Several mechanisms have been proposed for hydroxylation of phenol over solid
catalysts. Wilkenhoner et al. [48] have carried out phenol hydroxylation over
titanosilicates and proposed that hydrogen peroxide is the best oxidant for the reaction
and the terminal OH of the titanium hydroperoxo group is the electrophile that attacks
the aromatic ring. According to them, solvents have a profound influence in determining
the reaction product. The major product formed on the surface is solvent dependent;

catechol is preferred in acetone and hydroquinone in protic solvents. Especially in water
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as a solvent, a significant part of phenol conversion is due to external surface activity,

while in the pores of the titanosilicates, hydroquinone is clearly the preferred product.

Sadana et al. [41] proposed a heterogeneous-homogeneous free-radical reaction
mechanism for oxidation of phenol over copper oxides which was supported by Lui et
al. for the hydroxylation of phenol over the complex oxide La,¢Sry;CuQOg4s [33]).
Initially Mayer et al. suggested this heterogeneous-homogenous free-radical reaction
mechanism in liquid-phase oxidations over solid catalysts [46]. In this type of reactions,
free radicals are formed on the surface of the solid catalysts and undergo propagation
and termination in solution. Xiong et al. [47] suggested two ways for the generation of
free radicals on the catalyst surface; (1) the catalyst accelerates the decomposition of
hydrogen peroxide into radicals or (2) the catalyst activates the phenol molecules
directly and facilitates the formation of phenoxy radicals. In the first case, the formation
of OH radicals from hydrogen peroxide over the catalyst surface is the initiation step of
the reaction, and the pr.opagation of the reaction chain occurs in the solution. Bth in the
second case, the phenoxy radicals are formed from the phenol molecule over the catalyst

surface via hydrogen abstraction in the initiation step of the reaction.

From the aforementioned sections, it can be inferred that a free radical
mechanism is operating in phenol hydroxylation over the different manganese ferrite
catalysts. It is also observed from the results on the comparison of spinel catalysts that
the catalytic activity in phenol hydroxylation improved proportionally with increase in
the amount of the holes or cation vacancies (Z) in the system. These cation vacancies can
abstract proton from the phenol molecule forming phenoxy radicals on the catalyst
surface. This is the initiation step of the reaction which is taking place over the catalyst
surface. The phenoxy radicals formed undergo propagation step of the reaction chain in
the solution. It is assumed that the formation of hydroquinones proceeds in the same way
as that of catechol. A plausible mechanism for phenol hydroxylation with hydrogen

peroxide as the oxidant over manganese ferrospinels is depicted in the Fig. 5.1.6.



Fe3r
o
SIS
OH
OH - +
OH
H
JH*
+ H,0,

/d, \‘b\
\Fez+/

’ ‘ ‘H’\\
—_— /o' /\‘o\
\Fez+
OH
@OH
—T
OH

H

+ i

. OH-

OH
OH
+ OH * + Hzo
———

N OH -

<+

H,0

Fig. 5.1.6. A plausible mechanism for phenol hydroxylation with hydrogen peroxide as

the oxidant over manganese ferrospinels.

The intermediates formed in the propagation step of the reaction chain undergoes

side reactions (presented in Fig.5.1.7).

0
OH
H
n + m OH — 5 Polymerised products

Fig. 5.1.7. A plausible side reaction during phenol hydroxylation.
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The cation vacancies present in the catalyst systems are electron rich and make
the surrounding oxygen ions more basic [47]. These basic oxygens can abstract protons
from the adsorbed diphenol radical ions to balance the excess charge. This enhances the
formation of the diphenol product and lowers the concentration of diphenol radical ion in
liquid-phase. Thus, the side reaction shown in Fig. 5.1.7 leading to polymerized products

is reduced and the diphenol selectivity is enhanced.
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5.2 Section II - Oxidative Dehydrogenation of Ethylbenzene

Styrene is one of the fundamental matenals used to obtain synthetic rubbers and
numerous thermoplastics. The monomer is produced by the catalytic dehydrogenation of
ethylbenzene [1, 2]. The industrial process for dehydrogenation of ethylbenzene to
styrene employs a promoted iron oxide catalyst [2, 3]. This direct dehydrogenation is an
endothermic reaction and is limited by equilibrium, high reactor temperatures are
required and also the typical conversions are low. For these reasons, there has been a
great deal of interest in oxidative dehydrogenation methods [4-11]. The formation of
water as a byproduct of the oxidation process makes the process exothermic and

theoretically enables the complete conversion at much lower temperatures.

=
ODH

(Ethylbenzene) (Styrene)

Fig. 5.2.1. Oxidative dehydrogenation of ethylbenzene to styrene.

For this reaction, the economically preferred oxidant is air if high selectivity can
be maintained. Various promoters like primarily halides and sulphur compounds were
tried [12, 13]. Though these provided high conversions and selectivities, the severe
problems are arised in terms of corrosion, recovery, recycle of the catalysts and removal
of the impurities from the reaction product. So, these have not been extended into

commercial processes.

In oxydehydrogenation, the formation of carbon oxides is often a side reaction.
The process economy rapidly deteriorates when ethylbenzene is extensively oxidized to
carbon oxides. The formation of carbon oxides requires large quantities of oxygen,
which limits the conversion to styrene. Moreover, formation of carbon oxides is

extremely exothermic. Therefore the catalyst should be very selective in the minimum
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production of carbon oxides and reasonably active in order to limit the reactor size. Too
much activity can cause problems with heat transfer and runway reaction. Thus most of
the work on ethylbenzene has been devoted to the selection of suitable catalysts and

appropriate reaction conditions for improved styrene yields and selectivities [14].

Catalysts based on phosphates of nickel-zirconium, aluminium, cerium and
calcium have been reported as active catalysts in oxydehydrogenation reactions [15, 16].
Emig and Hofmann investigated the catalytic properties of zirconium phosphate,
concluding that it acts as a carrier for the formation of an active coke, which is the true
catalyst for the selective formation of styrene [8]. Vrieland [9] reported a variety of
metal phosphate catalysts which are very active and selective in the oxidative
dehydrogenation of ethylbenzene and suggested that the actual catalytic surface is a
carbonaceous layer formed on the surface of the pyrophosphates. The mixed metal
phosphates such as Zr-Sn and Sn-Ge systems display improved catalytic performances

with respect to the corresponding single metal'phosphates [17-19].

