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CHAPTER 1

GENERAL INTRODUCTION




1.1 INTRODUCTION

The subject dealing with zeolites is a dynamic and rapidly growing field in which a broad
range of chemistry from solid state to organic is being explored. Zeolites introduce both unusual
activity and selectivity into heterogeneous adsorption and catalytic processes and are the
inorganic analogs of enzymes in living systems. These are used on a large industrial scale for
great variety of processes from simple drying to complicated catalytic reactions. These exhibit
appreciable acid activity with shape selective features, not available in compositionally
equivalent amorphous catalysts'. Zeolites can also act as supports for numerous catalytically

active metals.

1.2 ZEOLITES

Zeolites are crystalline, hydrated aluminosilicates, both natural and synthetic, whose
framework structure is based on an infinitely extending three dimensional network of SiO, and
AlQ, tetrahedra linked to each other by sharing all the oxygens. The crystallographic unit cell

of zeolites may be represented as:
M., [(AlO)), (SiOy),] z H,0

where M is a cation of valence ‘n’ from group I or II of the periodic table or of a rare earth
element or an organic species. The net negative charge and hence the cation content is governed
by the Si/Al (y/x) ratio. Si/Al ratio is always greater than or equal to one, because Al** does
notoccupy adjacent tetrahedral sites, according to Loewensteinrule?. The relatively rigid anionic
framework forms the channels with free diameters of 2.5 to 8 A and inter connected voids which
are occupied by the cations and water molecules. The cations are quite mobile and may be
usually exchanged to varying degrees by other cations. The intra crystalline water molecules

can in general be removed easily by heating to 523 to 623 K.

Al*ions in the zeolite lattice can be replaced by various metal ions like B>, Ga™, Fe®*,
Cr*, Ti*, Zr*, V*/V** and Sb*. The resultant materials are generally called metallosilicate

analogs of zeolites or metallosilicate molecular sieves.



1.3 CLASSIFICATION

Till todate about 40 natural and more than 160 synthetic zeolites have been identified.
Zeolites have been classified based on morphological characteristics®®, crystal structure®*’,

chemical composition™*®, effective pore diameter**® and natural occurrence®*.

Bragg® classified the zeolites based on their morphology and it was modified by Meier’
and Barrer according to secondary building units present in them, as presented in Table 1.1.
Classification of zeolites according to their chemical composition has been made based on silica
to alumina ratios into four types, viz, 1. Low silica zeolites (A, X, sodalite etc.) 2. Intermediate
silica zeolites (Y, L, mordenite ec.) 3. High silica zeolites (ZSM-5, ZSM-11, EU-1 etc.) and 4.

Pure silica zeolites (silicalites or silica molecular sieves) (silicalite-1 and silicalite-2).

Barrer* and Sand® classified the zeolites based on effective pore diameter into three groups
viz. 1. Small pore zeolites (eg. Linde A, ZK-5, Rho, Chabazite eic.), 2. Medium pore zeolites
(ZSM-5, ZSM-11, ZSM-23, ZSM-48, ferririte, Stilbite etc.) and 3. Large pore zeolites (Linde
X, Y, L, gmelinite, mordenite, ZSM-20 etc.). Recently, a very large pore aluminophosphate
molecular sieve (VPI-5)"" and a gallophosphate molecular sieve' (cloverite) have been dis-

covered. An isomorph of VPI-5 called MCM-9 containing Si atoms has also been reported'?.

1.4 NOMENCLATURE

There is no systematic nomenclature developed for zeolites and molecular sieves. The
early synthetic zeolites discovered by Milton, Breck and coworkers at union carbide were named
with Arabic alphabets e.g., zeolite A, B, X, Y and L, and those discovered at Mobil and Union
Carbide were named with Greek alphabets e.g., alpha, beta and omega. The zeolites having
structures similar to mineral zeolites were assigned the name of minerals e.g., synthetic mor-

denite, chabazite, erionite, offretite ec.

International Zeolite Association Structure Commission (IZA) and International Union
of Pure and Applied Chemistry (IUPAC) have assigned structural codes to known synthetic and

natural zeolites™",

Designations consisting of three capital letters (excluding numbers and
characters other than roman letters), generally derived from the type species have been used to

identify structure types. Structure type codes are independent of composition and distribution



Table 1.1

Classification of zeolites according to structure type

Structure type

Main species

Isostructural species

10

Analcime group :
(inter connected 4- and 6
membered rings)

Natrolite group :

(chains of tetrahedra with 6.6 A
repeat distance)

Chabazite group :

(parallel 6- or double 6 membered
rings)

Phillipsite group :
(approximated parallel 4- mem-
bered rings)

Heulandite group :
(characteristic configuration with
4 or 5 membered rings)
Mordenite group :

(each tetrahedra of the framework
belongs to at least one 5 membered
ring)

Faujasite group :

(Framework based on polyhedral
cages of cubic or near cubic sym-
metry)

Laumontite group :

Pentasil group :

Clathrate group :

analcime

natrolite

chabazite

phillipsite

heulandite

mordenite

faujasite

laumontite
ZSM-5, ZSM-11
melanophlogite,
ZSM-39

leucite, viseite, ||

wairakite 6-Ca-D, Na-B.

pollcite,

laubanite, mesolite, metana-

trolite

Linde D, herschelite, Linde R

harmotome, ZK-19, Na-P,,
Linde W

clinoptilolite

Na-D, Zeolon, ZSM-21,
ZSM-35, ZSM-38, ptilolite

Linde X, Linde Y, ZSM-20,
ZK-4, ZK-21, ZK-22, N-A,
Alpha

leonhardite




of various possible T atoms (Si, Al, Ga, Fe, B, Ge, Ti, V, etc.) e.g., FAU (Faujasite, X and Y),
MFI (Mobil five, ZSM-5), MEL (Mobil eleven, ZSM-11), MTW (Mobil twelve, ZSM-12) MOR
(Mordenite), TON (Theta-1) etc.

1.5 ZEOLITE SYNTHESIS

The method developed by Milton in the late 1940’s involves the hydrothermal crystalli-
zation of reactive alkali metal aluminosilicate gels at low temperatures and pressures. During
the synthesis of low silicazeolites with alkali aluminosilicates, it has been proposed that hydrated
alkali cation "templates" or stabilizes the formation of zeolite structural sub units. Alkali
hydroxide, reactive forms of alumina and silica, and H,O were combined to form gel and

crystallization was carried out around 100 °C .

The addition of quarternary ammonium cations to alkali aluminosilicate gels was started
in the early 1960’s, first to produce intermediate silica zeolites and subsequently led to the
discovery of high silica zeolites and silica molecular sieves. The synthetic chemistry of both
high silica and early low silica molecular sieves is similar except the addition of quarternary
ammonium ions and crystallization temperatures. The pH of the gel in both types of zeolites is

high and is around 10 - 14,

The variables which have major influence on the structure crystallized are the gross

composition of the reaction mixture, crystallization temperature and time'*.

The silica to alumina ratio, generally determine the framework composition of the zeolite,
but the amount of alumina in the zeolite also can determine the structure. Apart from the silica
to alumina ratio various other factors in the gross composition of the reaction mixture which
influence the zeolite structure and crystallization are organic (template) and inorganic cations,
-OH ion concentration. Aging period, stirring, nature of the reaction mixture and order of mixing

also influence the crystallization.

During the crystallization both aluminum and silicon will dissolve to form aluminate and
silicate anions. These anions are brought together (by template and /or metal ion) to form a gel

by condensation or polymerization.



Sand" has summarized the following events occurring during the crystallization of the

zeolites

Precipitation of the gel

Dissolution of the gel

Nucleation of the zeolite structure

Continued crystallization and crystal growth

Dissolution of the initial meta stable phase

Continued crystallization and crystal growth of more stable crystalline phase, while initial
metastable crystals are dissolving.

Dissolution of further meta stable phases

Nucleation of a more stable meta stable phase

Continued crystallization and crystal growth of final crystalline phase

1.6 ISOMORPHOUS SUBSTITUTION

Isomorphous substitution can be performed either during the synthesis or by post-synthesis
methods. Isomorphous substitution is also reported by solid-solid interaction at high temper-
atures between zeolite and metal oxide. Szostak'® has presented a list of crystalline metallo-
silicate molecular sieves and their corresponding structure. The first isomorphous substitution
in the zeolite framework was reported by Goldsmith'” in 1952 in the synthesis of germanium
containing thomsonite, in which Si was replaced by Ge. Later, Barrer et al." reported a number
of Gaand Ge substituted zeolites. Isomorphous substitution of tri-, tetra- and pentavalent cations,
such as Fe**, Ga®*, B¥, Ti**, Ge** ** V**/V** during the hydrothermal synthesis'®'*?* is one of
thesignificant achievements in the last decade. The replacement of the Al by B, Ga, Fe, Ge and
Ti are now well established. Recently incorporation of pentavalent metal ions such as V, Sb

and P is reported” .

Secondary synthesis methods have also been used to incorporate various metal ions such
as Al, Si, Fe, Ga, Ti, V and P into zeolite frame work™>". Introduction of metal ions such as
Cr, Mo and V was reported by solid-solid interaction at high temperatures (773 K)*. In this
method, the introduced metal ions will be normally at cationic positions. Introduction of V ions

at cationic positions by chemical vapor deposition method is also reported™’.