Alumina, a typical catalyst for acid-base reactions, has been reported [20-23] to
be an active catalyst for oxidative dehydrogenation of ethylbenzene. This activity for the
formation of styrene from ethylbenzene and oxygen was interpreted on the basis of a two
center mechanism involving adjacent electron-acceptor and electron-donor sites [24, 25].
Fiedrow et al. [26, 27] observed that the high activity of alumina is achieved when
treated with mineral acids. y-alumina when modified by introducing iron oxide and

chromia showed high positive effect on its activity in the hydrogenation of ethylbenzene

[28].

In order to promote rare earth oxides as catalysts for the oxidative
dehydrogenation of ethylbenzene, Kim et al. studied the reaction over molybdena-
alumina promoted with lanthana, ceria, praseodymia and neodymia [29]. Of the four
lanthanides tested, praseodymia showed the highest promoting effect with respect to
both conversion and selectivity. Rare earth-promoted sulphated tin oxide displays a
better oxidation activity in the oxidative dehydrogenation of ethylbenzene to styrene

compared to non-sulphated analogues and sulphated tin oxide [30].
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This section presents the exhaustive investigation on vapour-phase oxidative
dehydrogenation of ethylbenzene over different series of manganese ferrospinels. It was
observed that the catalytic performance of the manganese ferrospinel systems for the
oxidative dehydrogenation of ethylbenzene was fairly good. Both ethylbenzene
conversion and styrene selectivity were maximum for CogsMng4Fe;O4. In all cases,
some amount of benzene, toluene and carbon oxides were detected as by-products. The
detailed representation of process optimization by studying the effect of reaction

temperature, flow rate and air flow rate are also included in this section.

5.2.1 Process optimization

The reactions were performed in a vapour-phase down-flow silica reactor kept in
a cylindrical double walled furnace mounted vertically. 0.5 g of the catalysts activated at
500°C for 2 h was placed in the middle of the reactor. A soap bubble meter was used to
regulate the flow of air. A 20 ml of air/minute along with ethylbenzene was passed
through the reactor in the temperature range 400-55.0°C. The products were analysed by
gas chromatography (Chemito GC 8610, flame ionization detector, FFAP column, 2 m
length). A blank run was carried out at 500°C with no catalyst in the reactor indicating

negligible thermal reaction.

5.2.1.1 Effect of air flow rate

The dehydrogenation of ethylbenzene to styrene over oxide catalysts may take
place either in the presence or absence of oxygen. In the absence of oxygen, lattice
oxygen directly participates in the reaction resulting in the bulk reduction of the catalyst
[31, 32]. A series of experiments were conducted in the absence of oxygen over
CopsMnyg ;Fe;0, catalyst. These experiments were carried out at 500°C and the flow rate
was maintained at 6 ml/h for 7h. The reaction products were collected and analysed at
regular intervals of lh and the data of the reactions are depicted in Fig. 5.2.2. It was
observed that the conversion of ethylbenzene was lowered drastically with time. But, the
selectivity for styrene remained more or less constant throughout the reaction period.
The formation of C-oxides was observed only at the initial runs of the reaction. The
reduction in conversion of ethylbenzene is due to the lack of oxygen needed for

abstraction of hydrogen by reoxidizing the catalyst. Besides, deposition of carbonaceous
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materials is also another factor, which leads to poisoning of the active sites of the

catalyst.

o 1001
= B Conversion of
Z 80
g ethylbenzene
g . 601 O Styrene selectivity
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1 2 3 4 5 6

Time (h)
Fig. 5.2.2. Dehydrogenation of ethylbenzene in the absence of oxygen. Catalyst-

CoggMng,Fe;,04, Reaction temperature- 500°C and Flow rate — 6ml/ h.

Another set of reactions was conducted over the same catalyst and under the similar
reaction conditions except with varying amounts of oxygen (air flow rate) for 2h. The

data are given in the following table (Table 5.2.1).

Table 5.2.1. Effect of air flow rate on ethylbenzene conversion and product selectivity .

Air flow Ethylbenzene Selectivity (%)
rate conversion Benzene Toluene c-oxides Styrene
(ml/min) (%)
0 17.32 1.32 0.76 1.07 96.85
5 28.72 1.41 0.62 3.76 94.21
10 46.75 1.43 0.56 4.07 93.94
20 64.72 1.47 0.47 4.58 93.48

Catalyst- CoggMng,Fe;O4  Reaction Temperature — 500°C, Flow rate - 6 ml /h and
TOS- 2h.

It can be seen from Table 5.1.1 that the concentration of oxygen radically enhanced
the conversion of ethylbenzene. The improved conversion of ethylbenzene in the
presence of the oxygen is due to the fact that the additional air supply reoxidizes the

catalyst and thereby providing the oxygen needed for hydrogen abstraction. But the
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selectivity for styrene remained constant at different air flow rates. However, it was
slightly less than that observed for the reaction in the absence of oxygen. The increased
availability of oxygen seemed to enhance the formation of C-oxides, thereby reducing

the styrene selectivity by a very insignificant value.

With 20 ml/minute air flow rate and at the reaction temperature of 500°C, the
reaction was tried over the catalyst, CogsMng,Fe;O4 for 6 h. At regular intervals of 1 h

the reaction products were collected and analysed. The data are depicted in Fig. 5.2.3.

100
S
> 804
iz < ot . - st o~ O Ethylbenzene
g 601 : conversion
T 40 : ' O Styrene selectivity
i
2
é % M C-oxides selectivity

o4 [ | N LN EE N

1 2 3 4 5 6
Time (h)

Fig. 5.2.3. Oxidative dehydrogenation of ethylbenzene in the absence of oxygen.

Catalyst- CoggMng2Fe;0s, Reaction temperature- S00°C, air flow rate-20 ml/minute
and flow rate — 6ml/ h.

Interestingly, it can be seen from the above figure (Fig. 5.2.3) that the conversion
of ethylbenzene and styrene selectivity remained constant throughout the reaction
period. Therefore, 20 ml/minute is selected as the optimum air flow rate for the

subsequent reactions.

5.2.1.2 Effect of reaction temperature

In order to understand the effect of reaction temperature on oxidative
dehydrogenation of ethylbenzene a set of reactions were performed over
CopsMng,Fe;04 at different temperatures. The airflow rate and flow rate were
maintained at 20 ml/ min. and 6 ml/ h respectively. The data obtained were presented in
the Table 5.2.2. The data reveal that the ethylbenzene conversion increased with rise in

temperature. But, the selectivity for styrene was slightly decreased on increasing the
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Table 5.2.2. The product distribution (wt%) and selectivity for ethyl benzene conversion-

Effect of temperature.

Product distribution Temperature (°C)

400 450 475 500 525
Benzene 0.08 0.28 0.51 0.95 2.53
Toluene 0.015 0.070 0.14 0.30 0.98
Unreacted EB 91.68 74.27 58.68 35.58 30.8
C-oxides 0.085 0.66 1.55 295 5.19
Styrene 8.14 24.72 39.12 60.22 60.50
EB conversion 8.32 25.73 41.32 64.42 69.20
Selectivity (%)
Benzene 0.96 1.08 1.23 1.47 3.65
Toluene 0.18 0.27 0.34 0.47 1.4]
C-oxides 1.02 2.56 3.75 4.58 7.52
Styrene 97.84 95.70 94.33 93.48 87.42

Catalyst- CoggMng,Fe; 04, Air flow rate-20 ml/minute and Flow rate — 6ml/ h.

temperature. Beyond 500°C the formation of side products like benzene, toluene and
C-oxides were greatly enhanced. So, a reaction temperature of 500°C was selected for

the further studies.

5.2.1.3 Effect of flow rate

For studying the effect of flow rate on ethylbenzene conversion and product
selectivity, five flow rates (4, 5, 6, 7 and 8 ml/h) were selected. The reactions were done
over CopgMny,Fe;0, at 500°C, maintaining the air flow rate of 20 ml/ minute. The
results obtained are depicted in Fig. 5.2.4.

Lower flow rates increase the residence time of the reactant molecules on the
catalyst surface resulting in the higher conversion. This is clear from figure 5.2.4.
However, higher residence time resulted in the drastic loss in selectivity for styrene as

the by-products like benzene, toluene and C-oxides were produced in greater yield.
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Fig. 5.2.3. Effect of flow rate on ethylbenzene conversion and product selectivity.

Catalyst- CoggMng,Fe;04, Reaction temperature- 500°C , air flow rate-20 ml/minute.

5.2.2 Comparison of catalyst comparison

To understand the effect of catalyst composition for the oxidative dehydrogenation
of ethylbenzene, a sequence of reactions was performed over the different series of
manganese ferrospinels under the optimized reaction conditions. Here, we attempt to
correlate the catalytic activity with the acid-base properties of the systems. All the
prepared catalysts gave styrene as the major product with varying amounts of benzene,
toluene and C-oxides as the by-products. It is also interesting to note that for toluene
oxidation over the ferrite catalysts, the only products formed were carbon oxides and
water. Again, no oxygenated products such as benzaldehyde or benzoic acid were
detected. This demonstrates the difference between the oxidative properties of the
ternary ferrites and bismuth molybdate. In the case of bismuth molybdate, benzaldehyde

is produced as one of the non-selective products in the oxidative dehydrogenation of
ethylbenzene [33].
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(a) CryMn(.Fe;04- type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The percentage conversion of ethybenzene and product distribution for oxidative

dehydrogenation of ethylbenzene done over Cr-Mn series is depicted in the table below
(Table 5.2.5).

Table 5.2.5 Product distribution (wt%) and selectivity for ODH of ethylbenzene.

Product distribution CruMn;_Fe 04- type systems
x=0 x=02 x=04 x=06 x=08 x=1.0

Benzene 1.23 1.12 1.26 1.32 1.42 1.44
Toluene 1.02 1.62 1.93 2.03 2.10 2.15
Unreacted EB 43.27 78.43 81.42  84.21 86.25 88.88
C-oxides 2.96 0.97 1.1 1.02 0.92. 0.85
Styrene 51.52 17.86 1423 1142 9.31 6.68
EB conversion 56.73 21.57 18.52 15.79 13.75 11.12
Selectivity (%)

Benzene 2.19 5.19 6.80 8.35 10.32 12.94
Toluene 1.79 7.51 10.42  12.85 15.27 19.33
C-oxides 5.21 4.49 5.93 6.48 6.69 7.64
Styrene 90.81 82.80 76.83 7232 67.70 62.14

Reaction temperature- 500 °C , flow rate- 6mL h'_I and air flow rate-20 ml/minute

It can be seen that successive addition of Cr- ions into the octahedral sites of pure
manganese ferrospinel decreased both ethylbenzene conversion and styrene selectivity.
The formation of non-selective products such as benzene, toluene and C-oxide were

enhanced by the Cr- doping.

The chromium incorporation into the manganese ferrospinel decreased the
medium plus strong acidity as evident from the NH;-TPD methods and
thermodesorption studies of pyridine adsorbed sample. The dehydration activity of the
systems revealed from the cyclohexanol decomposition reaction also decreased with
increase in chromium content while, the limiting concentration of the electron acceptors
adsorbed were increased. Table 5.2.6 presents acid-base properties along with

ethylbenzene conversion and styrene selectivity.
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Table 5.2.6 Dehydration activity, medium plus strong acidity, limiting amount,

ethylbenzene (EB) conversion and styrene yield (%) of the system Cr,Mn, cFe;04 (x =0,
0.2,0.4,0.6,0.8and 1)

Dehydration = medium+strong  Limiting amount EB Styrene

X Activity (wt%) Acidity (10* mmol m?) conversion  Selectivity

Cyclohexene (107 mmolm?) "TCNQ  Chloranil (%) (%)

0 91.28 12.65 10.71 2.6 56.73 96.81
0.2 38.52 6.68 55.52 28.62 21.57 82.80
0.4 37.01 6.51 56.28 29.19 18.52 76.83
0.6 36.25 6.39 57.58 30.12 15.79 72.32
0.8 35.89 6.29 59.01 31.29 13.75 67.70

1 34.82 6.18 60.61 32.74 11.12 62.14

The poor catalytic activity of Cr-Mn series is due to decrease in acidity in the

medium- high strength regions.

Effect of time-on-stream
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In order to check the catalytic
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stability of the Cr-Mn series, a set of
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reactions were carried out at 500°C

for 6 h. The flow rate and air flow

EB conversion (%)
w
)
1

]

‘rate were maintained at 6 mL h' and

ﬁ

20 ml/min. respectively. All the

0 T Ll L] L] T L]
compositions of the series possess 2 3 4 5 6
- : Tme (h)
: metal ions
reasonable stability. The 0 ME MCIF-0.2 MCrF-0.4
reduced during the reaction were ——MCrF-0.6 —%—MCrF-0.8 —e—CrF

reoxidized by the external supply of Fig .5.2.4. Effect of time-on-stream over the
oxygen providing a long-term system, Cr,Mn,Fe,O,. Reaction temperature-500°C,

catalytic stability to the systems. flow rate ~6mL h", air flow rate- 20 ml/min.
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(b) CoxMn ;. Fe;04- type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The results obtained for oxidative dehydrogenation done over Ni-Mn series are

presented in Table 5.2.7.