Aluminophosphate molecular sieves, structural analogs of zeolites as well as new struc-
tures with pore size greater than that of zeolites have been reported by Wilson et al.**. Davis et

al."have reported 18-membered ring large pore molecularsieve, designated as VPI-5. Recently,



Estermann et al.'* have reported gallophosphate molecular sieve (cloverite). Metalloalumi-
numphosphate (MeALPO) molecular sieves, where metal ions such as Co, Fe, Mg, Zn, Ga, Cr,
Ti, V and Mo has been substituted into the framework of ALPO have been synthesized™™.
Silicoaluminumphosphates (SAPO’s) by the substitution of the silicon into the framework of

the ALPO’s has been reported”’. These exhibit cation exchange and weak acidic properties.

1.7 CHARACTERIZATION

1.7.1 X-RAY DIFFRACTION

X-ray powder diffraction is the most important technique used in the study of zeolites. It

gives information about

Zeolite structure™
Phase purity

Degree of crystallinity
Crystal size

Unit cell parameters™

When Al or Si is substituted by other metal ions a change in unit cell parameters will be
observed depending on size of the metal ion. Hence, by measuring the unit cell parameters the
extent of incorporation can also be determined. Correlations between the values of unit cell

parameters and extent of incorporation of B, Fe, Ga and Ti have been reported ™.

The most important use of the XRD technique is the structure determination, especially
by single crystal methods®. Powder diffraction technique including ab initio structure deter-

mination and Rietveld refinements*” have helped in structure determination of numerous zeolites.
1.7.2 INFRARED SPECTROSCOPY

Infrared spectroscopy is a sensitive technique for the investigation of structural features
of zeolites, isomorphous substitution, acidic properties and nature of adsorbate-zeolite
interaction**°. The lattice vibrations of the zeolites in the infrared spectrum will be observed
in the range of 300 -1300 cm™. These vibrations can be classified into two groups®, (i) internal
vibrations of the TO, units or structure insensitive vibrations and (ii) vibrations due to external
linkages of the TO, units or structure sensitive vibrations. The major infrared band assignments

are as follows :



Internal Tetrahedra

Assymmetric stretching 1250 - 950 cm™
Symmetric stretching 720 - 650 cm™

T - O bond 420 - 500 cm™
External Linkages

Double ring 650 - 500 cm™
Pore opening 300 - 420 cm’
Symmetric stretching 750 - 820 cm’
Asymmetric stretching 1050 - 1150 cm™

Systematic studies of the framework vibrations of zeolites A, X, Y, ZK-5 and Omega have
been reported*’. For some structure sensitive bands a linear relation between the wave number
and the number of lattice aluminum atoms is reported®”. Isomorphous substitution shifts both
symmetric and asymmetric framework vibrations. The substitution of lighter elements such as
B shifts the framework vibrations to higher wave numbers®, while heavier metal ions such as
Fe, Ga and Ti shifts to lower wave numbers™. In the case of titanium and vanadium silicates
an additional asymmetric stretching vibration at around 960 cm™ was reported. It was attributed

to Si-O-M (M = Ti, V) linkages™ %,

IR spectroscopy is an efficient technique to study both the Brénsted and Lewis acidity
using probe molecules such as ammonia, pyridine, benzene, carbon monoxide, acetonitrile etc.,
and is extensively reviewed by Ward®. The O-H stretching frequency also changes depending
on acidity. Decrease in acidity decreases the stretching frequency. Barthomeuf® has measured
the exact position of the IR peaks corresponding to acidic -OH groups for a series of zeolites

with varying Si/Al ratios.
1.73 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

High resolution solid state MAS NMR spectroscopy has emerged as a powerful technique
for the investigation of zeolite lattice structures and location of various isomorphously substi-
tuted metal ions***’. NMR is very sensitive to the local ordering and geometries. Till to date
about twenty NMR active nuclei in zeolites have been studied. NMR technique is used to

investigate

Si and Al ordering in the zeolite framework™



Crystallographically equivalent and non-equivalent Si and Al ions at various sites.**®

Framework Si/Al ratios®
Coordination number of Si® and Al* and
Spectral correlations with Si-O-T bond angles® and Si-O bond lengths®.

Application of ¥Si MAS NMR technique to zeolites results in spectra in which a number
of separate Si peaks can be observed. For faujasite structure it is possible to distinguish upto
five different peaks, which can be attributed to silicon atoms connected through oxygento 0, 1,
2, 3, and 4 Al atoms®. Since the intensity of the peak is proportional to the number of the Si

- atoms, it is possible to estimate the number of silicon atoms by summation of the peak intensities.

Recently, Fyfe et al. have demonstrated three dimensional connectivities in zeolites

ZSM-5, ZSM-11, ZSM-22 and ZSM-39°"". High resolution liquid NMR (**Si and ’Al) has

mnn 73-76

provided useful information on the silicate™™ and aluminosilicate

species present in the
solution used in the zeolite synthesis. This has enabled the synthesis of titanium rich TS-1. C

CP/MAS NMR has been used to study the location and configuration of organic templates’.

'Xe NMR has been used in the characterization of zeolite pore systems, coke formation
during catalytic cracking etc.”. Pfeiferer al.™ have applied '"H MAS NMR to study different

types of protons present in the zeolite.
1.7.4 ELECTRON SPIN RESONANCE SPECTROSCOPY

ESR spectroscopy is sensitive to environmental symmetry of paramagnetic metal ions.
ESR spectroscopy is used to study the environment of the isomorphously substituted and
exchanged cations and metal oxides within the pores or external zeolite matrix®'. Various
paramagnetic metals such as V¥, Fe’ Cr™*, have been studied extensively using ESR spec-

troscopy'***”™. Vedrine®®

identified three types of Fe’* ions in Fe-ZSM-5 using detailed ESR
study complemented by Mossbauer and UV-VIS techniques. ESR technique® has been used
to characterize solid-solid reaction between zeolite and metal oxide of elements such as Cu, Cr,
Fe, V.and Mo. The oxidation state, position, environment and redox property of V in vanadium

silicate molecular sieves with MFI and MEL structures have been studied™ ",



1.7.5 SORPTION AND DIFFUSION STUDIES

Sorption property of the zeolites has been extensively used in characterizing molecular
sieve materials. Sorption studies provide information about void volume, pore size, crystal-

linity, erystal size and acidity of the zeolites.

The most commonly used method to measure sorption kinetics is conventional gravimetry
using microbalence. Other techniques which can be used to study sorption kinetics include
pulse chromatography, tracer diffusion, neutron diffusion and pulse field gradient NMR

spectroscopy.

The role of adsorption and diffusion of the molecules within the zeolite pores is important
for shape selective properties. Barrer, Ruthven®, Paleker and Rajadyaksha™ reviewed the
sorption properties with special emphasis on catalytic properties. Sorption of various gases and
vapors on both natural and synthetic zeolites has been extensively studied®***® and various
thermodynamic parameters such as entropy, heat and free energy of sorption have been esti-

mated.

The diffusion among the zeolites can be classified into three types, namely Configura-
tional, Knudsen and Bulk diffusions. In configurational diffusion the dimensions of the zeolite
pores approaches those of molecules and even a subtle change in the dimensions of the molecule
results in a large change in diffusivity. Knudsen diffusion takes place when the mean free path
of the molecule is comparable to the zeolite pore diameter. Bulk diffusion occurs when the
mean free path of the molecule is smaller than that of the zeolite pore diameter and the rate of

diffusion is independent of the pore diameter.

1.8 NATURE OF ACTIVE SITES

The catalytic activity of zeolites is associated with the presence of acid centers in the
intracrystalline surface. These acid centers are created by the imbalance in the charge between

silicon and aluminum ion of the framework. Each aluminum atom of the framework induces a

potential active acid site.

Bronsted acidity arises when the cations balancing the framework anionic charge are

replaced by protons (H*). Trigonally coordinated aluminum atom can accept an electron pair

and thus behave as Lewis acid site.



These acid sites on zeolites can be studied by both physical and catalytic characterization
techniques. Important among them are infrared spectroscopy, adsorption and desorption
properties of probe molecules such as ammonia and pyridine and acid catalyzed reactions

including selected cracking and isomerization.

Infrared spectroscopy is a widely used technique to characterize the hydroxyl species on
the zeolite surface and to measure the number and strength of Bronsted and Lewis acid sites
and is extensively reviewed by Ward™. IR studies on ZSM-S revealed two hydroxyl stretching
bands, one at 3605 cm™ and another at 3720 cm™. The absorption bands between 3600 - 3610
cm™are due to hydroxyl stretching associated with Al-O(H)-Si bridge®”®, and the bands between
3720 - 3740 cm™ are due to terminal silanol (Si-OH) groups®. Adsorption and desorption of
basic probe molecules accompanied by IR spectroscopic method have been used to estimate the
number and strength of acid sites®” ™. Pyridine is frequently used as probe molecule. The
reaction of pyridine on Bronsted acid sites results in the formation of pyridinium ion, and form
coordinate bond on the Lewis acid sites. Both pyridinium ion and coordinatively bound pyridine
have characteristic IR absorption bands. The intensity of these bands gives information about
the number of acid sites. Jacobs er al.” have used less basic probe molecules such as benzene

in order to characterize the strength of acidic sites.

Desorption of the bases can also be used to characterize the strength of acid sites. Stronger
acid sites adsorb bases more strongly and require higher temperatures to desorb. In this method
the zeolite is contacted with a base (ammonia or pyridine) to neutralize the acid sites present.
Then the temperature is raised at a constant rate and the amount of desorbed base is recorded.
The temperature and area of the desorption of the peaks provide information about strength and
number of acid sites. However, this method can not distinguish between ammonia desorbing

from Brénsted or Lewis acid sites.

Catalytic probe reactions can also be used to study the acidity of the zeolites. Important

among various test reactions used to study are

Cracking of n-hexane
Cracking of n-butane
Cracking of n-decane
Isomerization of xylene
Disproportionation of toluene

Disproportionation of ethylbenzene

10



Cracking of n-hexane™ is commonly called as alpha test developed at Mobil laboratories
to study the catalytic activity of the zeolites. Cracking of butane® as a means of comparing
catalytic acid properties of zeolites was developed in the Union Carbide laboratories. Cracking

of n-decane provides information on both porosity and acidity™.

1.9 SHAPE SELECTIVITY IN ZEOLITES

Shape selectively is one of the unique properties exhibited by zeolites which have pore
dimensions similar to kinetic diameter of simple organic molecules. Molecular shape selecti-
vities have been classified into four types.
viz. Reactant shape selectivity, Product shape selectivity, Transition state shape selectivity and

Molecular traffic control®.

Reactant shape selectivity results from limited diffusivity of some of the reactants, which

can not effectively enter and diffuse inside the zeolite pores.

Product shape selectivity occurs when slowly diffusing product molecules can not rapidly

escape from the zeolite pores and undergo secondary reactions.

Restricted transition state shape selectivity is observed when the transition state for a

reaction is too large to be accommodated inside the pores.

1.10 APPLICATIONS OF ZEOLITES

The major applications of synthetic zeolites are as cation exchangers in detergent for-
mulations, adsorbents in drying and separation and as catalysts in process industry. The
introduction of acid faujasites into industrial catalysts for fluid catalytic cracking in 1962 was
the foremost event in zeolite catalysis™”’. The characteristic properties such as acidity, shape
selectivity and thermal stability enable them to be used for highly selective synthesis in the field
of chemical intermediates and fine chemicals. The ion exchange properties, isomorphous
substitution, stabilization of functional metal ions and complexes make them useful in various

reactions involved in organic synthesis.
1.10.1 ZEOLITES IN PETROCHEMICAL PROCESSES

In 1962 zeolites were incorporated into typical cracking catalysts. The use of zeolite

catalysts has resulted in large increase in gasoline selectivity with lower gas and coke yields.

11



Metal doped Y zeolites were proved to be selective as bifunctional catalysts, in the field of

hydrocracking®™'®.

The shape selective catalysis by high silica pentasil zeolites led to new
industrial processes™. Apart from cracking and hydrocracking, selectoforming'®, olefin oli-
gomerization'”, dewaxing'” and MTG (methanol to gasoline) process'® based on zeolite cat-
alysts have been established as industrial processes. Presently, dealuminated zeolite Y in
combination with ZSM-5 is used as shape selective cracking catalyst. Table 1.2 describes some

of the processes commercialized using zeolite catalysts.
-.10.2 ZEOLITES IN ORGANIC SYNTHESES

Recently, zeolites have been successfully applied in organic synthesis as non-acid catalysts
in reactions such as oxidation, reduction, olefin oligomerization, hydroformylation ere.

103,

Venuto'” has introduced the potential use of zeolites in organic synthesis. Holderich'® and van

Bekkum'™ have extensively reviewed their use in organic synthesis.
A. Isomerization Reactions

Isomerization of the substituted arenes is of industrial interest and frequently serves as
model for shape selectivity in zeolites™. Xylene isomerization has found commercial appli-
cation. Zeolite ZSM-5 is reported to catalyze the isomerization of cresols, chlorotoluenes,
tolunitriles, and toluidines'®. Isomerization of aniline to 2-methylpyridine, 1, 2 diols to carbonyl
compounds, dihydro-5-(hydroxymethyl)-2-furanones to 3, 4-dihydro-2-pyrones and epoxides
to aldehydes has been reported'®. Isomerization of 1, 3 dioxanes to 3 alkoxy propionaldehyde,

Bekmann rearrangement of cyclohexanone to e-caprolactam have also been reported'?'®,
B. Substitution Reactions

Zeolite catalyzed alkylation reactions afford large potential for industrial exploitation.
Pentasil zeolites have the ability to direct the alkylation of alkylbenzenes selectively to para
position'”. Shape selectivity of modified ZSM-5 catalysts is an important factor in Mobil-

Badger process for alkylation aromatics'®’

. The most important selective gas phase alkylation
of oligocyclic arenes is methylation of napthalene'®. Alkylation of arenes having functional
groups can also be carried out. A broad spectrum of products consisting essentially of cresols,
xylenols, and diphenyl ether is obtained when phenol is methylated using zeolites'™. Gauthier
etal.""’ have reported acylation of alkylbenzenes on Ce-Y zeolites to aromatic ketones. Zeolites

eliminate corrosion and disposal problems in these reactions.

12



Table 1.2

Commercial processes based on zeolites

Name of the process

Purpose

Selectoforming
M-forming
Catalytic cracking
MDDW

MLDW
M2-froming, Cyclar
MOGD

MTG

MTO

MVPI, MLPI, MHTI
MTDP

MEB, ALBENE'

para-Selective reactions

Octane boosting

Octane boosting

Octane boosting

Distillate dewaxing

Lube dewaxing

Gas to aromatics

Light oefins to gasoline and distillate
Methanol to gasoline
Methanol to light olefins
Xylene isomerization
Toluene disproportionation
Ethylbenzene synthesis
p-Xylene synthesis
p-Ethyl toluene synthesis
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Aliphatic nucleophilic substitution reactions studied over zeolite based catalysts include
synthesis of amines from alcohols and ammonia, ethers and esters from alcohols, thiols from

113,114

alcohols and hydrogen sulfide
C. Condensation Reactions

Zeolites can be used preferably in condensation of organic molecules which are normally

~atalyzed by acids and bases. Since the acidity of the zeolites can be easily controlled, it is
possible to adjust their catalytic properties in order to suit the desired reaction. Acetone con-
denses over zeolites to give mesityl oxide, isobutene, phorones, mesitylene and alkyl phenols'®.
Formaldehyde and isobutene condense to give isoprene'*. Formaldehyde condenses with
benzene to give diphenyl methane on large pore zeolites'®. N-containing heterocyclic com-
pounds can also be synthesized in the presence of ammonia'*. Cyclic ethers and lactones react

with ammonia to give cyclic imines or lactones'®.
D. Oxidation Reactions Using Air

Metal ion exchanged forms of zeolite X are active catalysts for complete oxidation of
methane to carbondioxide'”. Mochida et.al'*® reported the oxidation of propene to 2-propanol,
acetone and acrolein. Transition metal exchanged zeolites are highly active in oxidation of
nitrogen oxides. Steifns and Mars''® have systematically investigated the behavior of zeolites
in oxidation of H,S to sulphur. Vanadium containing mordenite has been claimed *° to have

very high activity in oxidation of H,S to SO,.
E. Oxidation Reactions Using N,0 and H,0,

Selective vapor phase hydroxylation of benzene to phenol on medium pore high silica
zeolites such as ZSM-5, Fe-ZSM-5 and ferrisilicate molecular sieves using nitrous oxide as

oxidant has been reported''"'?,

Titanium silicate molecular sieves were used in selective
oxidation of various organic molecules in the presence of dilute hydrogen peroxide®'. They are
active in hydroxylation of benzene, phenol, anisole and toluene. Hydroxylation of phenol is in
commercial practice. Oxyfunctionalization of alkanes using titanium and vanadium silicate

molecular sieves has recently been reported'*'%,
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1.11 MFI and MEL TYPE ZEOLITES

Zeolites ZSM-5 (MFI)'* and ZSM-11 (MEL)"* are the two extreme members of a series
of "pentasil" zeolites that are based on pentasil building units composed entirely of five mem-
bered rings. Kokotailo and Meier proposed the name "pentasil” for the zeolites having five
membered ring secondary building units. These are the most used zeolites in the petrochemical
processes and organic synthesis. High silica to alumina ratio, absence of cavities inside the pore
s, .em, geometrical constraints imposed by 10 membered ring pores have made these zeolites
industrially very important. Pure silica analogs of ZSM-5 and ZSM-11 (silicalite-1'* and

126

silicalite-2" respectively) have been reported.

The framework structure of ZSM-5 was described by Kokotailo ef al.'™ Olson et al.'”’
have reported the structure and structure dependent properties. It has twelve crystallographically

inequivalent sites.