Table 5.2.7. Product distribution (wt%) and selectivity for ODH of ethylbenzene.

Product distribution CoxMnyj.Fe;0s- type systems

x=0 x=02 x=04 x=06 x=08 x=1.0

Benzene 1.23 1.37 1.36 1.20 0.95 1.31

Toluene 1.02 0.70 0.56 0.48 0.30 0.33

Unreacted EB 43.27 41.73 40.05  37.91 35.58 36.83
C-oxides 2.96 2.97 291 2.89 295 2.90
Styrene 51.52 53.23 5512 57.52  60.22 58.63
EB conversion 56.73 58.27 59.95 62.09  64.42 63.17
Selectivity (%)

Benzene 2.19 2.35 2.26 1.93 1.47 2.07

Toluene 1.79 1.20 0.93 0.77 0.47 0.52
C-oxides 5.21 5.09 4.85 4.65 4.58 4.59
Styrene 90.81 91.35 9194  92.64 9348 92.81

Reaction temperature- 500°C, flow rate- 6mL h'! and air flow rate-20 ml/minute.

The substitution of Mn by Co in the octahedral sites of manganese ferrospinel
enhanced the catalytic activity. Both ethylbenzene conversion and styrene selectivity
were improved. Thus, Co-Mn series were found to be good catalysts for oxidative

dehydrogenation of ethylbenzene.

The cobalt ion substitution in manganese ferropspinels enhanced the medium
plus strong acidity as revealed from the NH3;-TPD method and thermodesorption studies
of pyridine adsorbed sample. The dehydration activity, which is mainly due to weak plus
medium acidity, is lowered to some extent. The limiting amount of the electron
acceptors adsorbed improved only slightly. The acid-base properties of the Co-Mn series
are depicted in Table 5.2.8.
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Table 5.2.8. Dehydration activity, medium plus strong acidity, limiting amount,

ethylbenzene (EB) conversion and styrene yield (%) of the system Co,Mn,_Fe;04 (x =

0,0.2,0.4,0.6,0.8 and 1)

Dehydration  medium+strong  Limiting amount EB Styrene

X Activity (wt %) Acidity (10"* mmol m?) conversion  Selectivity

Cyclohexene  (10*mmolm?) TCNQ Chloranil (%) (%)

0 91.28 12.65 10.71 2.6 56.73 90.81
0.2 90.80 12.72 15.68 5.39 58.27 91.35
0.4 88.00 12.80 16.38 6.32 59.95 91.94
0.6 87.50 12.84 17.19 7.62 62.09 92.64
0.8 87.10 12.93 17.88 8.69 64.42 93.48

1 86.00 12.88 18.58 9.63 63.17 92.81

Surface acidity of medium and stronger acid sites play an important role in the

improved catalytic activity of Co-Mn series of ferrites.

Effect of time-on-stream
For the deactivation

studies a series of experiments
were performed over Co-Mn
series of ferrites for 6 h. A plot is
drawn with conversion of
ethylbenzene as a function of
reaction time. These studies
revealed that the systems showed
moderate catalytic stability. The
ethylbenzene conversion of the
series remained more or less
constant, and hence the
reoxidation of the catalyst system
by the external supply of oxygen

is elucidated.

65 1

o —

EB conversion (%)

55 T | T T 1

Time (h)

—o— MF —&— MCoF-0.2 —&—MCoF-0.4
~=—MCoF-0.6 —¥%—MCoF-0.8 —@—CoF

Fig.52.5 Effect of time-on-stream over the system
CoMn,,Fe,0O, (x = 0, 0.2, 04, 06, 0.8 and 1). Reaction
temperature-500°C, flow rate — 6 mL h' air  flow rate- 20

ml/min.
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(¢ ) NiyMn(;_,)Fe; 04 type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
The data for the oxidative dehydrogenation of ethylbenzene over Ni-Mn series of

ferrites are depicted in the Table 5.2.9.

Table 5.2.9 Product distribution (wt%) and selectivity for ODH of ethylbenzene.

Product distribution NiMn).x)Fe;04- type systems

x=0 x=02 x=04 x=06 x=08 x=1.0
Benzene 1.23 1.91 2.16 2.47 3.30 3.78
Toluene 1.02 2.52 2.72 3.12 3.57 4.18
Unreacted EB 43.27 52.41 54.82 55.43 56.82 59.28
C-oxides 2.96 3.07 3.05 3.09 3.12 3.21
Styrene 51.52 40.09 37.25  35.89  33.19 29.55
EB conversion 56.73 47.59 45.18 44.57 43.18 40.72
Selectivity (%)
Benzene 2.19 4.01 4.78 5.54 7.64 9.28
Toluene 1.79 5.29 6.02 7.00 8.26 10.27
C-oxides 5.21 6.45 6.75 6.93 7.22 7.89
Styrene 90.81 84.24 82.44 80.53 76.86 72.56

Reaction temperature- 500°C, flow rate- 6mL h' and air flow rate-20 ml/minute.

Nickel doping decreased ethylbenzene conversion to some extent and styrene
selectivity was also reduced radically. Thus, Ni substitution in the octahedral sites of
manganese ferrospinel is found to have a negative effect on the oxidative

dehydrogenation of ethylbenzene.

Ni-doping in manganese ferrospinels reduced the medium plus strong acidity.
This result obtained from the NH;-TPD measurements were supported by the
thermodesorption studies of the pyridine adsorbed samples. The dehydration activity of
this series decreases with increase in Ni content, whereas the limiting concentration of
electron acceptors increased. The acid-base properties along with ethylbenzene

conversion and styrene selectivity are depicted in the Table 5.2.10.
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Table 5.2.10. Dehydration activity, medium plus strong acidity, limiting amount,

ethylbenzene (EB) conversion and styrene yield (%) of the system Ni,Mn,_,Fe;Q4(x =0,
0.2,0.4,0.6,0.8 and 1)

Dehydration  medium+strong  Limiting amount EB Styrene

X Activity (wt %) Acidity (10" mmol m?) conversion  Selectivity

Cyclohexene (10" mmol m?) TCNQ Chloranil (%) (%)

0 91.28 12.65 10.71 2.6 56.73 90.81
0.2 73.76 11.32 20.81 6.41 47.59 84.24
0.4 70.25 11.23 22.47 7.00 45.18 82.44
0.6 68.98 11.14 23.13 7.58 44.57 80.53
0.8 65.29 11.08 23.97 7.92 43.18 76.86

1 62.10 10.99 25.52 8.91 40.72 72.56

The data in Table 5.2.10 clearly show that the acidity in the medium-strong

region play the decisive role for the catalytic activity of Ni-Mn series in the oxidative

dehydrogenation reaction.