The structure of ZSM-11 was originally proposed by Kokotailo er al.'* based on X-ray
powder diffraction studies and modelling. Tetragonal space group I4m2 and lattice constants
a=b =20.12 and ¢ = 13.44 which correspond to average values derived from least squares
refinement of XRD data have been proposed. Detailed investigation of the zeolite ZSM-11
structure have recently been presented by Fyfe et al.’* using a combination of solid state NMR
and synchroton X-ray diffraction techniques. Their study indicated that the structure is tem-
perature dependent and that the high temperature form is tetragonal with space group 14m?2.
The tetragonal symmetry implies that there are seven crystallographically inequivalent sites.
ZSM-11 structure has been recently investigated using two dimensional *’Si MAS NMR at two
different temperatures. It was proposed that the asymmetric unit of the low temperature form

has 12 distinct T sites according to 12 resonance lines in the *Si NMR spectra®®,

In ZSM-5 and ZSM-11 structure groups, the five membered ring secondary building units
(Fig.1.2a) are joined along [001] to form chains (Fig.1.2b), which pack laterally along [010].
The ZSM-5 structure is generated when the adjacent [100] planes are sheets (Fig.1.2¢) to form
are related to one another by inversion () and ZSM-11 structure is formed when the [100] sheets
are related to one another by mirror symmetry (o). Infinite series of intermediate structures
may be obtained by applying reflection transformations (o) to ZSM-5 orinversiontransformation
(i) to ZSM-11. Such transformations lead to the channel system. This results in two types of

intersecting channels in ZSM-5, with 10 membered ring openings, one with an elliptical cross
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Fig.1.1. X-ray diffraction patterns of AI-MEL (a) and AI-MFI (b) calcined at 823 K.
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Schematic diagram of the pentasil unit (a), SBU (b) and pentasil layer (c).

Fig.1.2.
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Table 1.3

Comparison of crystallographic data of MFI and MEL zeolites

Crystallographic parameters MFI MEL

Secondary building units Complex 5-1 Complex 5-1

Framework density (No. of

T-atoms per 1000 (A® 17.9(Si + Al) 17.6(Si + Al)

Channels 10 membered ring, 10 membered ring,
intersecting intersecting

Fault planes [100] [100]

No. of T-atoms per unit cell 96 - 96

No.of non-equivalent T-atoms 12 7

Space group symmetry Orthorhombic/P,,, Tc:lr:;gon:t]/l&nE

Unit cell dimensions a=201A,b=1994, [a=b=2014c=134A
c=134 A
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section (0.51 X 0.53 nm), the other one being circular (0.55 nm). In ZSM-11 both the channels
are identical (0.51 X 0.55 nm). The cavities formed in ZSM-5 by the intersection of these
channels are equivalent, having maximum diameter of 0.9 nm, where as in ZSM-11 two types
of intersections exist, one possessing the same volume as those present in ZSM-5 and the other
one with larger volume (30 % excess). The calculated channel length of theoretically based on
crystallographic data for ZSM-5 and ZSM-11 are 8.8 and 8.0 nm respectively'**'®. Another
important structural difference between ZSM-5 and ZSM-11 is the presence of four 4-MR’s per
unit cell in ZSM-5 and eight 4-MR’s per unit cell in ZSM-11.

The presence of intergrowths of ZSM-5 and ZSM-11 can be detected by various techniques
such as high resolution electron microscopy and X-ray powder diffraction'*"'*2. Jablonski et
al.'* have presented a correlation between the X-ray and electron diffraction patterns for the

relative amounts of ZSM-5 and ZSM-11.

The acidity, sorption, catalytic and shape selective properties of ZSM-5 and ZSM-11 have
been compared. It has been reported that ZSM-5 contains more number of stronger acid sites
compared to ZSM-11"**. While some reports showed higher sorption capacities for ZSM-5 than
ZSM-11, others presented higher sorption capacities for ZSM-11"*%!*5. The constraint index
(ratio of relative cracking rate constants of 3-methyl pentane and n-hexane) is almost same for
ZSM-5 and ZSM-11 (8.3 and 8.7, respectively)'*. The isomorphous substitution of various tri,
tetra and penta valent metal ions such as B, Fe, Ga, Ti and V has been reported in both MFI and

MEL framework structures'®'#%,

1.12 VANADIUM OXIDE CATALYSTS

Vanadium oxides catalysts are industrially very important for a number of catalytic pro-
cesses such as selective oxidation of hydrocarbons, production of SO;, ammoxidation of
hydrocarbons and reduction of nitric oxide'®”'*. Normally silica, alumina and titania are used
as supports. The activity and selectivity of these vanadium oxide catalysts depend on their
interaction with the support. Studies on these supported vanadium oxide catalysts were mainly
dealing with changes in oxidation state during the chemical processes and the role of the support.
Several methods have been proposed for the preparation of both supported and mixed vanadium
oxide catalysts to improve their catalytic performance. The development of vanadium oxide
catalysts with novel structures and exactly defined state of vanadium is useful to improve their

catalytic performance.
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1.13 VANADIUM CONTAINING MOLECULAR SIEVES

In 1978 Marosi et al.' reported the synthesis of vanadium containing ZSM-5. Zeolites
containing 0.5 - 3 % vanadium were prepared using sodium silicate and vanadium oxide as
starting materials and hexamethylene diamine as templating agent. The resulting zeolite (V-
ZSM-5) was claimed to be a useful catalyst in cracking and isomerization reactions. Xu Reren

etal'®

showed the possibility of having vanadium in three different oxidation states (V*, v*
and V**) in zeolite molecular sieves. The unit cell parameters increased with decrease in the
oxidation state of vanadium. The introduction of V¥ ions into extra-framework cationic
positions by solid state reaction was reported by Kucherov and Slinkin®®. In 1985, Inui e al,'*
had synthesized V-ZSM-5 by introducing vanadium instead of aluminium in the reaction gel.
However, the source of silica (i.e. sodium silicate) contained aluminum, and hence, they could
not obtain pure aluminum free vanadium silicates. They have reported that the V-ZSM-5 is
significantly different from its aluminum analog in morphology, acidity and catalytic activity
in methanol to gasoline reaction. Miyamoto et al.'*? synthesized V-ZSM-5 using different
vanadium sources and showed that vanadium acetyl acetonate is a suitable source to prepare
V-ZSM-5 with high crystallinity and high BET surface area. The catalytic activity was also in
correlation with these physico-chemical properties and the longer catalyst life of V-ZSM-5 was
assigned to the accelerated combustion of the coke by the vanadium ions. Miyamoto et al.'”
have reported that the activity of their vanadium silicates is 50 time higher than that of bulk
V,0; in H, oxidation, while considerably lower in NH; oxidation. In the reduction of the NO
with NH,, vanadium silicates exhibited higher activity in the absence of oxygen than in the
presence of oxygen, a behavior which had never been observed for conventional vanadium
oxides. Vanadium silicates are also found to be selective in ammoxidation of xylenes and
propane'“'** and in the oxidation of butadiene to furan'*. Vanadium silicates are reported to
have high catalytic activity and selectivity in the oxidative dehydrogenation of propane to

propylene compared to other metallosilicate molecular sieves'".

Kornatowski et al.* have reported the synthesis of vanadium silicate with MFI structure.
They reported the presence of vanadium at tetrahedral framework positions based on XRD, IR
and NMR characterization of their samples. However, a report by Rigutto and van Bekkum?
postulated that the vanadium ions are strongly bound to framework positions and are located at
defect sites. They have reported that V** jons in the as-synthesized form are penta coordinated,

and on calcination V** ions are in tetrahedral coordination. Fejes et al.” reported the distorted
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square pyramidal coordination from ESR spectroscopic studies for V**ions in as-synthesized
vanadium silicate with MFI structure. Recently, Centi et al.**® have reported that at least two
different vanadium species could be identified in vanadium silicates with MFI structure prepared

using VCl, as the vanadium source.

The earlier reports on vanadium incorporated molecular sieves have focused on some
interesting catalytic reactions such as ammoxidation of xylenes and propene, oxidative dehy-
drogenation of propane and H, oxidation. Even though the vanadium was claimed to be well
dispersed in zeolite matrix, it was not clear whether vanadium is incorporated in the framework
positions or not. Some of the recent reports on vanadium silicates refer to a) the differences in
the nature and type of V-species in the samples prepared in the presence and absence of Na*
ions'”, b) differences between the ion-exhanged V (as VO™) and V in the framework positions
of MFI structure by ESR spectroscopy™, c) the presence of more than two types of vanadium
species in the framework of MFI as inferred from diffuse reflectance, ESR and *'V MAS-NMR
stutlies'*®, d) the retention of vanadium on calcination at high temperatures and on treatment
with ammonium acetate'* and e) the valence state of vanadium and its co-ordination in the
as-synthesized, dried and calcined forms®. Apparently, substantial differences exist among
these reports which may be due to differences in the synthesis procedure. The work presented
in this thesis is aimed at preparing well defined and thermally stable vanadium silicates
with V in the MEL structure and compare the properties of V-MEL with those of others
reported on vanadium silicates. The approach has been to synthesize vanadium silicates by
conventional hydrothermal crystallization methods. Since both bulk V;0;5 as well as supported
V,0; catalysts are good catalysts and used in many oxidation reactions, it would be interesting
to see if highly dispersed and isolated V in the framework positions of a molecular sieve would
be active in the oxidation of organic substrates. Recently, titanium silicates have been known
to possess interesting oxidation activities and also industrially employed. A comparison of
vanadium silicates with titanium silicates have been attempted wherever possible in the studies
on catalytic oxidations and hydroxylations. Compared to titanium silicates, there are very few

reports on the liquid phase oxidation of organic moieties by vanadium silicates in presence of

oxidants, such as H,0,.
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1.13 SCOPE OF THE THESIS

The major objective of the this thesis is to study the synthesis, characterization and catalytic
activity of vanadium silicate molecular sieves with MEL structure and wherein vanadium

is located framework positions.

Chapter II describes the studies carried out on the synthesis of a new crystalline microporous
vanadiumsilicate with MEL structure. The influence of various synthesis parameters (vanadium
source, organic additive, Si/V ratio, water content, effect of temperature) on the kinetics of
crystallization is studied. The apparent activation energy for nucleation and crystal growth are

evaluated.

Chapter III deals with the results of physico-chemical characterization of vanadium silicates
by XRD, spectroscopic (IR/FTIR, ESR, MAS NMR, UV-VIS) studies and sorption studies on

isomorphous substitution of vanadium into MEL lattice.

Chapter IV describes the catalytic activity of vanadium silicate molecular sieves in reactions
such as 1) Oxyfunctionalization of n-alkanes and cyclohexane, 2) Hydroxylation of benzene
and phenol, 3) Oxidation of toluene, 4) Oxidation of aniline and 5) oxidation of sulfides. The
influence of various reaction parameters such as Si/V molar ratio, nature of solvent, concentration
of the reactants, the catalyst concentration and the reaction temperatures on the activity and

selectivity of the catalysts is studied in detail.

Chapter V summarizes the salient features of synthesis, characterization and catalytic properties

of vanadium silicate molecular sieves.
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CHAPTER 2

SYNTHESIS




2.1 INTRODUCTION

The last decade has witnessed considerable growth in the area of isomorphous substitution
of Si or Al by various metal ions in the zeolite framework™?. Replacement of Al by B, Fe*?,
and Ga’in the framework of ZSM-5 and ZSM-11 has been reported. Al-free ferrisilicate analogs
of Beta'’, ZSM-23"", EU-11", mordenite', ZSM-20", ZSM-12'° and Y" have been synthesized.
Recently, Kumar and Ratnaéamy have reviewed the synthesis, characterization and the catalytic
properties of various ferrisilicates'. Incorporation of Ti into the framework of MFI, MEL and

ZSM-48 structures was one of the recent achievements”2%,

Attempts to introduce vanadium into zeolites was made since 19802 Xu Reren et al.®
reported the possibility of isomorphous substitution of vanadium in three (111, IV and V) different
oxidation states. Kucherov et al.** and later Sass® introduced V** ions into framework cationic
positions, by solid state interactions. Inui et al.***® introduced vanadium compounds instead of
Al component into the reaction gel for synthesis of vanadium containing molecular sieve.
Komatowskietal.”, Rigutto et al.*, Fejes etal.*'and Centi et al.** have reported the incorporation
of vanadium into molecular sieves with MFI structure. Recently, we have reported the synthesis

of vanadium silicate with MEL structure®3,
This Chapter describes the studies carried out to:

a).  optimize the synthesis procedure for incorporating vanadium ions into MEL framework

and

b).  examine the factors influencing the synthesis of vanadium silicates.

2.2 EXPERIMENTAL

2.2.1 HYDROTHERMAL SYNTHESIS

The syntheses runs were carried out using various compositions in stainless steel auto-
claves of 80 ml capacity (Fig.2.1) at autogenous pressure and at different temperatures. Different
sources of vanadium were tested in order to obtain samples without any extra lattice vanadium.

The reactants used for different syntheses are given in Table 2.1.
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Fig.2.1. Stainless steel (316) autoclave with teflon gasket for hydrothermal synthesis.
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Table 2.1

Specification of the reactants used in the synthesis.

S.No.| Chemical Nature Chemical formula Purity, %

1. Teraethylorthosilicate Si(OCHy) 98
(Fluka AG)

2. Vanadyl sulfate trihydrate VOSQ, 3H,0 100
(Aldrich).

3. Vanadium trichloride VCl, 100
(Aldrich)

4 Ammonium metavenadate NH, VO, 98
(Loba chem)

5. Tetrabutyl Ammonium hydroxide (C,Hg), NOH 40 %agq. Solution
TBA-OH, (Aldrich) (diluted to 20 %

before use)

31




A general procedure for the preparation of crystalline vanadium silicate is given below:

To a solution of 25 g of tetraethyl orthosilicate (TEOS), 10 g of tetrabutylammonium
hydroxide (TBA-OH) diluted with 10 g of deionized water was added to hydrolyse the TEOS.
The mixture was stirred for about 30 min at 298 K. To the above mixture, required quantity of
vanadyl sulfate trihydrate (VOSO, 3H,0) in 5 g of deionized water was added slowly. Finally,
a solution of 5 g of TBA-OH in 5 g water was added. The clear green solution thus obtained
was stirred for 3 h before adding 20 g of water. The resultant liquid was stirred for another 90
minutes. The chemical composition of the initial gel was : Si0,: x VO, : 0.2 TBA-OH : 30 H,0
(where x = 0.00 to 0.05). Alkali ions are absent in the gel mixture. The crystallization was
carried out at 443 K for 48 to 60 h under static conditions. The crystalline material thus obtained

was filtered, washed with distilled water and dried at 373 K for 6 h.

It may be pertinent to mention here that using other organic bases such as 1,8 diamino

40,41

»

octane and trimethyl benzylammonium hydroxide which are known to produce ZSM-11
VS-2 (V-MEL) could not be obtained. Under identical synthesis conditions, no crystalline

material was observed even after 10 days.
2.2.2 CHARACTERIZATION

2.2.21 X-ray Diffraction

The as-synthesized samples were analyzed by X-ray diffraction to study the crystallinity
and phase purity, in a Rigaku (model D/MAX 111 VC, Japan) X-ray diffractometer using Ni
filtered Cu-Ka radiation (A = 1.5404 A). The samples were scanned from 2 6 = 5 to 50° at a
scan rate of 2° min™. Phase purity of the samples was checked by comparing with the standard
X-ray diffraction pattern for MEL structure reported by Fyfe et al.’. Based on the preliminary
experiments, a sample with highest crystallinity was taken as reference sample and was used to
check the crystallinity of all the samples. Peak areas were calculated from the collected data,
using a semiquantitative software programme provided with the instrument. The degree of

. crystallinity was calculated from the sum of the areas of the peaks between 2 0 = 21.5 and 25.4°.
The degree of crystallinity of the solid product was estimated from the formula given below.
peak area between 2 6 = 21.5°-25.4° of the product

% crystallinity = <ceeeememmemeeeeees R ——— S (1]
Peak area between 26 = 21.5%-25.4° of the reference sample
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2.2.2.2 Infrared Spectroscopy

The infrared spectra of the as-synthesized samples were recorded in an FTIR Perkin Elmer
spectrometer in the frequency range of 450 - 1300 cm™ using the Nujol mull technique. KCN

was used as the internal standard. The IR crystallinity was determined using the formula:

peak area of band at 550 cmi” of the product
% IR crystallinity = - X 100
Peak area of the band at 550 cm™ of the reference sample

The absorption band at 550 cm™ is a characteristic peak, observed in pentasil zeolites and

is assigned to double five (5 - 5 unit) membered rings.
2.2.2.3 Electron Spin Resonance Spectroscopy

Electron spin resonance spectra were recorded using Bruker ER-200 D spectrometer at
9.7 GHz (X-band) with a rectangular cavity ST 8424. Modulation at 100 KHz with intensity
1.25 GPP and time constant 10°m sec. was used. The h.f. power was chosen small enough to
prevent any signal saturation. The spectra were recorded at 300 K. A constant weight of 0.1 g

of the sample was taken to record the spectra.
2.2.2.4 Thermal analysis

Simultaneous TG-DTA-DTG analyses of as-synthesized and dried vanadium silicate
samples were carried out in a TG DTA-92 model (Setaram, France) instrument. A linear rate
of 10° min™ in the range from room temperature to 900 °C with an air flow of 30 ml min™ was
used, in order to find out the temperature of decomposition of template and hence the calcination
temperature required for the samples. A sample volume of about 30 mg was taken with an inert
a-alumina as reference. Detailed analysis of weight loss due to decomposition of the template
and accompanying heats of decomposition have been calculated from the stored data of each

TG-DT analysis, using software programme available with the instrument.

2.2.2.5 Scanning Electron Microscopy

The morphology of MEL samples was investigated using a scanning electron microscope
(JEOL, model JSM 5200, Japan). The sample was dusted on alumina and coated with a thin
film of gold to prevent surface charging and to protect zeolite material from thermal damage by

the electron beam. In all the analyses a uniform thickness of about 0.1 mm was maintained.
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2.2.2.6 Chemical analysis

An exact amount of sample was taken in a platinum crucible with a lid and ignited to get
the dry weight of the sample. The sample was then cooled in a desiccator and weighed. The
difference in weights gave the weight loss on ignition. The anhydrous weight of the sample
was noted. Anhydrous sample was then treated with hydroflouric acid (40 wt.%) and evaporated
on a hot plate to remove silicon in the form of SiF,. This treatment was repeated three times
and the sample was again ignited, cooled in desiccator and weighed. The loss in the weight of
the sample was determined to get the content of silica. The residue was fused with potassium
pyrosulfate and dissolved in deionized water. The solution was then analyzed by atomic

absorption spectrometer.