Effect of time-on-stream

In order to check the stability

of Ni-Mn series of ferrites for the — R -
oxidative dehydrogenation, a set of g 7 . - T
experiments were conducted at g

500°C for 6 h. The flow rate and the g S fV/m—m———————
air flow rate were kept at 6 mL h'' &8 —o—o—o——»
and 20 ml/min, respectively. All the 35 ' . . . .
compositions of this series showed 2 3 4 3 6
reasonable  stability and the Time ()

ethylbenzene conversion remained —o—MF —&—MNiF-0.2 —&—MNiF-0.4

. —%—MNiF-0.6 —— MNiF-0.8 —8—NiF
more or less constant for a long time.

The extemnal Supply of oxygen Fig 5.2.6. Effect  of time-on-stream over the system
NiMn,_Fe,04 (x = 0, 0.2, 0.4, 0.6, 0.8 and 1). Reaction

replenishes the catalyst and provides 4
temperature-500°C,  feed flow rate — 6mL h”, air flow

the stability throughout the reaction.

rate- 20 ml/min.
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(d) Cu,Mn(;.Fe;04- type systems (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
Table 5.2.11 shows the percentage conversion of ethylbenzene and product
selectivity for oxidative dehydrogenation of ethylbenzene carried out over Cu-Mn series

of ferrites.

Table 5.2.11 Product distribution (wt%) and selectivity for ODH of ethylbenzene.

Product distribution CuMn;.Fe;Os- type systems

x=0 x=02 x=04 x=06 x=08 x=1.0

Benzene 1.23 1.36 1.58 1.84 2.18 2.49
Toluene 1.02 3.78 342 2.57 0.54 0.49
Unreacted EB 43.27 63.68 61.54 5733 50.28 46.88
C-oxides 2.96 2.67 292 3.38 4.02 2.65
Styrene 51.52 28.51 30.54 3488 4298 47.83
EB conversion 56.73 36.32 38.46  42.67 49.72 53.46
Selectivity (%)

Benzene 2.19 3.75 4.10 4.31 4,38 4.66
Toluene 1.79 10.23 8.89 6.02 1.08 0.91
C-oxides 5.2‘1 7.33 7.60 7.92 8.08 4.96
Styrene 90.81 78.69 79.40 81.74  86.44 89.46

Reaction temperature- 500°C, flow rate- 6 mL h'' and air flow rate-20 ml/minute.

The addition of copper to the octahedral sites of manganese ferrospinels initially
decreased the EB conversion and styrene selectivity. But, successive copper doping
gradually increased both the EB conversion and styrene selectivity. The formation of

nonselective products was also enhanced in Cu-Mn series.

The medium plus strong acidity of the Cu-Mn series first decreased and then
increased with copper content as evident from the NH;-TPD studies and
thermodesorption studies of pyridine adsorbed samples. The dehydration activity, which
is mainly due to the weak plus medium acidity decreased with copper addition, while the
limiting value of the electron acceptors, enhanced. These characteristics of Cu-Mn series

are presented in the Table 5.2.12.

220



Table 5.2.12 Dehydration activity, medium plus strong acidity, limiting amount,

ethylbenzene (EB) conversion and styrene yield (%) of the system CuMn,..Fe;O4 (x =

0,0.2,0.4,0.6,0.8 and 1).

Dehydration = medium+strong  Limiting amount EB Styrene

X Activity (wt %) Acidity (10 mmol m?) conversion  Selectivity

Cyclohexene  (10*mmoim?) TCNQ Chloranil (%) (%)

0 91.28 12.65 10.71 2.6 56.73 90.81
0.2 55.23 10.15 22.91 8.37 36.32 78.69
0.4 52.36 10.27 24.65 9.52 38.46 79.40
0.6 51.18 10.83 26.95 10.65 42.67 81.74
0.8 49.98 11.71 28.32 11.82 49.72 86.44

1 4791 12.51 30.01 12.80 53.46 89.46

The trend in medium plus strong acidity is same as the trend showed in EB

conversion and hence it is concluded that the acidity in this range are responsible for the

catalytic activity of Cu-Mn series.

Effect of time-on-stream

All compositions of the Cu-
Mn series of ferrites were checked for
their catalytic stability by carrying
out the reaction at 500°C and
maintaining the flow rate and air flow
rate at 6 mL h' and 20 ml/ min.,
respectively. In the presence of
gaseous oxygen, all the systems in
this series showed moderate stability
for long period of reaction run. The
styrene selectivity for all the systems
in this series remained constant

throughout the reaction period.
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Fig .5.2.7. Effect
Cuanl_,FezO4 .

6mL h"', air flow rate- 20 m/min.

of time-on-stream over

the system

Reaction temperature-500°C, flow rate —
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(e) Zn,Mn ;. Fe;O4- type systems (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0)

The details of the oxidative dehydrogenation of EB over Zn-Mn series are

depicted in Table 5.2.13.

Table 5.2.13 Product distribution (wt%) and selectivity for ODH of ethylbenzene.

Product distribution

ZnMny; . Fe,O4- type systems

x=0 x=02 x=04 x=06 x=08 x=1.0
Benzene 1.23 3.20 3.01 2.84 2.53 '2.19
Toluene 1.02 2.47 2.83 3.69 4.26 4.36
Unreacted EB 43.27 60.11 62.79 63.98 65.78 68.13
C-oxides 2.96 2.09 2.19 2.37 242 2.69
Styrene 51.52 32.13 29.18 27.12 25.01 22.63
EB conversion 56.73 39.89 37.21 36.02 34.22 31.87
Selectivity (%)
Benzene 2.19 8.02 8.08 7.88 7.39 6.87
Toluene 1.79 6.19 7.60 10.24 12.44 13.68
C-oxides 5.21 5.23 5.88 6.57 6.71 8.44
Styrene 90.81 80.54 78.42 75.29 73.09 71.00

Reaction temperature- 500°C, flow rate- 6 mL h™' and air flow rate-20 ml/minute.

The addition of zinc into the manganese ferrospinels increases the zinc content in

the tetrahedral sites and decreases the catalytic activity of the Zn-Mn series of ferrites.

Both the EB conversion and styrene selectivity were decreased to certain extent.

The incorporation of Zn into the manganese ferrospinel decreased the medium-

high strength acidity as revealed from the NH;-TPD studies and thermodesorption

studies of pyridine adsorbed samples. The dehydration activity, which is due to the weak

plus medium acidity was increased with Zn content, whereas the limiting amounts of the

electron acceptors adsorbed decreased. All these characteristics of Zn-Mn series are

presented in the following Table 5.2.14.
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Table 5.2.14. Dehydration activity, medium plus strong acidity, limiting amount,

ethylbenzene (EB) conversion and styrene yield (%) for the system Zn,Mn, Fe;O4 (x =
0,0.2,0.4,0.6,0.8 and 1).

Dehydration = medium+strong  Limiting amount EB Styrene

X Activity (wt %) Acidity (10* mmol m?) conversion Selectivity

Cyclohexene  (10*mmolm?) TCNQ Chloranil (%) (%)

0 91.28 12.65 10.71 2.6 56.73 90.81
0.2 92.23 10.42 10.21 2.58 39.89 80.54
0.4 93.36 10.38 10.02 2.51 37.21 78.42
0.6 94.18 10.37 9.91 2.49 36.02 75.29
0.8 95.98 10.32 9.62 2.46 34.22 73.09

1 96.91 10.30 9.37 2.43 31.87 71.00

The decreased catalytic activity of the Zn-Mn series as evident from the Table
5.2.14 is due to the reduction in medium-high strength acidity. Both the ethylbenzene
conversion and styrene selectivity were decreased on zinc incorporation.

Effect of time-on-stream

, . ss{ T ¢ e
The catalytic stability of the
Zn-Mn series was examined. For this a .
S
set of experiments were done over the g 41
e
Zn-Mn series at 500°C for 6 hours; the E e s o .
. . b ‘-H““‘
air flow rate and flow rate being 20 2 35 —
ml/min and 6 mL h' respectively. The e . .
products were collected at regular 25
intervals of 1 h and analyzed. The 2 3 4 5 6
. . Time (h)
conversion of ethylbenzene is plotted
as a function of time and is shown in ——MF —8—MZnF-0.2 —h— MZnF-0.4

Fig. 5.2.8. It can be seen that all MEIF06 —H= M08 —4— 2

compositions of this series exhibited Fig.5.2.8 Effect of time-on-stream over the system

reasonable stability during the reaction Zn,Mn,  Fe,O, (x = 0, 0.2, 04, 0.6, 0.8 and 1). Reaction
temperature-500°C, flow rate — 6 mL h', air  flow rate-

period in presence of oxygen. 20 ml/min.
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5.2.3 Mechanism of ODH of ethylbenzene

From the ethylbenzene conversion and styrene selectivity values given in the

aforementioned parts it can be seen that,

e The catalytic activity and percentage conversion were significantly reduced
when the reaction was carried out in the absence of air showing the

decisive role of gaseous oxygen in the reaction.

o Whenever a conjugated product can be produced by oxidative dehydrogenation,
it is the predominant product. In the oxidative dehydrogenation of ethylbenzene
using different series of manganese ferrospinels as catalysts, we observed

styrene as the major product.

e The non-selective products observed were benzene, toluene, C-oxides and
water. No further oxidation products such as benzaldehyde or benzoic acid were

detected.

e Acid-base sites with suitable ranges are found to be the active
sites for the ethylbenzene  oxydehydrogenation. Acidity in  the

medium-high strength plays a relevant role in the reaction.

Several mechanisms have been proposed for the oxidative dehydrogenation of
ethylbenzene. The most probable one is that, which consists of abstraction of hydrogen
from ethylbenzene by the lattice oxygen on the surface to form styrene through = allyl
intermediate and reoxidation of the catalyst [4, 34, 35]. This mechanism is known as
Mars-van Krevelen mechanism [36, 37]. A condition for the operation of the Mars-van
Krevelen mechanism is that the catalyst contains metal ions with variable valencies,
notably transition metal ions able to cope with the varying degree of surface oxidation
[38]. On manganese ferrospinel systems, oxidative dehydrogenation is supposed to occur
through this mechanism. The reoxidation of the reduced ferrites involve chemisorption
of an oxygen molecule from gas phase. In the case of manganese ferrites, the redox cycle
involves Fe** and Fe®, and in the absence of gas-phase oxygen, the oxidative
dehydrogenation of ethylbenzene will not proceed once the surface reduction of the

catalyst has been achieved. It has been shown [39] that for ferrites, the Fe** is not
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reduced beyond the Fe?* even under high temperature reduction under hydrogen. So
when this catalyst is reduced, the reduction of Fe’* to Fe*"occurs only to the extent that a

monolayer of lattice oxygen is reduced.

In non-oxidative dehydrogenation, the absence of gaseous oxygen may lower the

activity. The following sequence is suggested by Tagawa et al. on Si-Al system [5].

EB + [O] —> ST +[]
[1 +%0, »> [O]
where, EB is ethylbenzene, ST is styrene, [O] is the lattice oxygen and [ ] is the anion

vacancy.

Bautista et al. [40] explained the dehydrogenation of ethylbenzene as a concerted
process over the Lewis acid sites. According to this mechanism direct transfer of two
oxygen atoms to a triplet oxygen molecule is considered. Activation to the triplet state is
achieved by the action of Lewis acid sites. According to the authors, the gas-phase
dehydrogenation mechanism in non-oxidative as well as in oxidative conditions can be

explained within the framework of a concerted process.

The acid-base properties of the catalysts have shown to modify the catalytic
activity and selectivity of oxidative dehydrogenation of ethylbenzene [6, 8, 41-45]. From
the oxidative dehydrogenation of ethylbenzene over SnO,-P,Os catalysts, Murakami et
al. [41] suggested that the basic component contributes to the increase in activity by the
adsorption of oxygen and its supply to the surface reaction while, the acidic component
contributes to the adsorption of ethylbenzene in the active form for the reaction. The
mutual interaction of the acidic and basic components increases the activity and the
selectivity for the reaction. The moderate and weak acid sites of alumina are responsible
for the formation of styrene as propounded by Fiedorow et al. [44]. However, Tagawa et
al. [5] investigated Sn0O,-P,Os and other solid acid catalysts, and arrived at the
conclusion that acid-base sites with suitable strengths are the active sites for
ethylbenzene oxydehydrogenation. According to Bagnasco ef al. [46] surface acid sites
of medium-high strength play a significant role in the oxidative dehydrogenation of
ethylbenzene. From the investigations over rare earth-promoted sulphated tin oxide,

Sugunan ez al. [30] suggest that the strong acid sites generated by the sulphate treatment
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is accountable in the activation of ethylbenzene and enhanced catalytic activity. The

strong basic sites enhanced the formation of the nonselective product, toluene.