2.3 RESULTS AND DISCUSSION

2.3.1 EFFECT OF VANADIUM SOURCE

The source of vanadium used in the synthesis has a marked influence both on the incor-
poration and catalytic activity of the vanadium silicates. Three different vanadium sources viz.
NH,VO;, VOSO, and VCl, have been used to prepare the vanadium silicate molecular sieves.
The gels obtained with NH,VO, and VOSO,(gel A and gel B, respectively) as vanadium sources
are clear solutions, while that with VCl, (gel C) was slightly turbid. Gel A was white in color
and gels B and C were greenish. The crystallized product from gels A and B was white in color
and that from gel C was grayish green. Based on chemical analysis only around 25, 50 and 60
% of input vanadium was retained in the crystallized samples from gels A, B and C, respectively.
The samples prepared with the vanadyl sulfate trihydrate as vanadium source were found to
have high catalytic activity in the oxidation reactions (subsequently carried out and described
in Chapter IV) compared to those prepared from vanadium trichloride and ammonium meta-
vanadate'and hence detailed studies have been carried out with samples prepared using vanadyl

sulfate as vanadium source.
2.3.2 CRYSTALLIZATION KINETICS
2.3.2.1 Effect of temperature

Fig.2.3 shows the influence of the temperature on the nucleation and crystallization of

VS-2 at 413, 428, 443 K (curves a, b and ¢). The curves show that the rate of crystallization of
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Table 2.2

Effect of vanadium source on physico-chemical properties of vanadium silicates

Vanadium| Si/V Si/v

Yield

Source | Gel | sample® (%)

Crystal

size (um)

Colour of the samples

Gel | As-synthesized | Calcined

val, | 40 68
VoS0, | 40 78

NH\VO, [ 40 | 182

80-85

75-80

75-80

4.0-6.0 | green

1.0-20

1.5-20

green white

white white

greenish gray | light yellow

light yellow

white

* As-synthesized sample
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Fig.2.2. SEM photographs of VS-2 samples prepared from different vanadium sources.
A (VClL), B: (VOSO,) and C: (NH,VO,).
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VS-2 significantly depends on the temperature, which strongly influences the crystallization
process. Increase in temperature decreased the nucleation period and increased the rate of
crystallization considerably. The crystallization rate is faster at 443 K compared to 428 and 413

K. The crystallization curves are characteristic of a process involving two distinct stages viz.,
1) an induction period where nuclei are formed and
2) a crystal growth period when the nuclei grow into crystals.

The formation of nuclei during the induction period is an energetically activated process
and since nucleation is the rate determining step during the induction period, the apparent
activation energy for nucleation (E,) and crystallization (E.) can be calculated using the Arr-
henius equation. Fig.2.4 illustrates the Arrhenius plots for the rate of nucleation (E,) and
crystallization (E_) of vanadium silicates. The calculated apparent activation energies for both
nucleation (E,) and crystallization (E) are 53.80 and 56.54 kJ.mol, respectively. The apparent
activation energy of E, and E_ for zeolites mainly depends on the reaction parameters such as

the nature and amount of the template, silica source and Si/M ratio.
2.3.2.2 Effect of Si/V molar ratio

The effect of increasing vanadium content in the initial reaction mixture on the crystal-
lization is shown in Fig.2.5. The crystallization becomes faster at higher values of the Si/V
molar ratio (Fig.2.5 A). Curves ‘a’ to ‘e’ represent crystallization rate from reaction mixtures
of Si/V ratio = 20, 40, 60, 80 and 160, respectively. The change in the pH of the gel during
crystallization is also plotted against time in Fig.2.5 B. A significant increase in the pH i.e. A
pH = pH-pH; (where pH, is the final pH of the mother liquor after crystallization and pH; is the
pH of the initial reaction mixture before crystallization) suggests the formation of a stable and
highly crystalline material®®. Insignificant or negative value of ApH indicates either redisolution
of less stable phase formed initially or the presence of amorphous material or both®**”. In the
case of aluminosilicates, while the incorporation of SiO, (from solution) into crystalline
framework leads to an increase in the pH, the incorporation of AlO, does not influence the pH
significantly***. However, in the case of vanadium silicates and titanium silicates (e.g. TS-2)*,
where trivalent cations and alkali metal cations are absent, the incorporation of both SiO, and

VO, (or TiO,) may lead to an increase in the pH.
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Table 2.3

Physico-chemical properties of vanadium silicates®

Si/v Si/v SifV Yield Colour
Gel sample® sample® (%)
As-synthesized calcined

20 41 52 75-80 white light yellow
40 78 79 75-80 white light yellow
60 116 122 75-80 white light yellow
80 161 161 65-70 white light yellow
160 300 302 60-65 white white

a

source of vanadium = vanadyl sulfate trihydrate
® As-synthesized sample

c

after treaiing the calcined sample with 0.5 M ammonium acetate solution at room temper-

ature.
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Fig.2.5.
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Influence of Si/V mole ratio on the crystallization (A) and on pH (B).

Curves'a'to '¢' correspond to Si/V mole ratios of 20, 40, 60, 80 and 160, respectively.
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2.3.2.3 Effect of template concentration.

In Fig.2.6 A, the influence of SiO,/TBA-OH molar ratio on the crystallization of VS-2
(V-MEL) is depicted. The corresponding change in pH is also shown in Fig.2.6 B. As expected,
with the decrease in the ratio (i.e. increase in the organic base concentration) the crystallization
becomes faster. Though the difference between curve a (SiO,/TBA-OH = 3.3) and curve b
(SiO,/TBA-OH = 5) is not much, a further increase in this ratio (curve ¢, SiO,/TBA-OH =7.5)
led to a slower rate of crystallization. However, at a SiO,/TBA-OH = 3.3, about 90% crystalline
material (compared to 96% for SiO, TBA-OH = 5 and 100% for SiO, TBA-OH = 7.5) has been
obtained. Like other high silica molecular sieves, including titanium silicates, an optimum
concentration of organic base or template leads to the formation of better crystallization product

of vanadium silicate molecular sieve.

With the increase in the TBA-OH concentration, the initial pH of the reaction mixture/gel
(pH)) increases (Fig.2.6 B) because of the high alkalinity of the template. However, a rise in
the pH accompanied the crystallization, except in the case of the composition represented by
curve ¢. The maximum value for A pH (ca. 1.25 unit) was recorded for the composition having

SiO,/TBAOH = 7.5 and followed by 1.15 for SiO,/TBAOH =5 and 0.9 for SiO,/TBAOH =3.3.

2.3.2.4 Effect of H,0/SiO, ratio

Fig.2.7 A shows that H,0/SiO, molar ratios in the range of 20-40 do not significantly
influence the crystallization. However, the more concentrated systems lead to somewhat faster
crystallization, particularly in the later stages of crystallization. The variation in pH of the gel
during crystallization is represented in Fig.2.7 B for the three different molar ratios. In this case
also, the rise in pH was quite fast following the crystallization, further supporting the results
discussed above. The effect of dilution on the crystal morphology was studied with SEM. No

significant difference in the size of crystals could be seen.
2.3.2.5 Effect of agitation

Fig.2.8 A demonstrates the effect of the method of crystallization under static conditions
(curve b) or under agitation (curve a, rotation at about 70 rpm). The crystallization was

accelerated due to agitation (vis-a-vis static), in accordance with the earlier observations on the
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crystallization of high silica zeolites™. The pH changes were found to be similar in both the
cases (Fig.2.8 B). Under agitation, smaller crystals ( 0.3 to 0.5 pm size) were formed as expected
(Fig.2.9).

2.3.3 CHARACTERIZATION

2.33.1 X-ray diffraction

Fig.2.10 depicts the X-ray powder diffraction patterns of the samples removed at different
time intervals during crystallization. The figure shows (curves a to €) the development of

crystalline material from the initial reaction mixture having the molar composition:
Si/V = 80; SiO,/TBA-OH = 5.0; H,0/Si0, = 30

Fully crystalline material can be obtained after 48 h at crystallization temperature of 443
K (Fig.2.10, curve €). The X-ray pattern of the crystalline material matched very well with that
reported for MEL structures®. The crystalline vanadium silicate-2, VS-2 (V-MEL) was found
to be free from any MFI type impurity. In the XRD pattern of VS-2, the lines at 2 6 = 9.05 and
24.05° (both these lines are characteristic of MFI structure) are completely absent. Further, a
peak at 2 8 = 45° is present as a singlet in MEL, while in MFI it is observed as a clear doublet.
In Fig.2.10, curve e clearly demonstrates that XRD pattern of the present sample, VS-2 is
consistent with all the criteria mentioned above (viz., absence of peaks at 20 = 9.05° and 24.05°

and presence of a singlet at 2 8 = 45%). Our VS-2 samples are thus free of any MFI impurity.