In oxidative dehydrogenation of ethylbenzene the adsorption and activation of
gas-phase oxygen are important. It is proposed that basic sites of suitable strength can
adsorb and activate the gas-phase oxygen [5, 47, 48]. The molecular oxygen is
dissociated to O species over the basic sites of the catalyst according to the following

scheme.

02 (ads) 20

O2 (ads)

O2 (gas)

Kaliaguine et al. [49] and Aika et al. [50, 51] have determined that the reaction
of O with hydrocarbons is initiated by the abstraction of hydrogen by O to form OH"
species. The same mechanism has been proposed to explain the activity of ferrites for the
dehydrogenation reaction [39, 52-54]. A similar role of O species can be expected in
the ODH of ethylbenzene over manganese ferrites, ie., the O species abstracts the
a-hydrogen of the adsorbed intermediate of ethylbenzene to form surface OH group. If
an acidic site of suitable range lies adjacent of the basic site, ethylbenzene is coordinated
to this acid site and the ring electron is transferred to the acid site [5]. This donation of

ring electron to the acid site makes the acidic nature of a-hydrogen pronounced.

A plausible mechanism for oxidative dehydrogenation of ethylbenzene over
manganese ferrospinels is shown in Fig. 5.2.9. At first, the ethylbenzene is coordinated
to the acid site and the basic group adjacent to the acid site abstracts the a-hydrogen
from the coordinated ethylbenzene to give a stable adsorbed species. The OH group thus
formed over the catalyst surface then abstracts the B-hydrogen and the subsequent
desorption of water activates the molecular oxygen. The reversibly adsorbed oxygen is

converted to O™ species over the catalyst surface, which regenerates the active site.
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Fig. 5.2.9 A plausible mechanism for the oxidative dehydrogenation of ethylbenzene.
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6

Summary And Conclusions

6.1 Summary of the work

Spinels of simple (AFe;0,) type and mixed (A(.xBxFe;04) type ferrites are
known. These special group of inorganic compounds attracted the attention of physicists,
technologists and chemists due to their peculiar cation distribution, thermal and
mechanical stability and interesting electrical and magnetic properties. Also, they are
found to be effective catalysts for various reactions due to the following reasons. (a) The
ease with which iron can change its oxidation state between 2 and 3, (b) the reduction of
Fe’* to Fe’* takes place without altering the lattice configurations so that upon
reoxidation the original state can be regained and (c) individual metal oxides lose their
catalytic activity rapidly owing to ageing and formation of the coke over the catalyst
surface whereas the spinel lattice imparts extra stability to the catalysts under various
reaction conditions so that these systems have sustained activity for longer periods.
For studying the catalytic properties, the low temperature co-precipitation method is
preferred over the usual ceramic method as the former method yields homogeneous, and
fine ferrite particles. The present study, accordingly, employed low temperature co-
precipitation method for the preparation of Mny;.)B<Fe,O4 specimens, where B is a
metal cation such as Cr, Co, Ni, Cu and Zn. The prepared ferrite samples were
characterized by adopting various physico-chemical techniques. The catalytic activities
of the systems were investigated for liquid-phase benzoylation of aromatic compounds
and phenol hydroxylation and for vapour-phase reactions such as aniline alkylation,
phenol methylation and ODH of ethylbenzene. The description of the work is presented

in six chapters.

Chapter 1 presents an introduction to heterogeneous catalysis and a literature
survey on catalysis by transition metal oxides and spinel ferrites. A detailed description
on various methods of preparation of ferrites, spinel structure, electrical and acid-base
properties of ferrites and catalytic effectiveness for various reactions are also given in

this chapter.
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Chapter 2 deals with various experimental procedures and principles of

characterization methods employed for the present work.

Chapter 3 reports the results and discussion of the catalyst characterization
procedure. The spinel phase formation at the calcination temperature of 500°C has been
ascertained by the XRD data. The unit cell parameters of the pure manganese ferrite
were found to be increasing by the incorporation of various metal cations. The crystallite
size characterized from the XRD broadening is in the range 21-58 nm. The SEM
analysis for MnFe;04 at three different calcination temperatures is in concordance with
the XRD data. The stoichiometries of the compositions checked by the ICP analysis
were found to be in good agreement with the theoretical values. The spinel phase
formation is further confirmed by the appearance of two strong infrared bands v, and v,
around 700 cm™ and 500 cm’, respectively. The spinel ferrites prepared by low
temperature co-precipitation method possess sufficiently large surface area. The
transport studies revealed that the different series of manganese ferrites are
semiconductors and possess holes as the major charge carners except for MnFe,0,
where electrons are the major charge carriers. Activation energy or energy gap
determination by the DC conductivity studies showed that incorporation of Cr, Ni and
Zn cations increased the energy gap whereas the incorporation of the other metal cations
decreased the same. The Mossbauer spectra revealed the presence of Fe’* and Fe’* ions
in MnFe;0,4. Also, the inherent magnetic behaviour of the sample is proved by the
Mossbauer hyperfine splitting. NH3-TPD studies revealed that the weak plus medium
acidity is increased by the incorporation of Cr, Ni, Co and Cu ions whereas the strong
acidity is increased by the progressive substitution of Zn ion. The thermodesorption
studies of pyridine adsorbed samples well supported the NH;-TPD results. The
thermodesorption studies of 2,6-dimethylpyridine adsorbed samples showed that
incorporation of metal cations decreased the Bronsted acidity of pure manganese ferrites.
The electron donating property studies revealed that the limiting amount of the electron
acceptors adsorbed on the catalyst surface is enhanced with metal ion incorporation in
manganese ferrite and is more pronounced in Cr-substituted manganese ferrites.

Cyclohexanol decomposition reactions were performed to evaluate the acidity of the
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systems. Since dehydration is an acid catalyzed reaction, the dehydration activities of the

systems leading to cyclohexene has been taken as measure of their acid strength.