2.3.3.2 IR Spectroscopy

Fig.2.11 exhibits the framework IR spectra of VS-2 samples, at various stages during the
crystallization process (curves a to €), of a gel with Si/V molar ratio of 80. The absorptions
characteristic of the MEL structure develop gradually and become narrower. The peak at 550
cm exhibited a direct correlation with XRD crystallinity (Fig.2.12) An additional IR absorption
peak around 965 cm™ was also observed (Fig.2.11). Kornatowski et al.” have also observed
this IR peak in the case of VS-1 (V-MFI). Crystalline titanium silicate analogs of both MFI
(TS-1) and MEL (TS-2) also exhibit such an IR band at around 950-970 cm™ 242, which was

2,43
d 4

assigne on the basis of detailed IR studies, to a stretching mode of a [SiO,] unit bonded to

a Ti** ion (0;Si-0-TiO;). In the case of vanadium silicate molecular sieves, this peak may
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Fig.2.9. SEM photographs of VS-2samples crystallized understatic (A) and under agitation
(B).

46



Fig.2.10.

5 10 . 20 30 40 50

XRD powder paterns of samples derived from a gel composition SV = 80
SiO,/TBA-OH = 5 H,0/Si0, = 30.

Curves'a’to'e’represent samples withdrawn at intervals of 5, 10, 24, 36 and 48 hours,
respectively during crystallization.
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Fig.2.11. IR spectra of samples crystallized at various time intervals.
Composition and legend as in Fig.2.10.
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perhaps be attributed to (O;Si-O-VO;) groups. A linear correlation between the vanadium
content and the ratio of intensities of 965 to 550 cm™ band in calcined samples indicated the

progressive incorporation of vanadium in framework positions of the MEL structure.

2.33.3 ESR spectral studies

~ The ESR spectra of both the as-synthesized and the calcined samples have been recorded
at ror’Jm temperature. In the as-synthesized form, the spectra (Fig.2.13) are characteristic of
atomically dispersed and immobile V** jons. The anisotropic 8-line hyperfine splitting caused
by the *'V nucleus is very well resolved in all the cases, without the presence of any superimposed
broad singlet. The g-values and hyperfine coupling constants (g, = 1.932; g,= 1.981; A= 185
G and Ay = 72 G, which are notably different from those observed for VO2+ exchanged into
ZSM-5 and which are assigned to V* in framework positions™) are typical of vanadyl** com-

plexes 0,31,33

Fig.2.14 represents the spectra of samples synthesized by varying the
SiOy/TBA-OH ratio from 3.3, 5 to 7.5 (curves a, b and c, respectively). At high template
concentrations, the concentration of vanadium (V**} is found to be lower as seen from the ESR
signal intensity (curve a). A ratio of 5.0 (of SiO,/TBA-OH) seems to be optimum for maximum
concentration of V**(probably in lattice positions), as further increase in TBA-OH concentration

does not affect the intensity of ESR signals (curves, b and ¢ in Fig.2.14).

The ESR spectra of samples withdrawn at different levels of crystallinity during the
synthesis of a vanadium silicate with a gel composition of Si/V = 80 were also recorded. The
integrated intensities of V** signals as a function of crystallization time follow the course given
in Fig.2.15. The figure shows that crystallization of MEL and incorporation of V* in it run
closely together during the synthesis. Similarly, the integrated intensities of ESR signals of
samples of different Si/V ratios (after completion of the crystallization) were calculated. A
linear increase inthe ESR signal intensities with increasing vanadium content has been observed.
On calcination of the samples at 773 K, no ESR signals were observed either at room temperature
or at 77 K indicating the complete oxidation of V** to V** state. The oxidation is reversible

upon reduction of the sample in H,, V** can be regenerated™
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Fig.2.13. ESR spectra of as-synthesized sample Si/V = 161 (gel Si/V = 80). Inset : correlation
between ESR peak intensity and vanadium content of the VS-2 samples.
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b 125x 10°

c 1-25x10%

Fig.2.14. ESR spectra of as-synthesized samples of Si/V mole ratio of 161. Influence of
template concentration; SiO2/TBA-OH : 3.3 (curve a); 5.0 (curve b) and 7.5 (curve c).
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Fig.2.15  Variation in ESR (V*) signal intensity with percent crystallinity during synthesis.
Gel composition Si/V = 80, SiO2/TBA-OH = 5 H20/Si02 = 30.
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2.3.3.4 Thermal Analysis

Simultaneous TG-DTA of samples show (Fig.2.16) that the calcination (in air) of the
as-synthesized samples occurs exothermally around 623-633 K, coinciding with a weight loss
due to template decomposition. There are shoulders around 548 and 723 K, respectively, on

either side of the sharp exotherms.
2.3.5.5 Scanning Electron Microscopy

The scanning electron micrographs of silicalite-2 and VS-2 (Si/V = 41) samples are given
in Fig.2.17. All crystals had a distinct "rice grain" like morphology. They were found to be
uniform in size and no macroscopic amorphous material was observed in the final samples. The

largest crystals were approximately 5 pm in length (size) and < 1 um in cross section.

2.4 CONCLUSIONS

The following conclusions can be drawn from our studies:

1. Crystalline vanadium silicates having the MEL structure can be synthesized at 443 K
using tetrabutylammonium hydroxide as the organic additive. Other organic bases (like
1,8-diamino octane or trimethyl benzylammonium hydroxide) do not produce VS-2.
Vanadyl sulfate is found to be a more suitable source than VCl; or NH,VO,to synthesize

vanadium silicate molecular sieves.

2. Anincrease in Si/V molar ratio inthe reaction mixture enhances the rate of crystallization.
There exists an optimum range of values of the SiO,/TBA-OH ratio outside which the

crystallization is too slow.

3. The increase in the pH of the mother liquor (A pH) with crystallization is caused by the

incorporation of probably both V as well as Si in the framework.

4. The incorporation of V in the framework structure is feasible under optimally controlled
reaction conditions. XRD, IR and ESR data support this conclusion. These vanadium

silicates were found to be thermally stable.
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TEMPERATURE (°C)

Fig.2.16  Simultaneous TG-DTA of as-synthesized sample of Si/V = 161.
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Fig.2.17 SEM photographs of Silicalite-2 (A) and VS-2 (B) (Si/V=79).
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CHAPTER 3

PHYSICO-CHEMICAL CHARACTERIZATION




3.1 INTRODUCTION

Several researchers have studied the introduction of vanadium into the zeolites'"®, and

aluminophosphate molecular sieves'®*

. Reports have appeared recently on the synthesis of
vanadium containing zeolites with MFI structure and their interesting catalytic properties® .
The location and the state of vanadium in these zeolites are, however, still ambiguous. Recently,
Riguttoet al. and Fejes et al. have reported synthesis and characterization of vanadium containing
silicalite with MFI structure®®, It was postulated that vanadium ions are located at defect sites.
Earlier Kornatowskii et al. had also reported synthesis of vanadium silicate with MFI structure?.
In arecent report, Centi et al. have identified more than three different vanadium species, which
contained extractable and occluded vanadium in the pore structure®. V-silicalite and V-ZSM-5
samples have also been prepared recently by chemical vapor deposition of VOCI, on silicalite
and HZSM-5%. High temperature interaction of V,0, with ZSM-5 zeolite® leads to the formation
of VO™ species which replaced both strong acid protons and terminal Si-OH groups located on
the surface. Fejes et al.” have proposed a square pyramid ligand field symmetry in dehydrated
vanadium oxide-zeolite mixture and square bipyramid coordination after adsorption of water

Oor ammonia.

This Chapter describes the detailed characterization of vanadium silicates with MEL
structure. Evidence for the incorporation of vanadium ions into the zeolite framework has been
obtained from X-ray diffraction (XRD), Infra-red (IR and FT-IR), electron spin resonance (ESR),
and NMR techniques. Additional support is obtained from surface area and sorption studies.
The catalytic activity in various oxidation reactions (which will be discussed in the next chapter)

also confirm the presence of vanadium at framework positions.

3.2 EXPERIMENTAL

3.2.1 X-RAY DIFFRACTION

The samples were analyzed by X-ray diffraction to study the crystallinity and phase purity.
Rigaku (model D/MAX III VC, Japan) X-ray diffractometer, with Ni filtered Cu-Ka radiation
(A = 1.5404 A) was used to record powder diffraction profile. The samples were scanned from
20,510 50° at a scan rate of 2° min". Phase purity of the samples was worked out from the

X-ray diffraction pattern reported by Fyfe et al.”” for MEL structure. Based on the preliminary
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experiments, a sample with highest crystallinity was taken as reference sample and was used to
check phase purity and crystallinity. Peak areas were calculated from the collected data, using

a semiquantitative software programme provided with the instrument.

Silicon was used as internal standard for calibrating the 2 6 values. The unit cell parameters

were calculated for calcined samples from x-ray diffraction pattern scanned at a rate of 0.25°

min™.

3.2.2 INFRARED SPECTROSCOPY

The infrared spectra of the as-synthesized samples were recorded in FT-IR Perkin Elmer
spectrometer in the frequency range of 450 - 1400 cm™ using the Nujol mull technique. KCN

was used as the internal standard.