Chapter 4 is divided into three sections. The first section gives the detailed
discussion of the liquid-phase benzoylation of the aromatic compounds using benzoyl
chloride as the benzoylating reagent over different manganese ferrite catalysts and also
the effect of various reaction parameters on product distribution of toluene
benzoyalation. The decisive properties in the catalytic activity for activated and
deactivated benzenes are observed to be different. It is evident that in the case of
activated benzenes like toluene, xylenes and anisole, the aromatic ring is highly activated
and therefore less acidity of the samples is sufficient to bring about such reactions and
activation energy of the catalysts is seemed to be more involved than the acidity. But in
the case of benzene and halobenzenes, the aromatic ring is not activated or deactivated
respectively, the adsorption of the aromatic substrate over the catalyst surface is difficult
and hence the acidity of the catalysts plays the decisive role. It was observed that
various reaction parameters such as amount of catalyst, reaction temperature, catalyst
composition, presence of moisture in the reaction mixture as well as in the catalyst and
aromatic substrate /BOC molar ratio have crucial roles in determining the catalytic
performance. The second section deals with a thorough investigation of alkylation of
aniline using methanol over the prepared systems. The detailed discussion regarding the
influence of factors such as reaction temperature, molar ratio, time-on-stream and
contact time are also presented in this section. The weak plus medium acidity of the
catalyst was involved in determining the catalytic activity towards aniline alkylation and
Cr-substituted manganese ferrites are found as good options for this reaction. The
alkylation of phenol using methanol over all the catalyst systems and effects of various
reaction parameters are depicted in the third section. It is seen that manganese
ferrospinels produce ortho-alkylated products (formation of o-cresol and 2,6-xylenol, but
not meta- or para-cresols and xylenol isomers) and the total ortho-selectivity always
exceeded 97%, whereas the individual selectivities depend greatly on reaction
parameters. The manganese ferrites in which Zn progressively substitutes Mn are
particularly selective and active for ortho methylation of phenol. ZnggMng Fe;0; is

found to be the most active and selective catalyst for this reaction.
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Chapter 5 is divided into two sections. The first section depicts the liquid-phase
phenol hydroxylation using hydrogen peroxide as the oxidant over different manganese
ferrospinels and the effects of various reaction parameters on the product distribution.
The enhanced amount of holes or cation vacancies and their appreciable mobility in the
systems are the decisive factors determining the improved catalytic activity in phenol
hydroxylation of different series of manganese ferrites. A heterogeneous-homogeneous
free-radical reaction mechanism is proposed for phenol hydroxylation over different
manganese ferrites. The second section focuses on the vapour-phase oxidative
dehydrogenation of ethylbenzene and effect of various reaction parameters for styrene
conversion. The acidity in the medium-strong region was found to determine the

catalytic activity of different manganese ferrite series in the oxidative dehydrogenation

reaction.

6.2 Conclusions
% Manganese ferrospinels prepared by the low temperature co-precipitation

technique provides homogeneous, fine and reproducible ferrite powders with

high surface areas.

< All the peaks in the XRD pattern matched well with the characteristic reflections
of the ferrites. Close resemblance of the ‘d’ values with the standard values
indicated the formation of spinel phase at the calcination temperature of 500°C.
The spinel phase formation is again confirmed by the appearance of two strong
infrared bands below 1000 cm™.

% The successive incorporation of metal cations such as Cr, Co, Ni, Cu and Zn
decreased the total acidity of MnFe,O4 as evident from the NH;-TPD studies.
The weak plus medium acidity is improved by the progressive addition of Cr, Co,

Ni and Cu whereas the strong acidity is enhanced with Zn ion substitution.

% The thermodesorption data of pyridine adsorbed samples is in concordance with
the NH;-TPD results.

< The general observation that dehydration is favoured by acid sites and

dehydrogenation is favoured by both acidic and basic sites is confirmed by the
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*

cyclohexanol decomposition reaction carried over different series of manganese

ferrites.

Liquid-phase benzoylation of various aromatic compounds proceeded efficiently
over different series of manganese ferrites. It is observed that for activated
benzenes, activation energy of the systems play the decisive role in determining
the conversion of BOC. But in the case of benzene and activated benzenes,
increase in strong acidity of the systems has the key role in the conversion of
BOC.

Among the various systems studied, CrosMng,Fe;O4 exhibits excellent
selectivity and high yield for N-methylaniline even at comparatively low
temperatures and methanol to aniline molar ratios. Only a minimum acidity is

required for the reaction and surplus acidity does not favour the reaction.

The manganese ferrites in which Zn progressively substitutes Mn are particularly
selective and active for ortho-methylation of phenol leading to o-cresol and 2,6-
xylenol. ZnggMng2Fe;04 is found to be the most active and selective catalyst for
this reaction. Under the optimized reaction conditions the ortho-selectivity (o-
cresol and 2,6-xylenol) exceeded 97% whereas the individual selectivities

depended on the reaction parameters.

Optimization process for hydroxylation of phenol revealed that the reaction
parameters such as amount of catalyst, reaction temperature, H,O,/phenol
volume ratio, solvent and pH have critical influence on the reaction. CuFe;0, is
found to be most efficient for the hydroxylation of phenol since both giving

maximum conversion of phenol and selectivity for diphenol.

Catalytic studies of oxidative dehydrogenation of ethylbenzene pointed out that
sufficient number of both acidic and basic sites is needed for the conversion of
ethylbenzene and selective formation of styrene. CogsMny,Fe;0; is found to be
most efficient for this reaction. Increase in temperature and decrease of flow rate
enhance the conversion of ethylbenzene. However, increase of temperature above

500°C reduces styrene selectivity.
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The different series of manganese ferrites are proved to be excellent

6.3 Further scope of the work

catalysts for various industrially important reactions such as Friedel-Crafts benzoylation
of aromatic compounds, methylation of aniline and phenol, hydroxylation of phenol and
oxidative dehydrogenation of ethylbenzene. These catalysts were found to be active not
only for benzoylation of activated benzenes but also for deactivated benzenes. Thus, the
work can be extended to the development of environmentally friendly ferrite catalysts
for the acylation/ benzoylation of various aromatic compounds using different acylating
agents. Interestingly, it is observed that Cr-Mn series of ferrites are very good catalysts
for the active and selective formation of N-methylamine. Thus, this series of ferrites can
be further modified for the alkylation of substituted aniline using various alkylating
agents. Again, the different series of manganese ferrites yield ortho-alkylated products
and total ortho-selectivity always exceeded 97% for phenol methylation. The activity
and selectivity can be further improved by incorporating suitable metal cations into the
pure manganese ferrite and can be used for the alkylation of substituted phenols. Various
manganese ferrites, especially copper substituted ones, are found to be potential catalysts
for the production of diphenols under mild reaction conditions and prolonged reaction
resulted in the complete conversion of phenol to C-oxides and tar. Due to the tightening
of the environmental regulations, production of diphenols from phenol hydroxylation
and reduction of phenolic pollutants in waste waters using these catalysts can be a

promising approach because it demands only simple techniques and produce little

environmental pollution.
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