The spectra in the range of 4000- 1300 cm, were recorded in a Nicolet 60 SXB FT-IR
spectrometer using self supported wafers. For in-situ studies, a cell in which the temperature
can be varied from liquid nitrogen temperature to 773 K was fabricated and used. This cell was
connected to a volumetric adsorption apparatus (Micromeritics, USA, Model: Accusorb-2000
E).

The cell was basically a DEWAR flask with a modification as shown in Fig.3.1. The
sample was pressed under pressure of 5 tonfinch® into a thin pellet (5-6 mg/cm?) and mounted
in the sample holder (SH). It was then placed inside the heating compartment of the cell (HC)
and aligned with the IR beam. The cell was sealed at both the ends by potassium bromide
windows (KW) with the help of elastometer "O" rings. A thermocouple is placed in close vicinity
of the sample to measure the temperature of the sample. The side tube at the top of the cell was
connected to the vacuum system. Cold water was constantly circulated through the cooling coil
provided near the KBr windows. The sample was heated to 673 K with a heating rate of 5 K
min™, under vacuum The spectra were recorded by averaging more than 100 scans with 2 cm™
resolution. Vapors of ammonia, pyridine and benzene were admitted to the sample through the

adsorption manifold of the system.
3.2.3 ELECTRON SPIN RESONANCE SPECTROSCOPY

Electron spin resonance spectra were recorded using Bruker ER-200 D spectrometer at

9.7 GHz (X-band) with a rectangular cavity ST,,,. Modulation at 100 KHz with intensity 1.25

60



- -]

—™ VACUUM /GAS
-

DIWAR VESSEL

SAMPLE HOLDER

HEATER FOR SAMPLE

GAS IN

\ COOLING WATER IN & QUT

/ NUT & BOLTS FOR
FIXING WINDOW

!
‘A | S ELASTOMER ‘O'RING

_KBr WINDOW

IR BEAM
| SAMPLE WAFER

O

THERMOCOUPLE /

Fig3.1 FT-IR transmittance cell.

61




GPP and time constant 10°m sec. was used. The h.f. power was chosen small enough to prevent
any signal saturation. The spectra were recorded at 300 K. A constant weight of 0.1 g of the
sample was taken to record the spectra.

3.2.4 'V MAS-NMR SPECTROSCOPY

A}

The wide-line solid state®'V MAS NMR measurements of vanadium silicate samples were
recorded on a Bruker MSL-400 FT-NMR spectrometer at 105 MHz. The spectral width was
2.5 MHz and 200 m.sec repetition time was used. The spectra were from accumulation of 10,000

to 20,000 transients. Liquid VOCI;was chosen as reference to measure the chemical shift.
3.2.5 THERMAL ANALYSIS

Simultaneous TG-DTA-DTG analyses of as-synthesized and dried vanadium silicate
samples were carried out in a computer controlled thermal analyzer instrument (Setaram, France
TG-DTA92). A linear rate of heating of 10° min™ in the range from room temperature to 900
°C in air flow at a rate of 30 ml min™ was used to find out the temperature of decomposition of
template and hence the calcination temperature required for the samples. A sample volume of
about 30 mg was taken with an inert a-alumina as a reference. Detailed analysis of weight loss
due to decomposition of template and accompanying heats of decomposition have been cal-

culated from stored data of each TG-DT analysis using software programme available with the

instrument.
3.2.6 UV-VIS SPECTROSCOPY

The UV-VIS diffuse reflectance spectra of the sample were recorded in a Pye Unichem
SP-8-100 UV-Visible spectrometer.

3.2.7 ION-EXCHANGE STUDIES

The calcined samples were treated with 0.05 N NaCl for 3 h at 323 K to exchange protons
with Na. The Na form was exchanged with 0.05 N KCl for 3 h at 323 K. The solid was filtered,
washed thoroughly with deionized water and dried at 373 K for 10 h. The res;blt@nt material

was analyzed for K and vanadium ions. ~
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3.2.8 ADSORPTION STUDIES

The sorption measurements for water, cyclohexane and n- hexane were carried out gra-
vimetrically in a recording electromicrobalance (Model: Cahn-2000 G). The calcined sample
of about 60 mg was pressed into a pellet and weighed into an aluminium bucket which was
attached to the halance. The system was evacuated down to pressure of 10° torr at 673 K. After
two hours, the temperature was lowered to the desired value. The sorbate was admitted into the
sample at a constant pressure and temperature and the weight gain was recorded as a function
of time. After adsorption was over, the catalyst was heated to 673 K under vacuum in the order

of 10 torr and used for the next measurement.
3.2.9 SUSRFACE AREA MEASUREMENTS

Omnisorb 100 CX (supplied by COULTER Corporation, USA) unit was used for the
measurement of nitrogen adsorption to determine apparent surface area. The samples were
activated at 673 K for 2 hin high vacuum (10°mm). After the treatment, the anhydrous weight
of the sample was taken. The samples were then cooled to 94 K using liquid nitrogen. After
cooling, the sample was allowed to adsorb nitrogen gas. From the adsorption isotherm the

micropore area (by BET method) and mesopore area (by t-method) were calculated.

3.2.10 STEAMING EXPERIMENTS

The zeolite samples were treated in a muffle furnace to the desired temperature at a heating
rate of 2.5 Kmin™. Then the samples were cooled to room temperature and kept in a desiccator
over saturated ammonium chloride solution. The hydrothermal treatment was carried out in a

tubular furnace with steam (100 %) at atmospheric pressure.
3.3 RESULTS AND DISCUSSION

3.3.1 X-RAY DIFFRACTION

The X-ray diffraction patterns of vanadium silicates (VS-2) sample were similar to that

of silicalite-22"2

(Fig.3.2). The structure belonged to tetragonal space group 14m2 [119]. The
crystalline VS-2 was found to be free from any MFI type impurity. In the XRD pattern of VS-2,
the lines at 20 = 9.05° and 24.05° (both these lines are characteristic of MFI structure) are

completely absent. Further, a peak at 20 = 45° is present as a singlet.
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The unit cell parameters increased uniformly and regularly with the vanadium content in
the sample (Table 3.1 and Fig.3.3 A-C curve 1) suggesting the incorporation of vanadium in
the framework of the MEL structure. On steaming the samples at 873 K for 2 h, all the vanadium
silicates exhibited a reduction in the unit cell parameters to values typical of silicalite-2 (Fig.3.3
A-C curve 2), evidently due to the removal of vanadium from the framework to non-framework
positions. Silicalite-2 itself did not show any decrease in the unit cell parameters after similar
steam treatment. The results of steaming experiments thus suggest that in the VS-2 samples the

vanadium ions are in the framework positions.
3.3.2 INFRARED SPECTROSCOPY

Additional support for the location of vanadium is suggested by the observation of an
absorption band at around 965 cm™ in the IR spectra of VS-2 samples™*’ (Fig.3.4). Bands in
this region are characteristic of metal oxygen stretching vibrations. Titanium silicates (both
TS-1 and TS-2) containing titanium in the lattice positions and vanadium silicate with MFI
structure also exhibit this band around 960 cm™ due to Si-O-Ti linkages™*"**. This band is
absent in the IR spectra of pure silicalite-2 as well as silicalite-2 impregnated with oxides of
vanadium (or titanium®%). The intensity of this IR band increased linearly with vanadium
content in VS-2. The ratio of 965 to 550 cm™ band also increases with unit cell parameters
(Fig.3.3 D). The band at 550 cm™ is characteristic of the MEL framework structure. IR spec-

troscopic results, thus, lend additional support to the presence of vanadium in framework

positions.

Fig.3.5 illustrates the IR spectra of the calcined samples in the hydroxyl stretching region
(4000 - 2800 cm™) after outgassing in vacuum at 673 K. A sharp band at 3728 cm™and a broad
band at 3532 cm™ can be seen. The former is due to terminal silanol groups and the latter is
assigned to H- bonded hydroxyl groups®. The sharp peak due to isolated silanols, probably
located on the external surface, is present in pure silicalite-2 also (Fig.3.5 curve d) The broad
band at 3532 cm™ is found in all vanadium silicate samples, their intensity increasing with the
vanadium content. Centi et al.®* have in addition reported a band at 3682 cm™, attributed to less
thermally stable -OH groups. This band is also present but as a shoulder in our samples (Fig.3.5)
The band ascribable to V-OH vibration, however, is not clearly distinguished due probably to
the broad nature of the 3532 cm™ band and the low vanadium content in the samples. It was

earlier suggested that the vanadium ions are probably at surface defect sites where the Si-OH
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Fig.3.4. Framework IR spectra of VS-2 samples (calcined 753 K).
Curves‘a‘to‘e’represent samples with Si/V 41, 79, 122, 161 and 302, respectively and
silicalite-2 (curve f).
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concentration is likely to be high®**”. That the formation of such sites could be enhanced by
the presence of vanadium during the hydrothermal synthesis is indicated by the linear increase
in the total integrated intensity of the absorption in the region 3850 to 3150 cm™ with the
vanadium content in the three samples, (inset in Fig.3.5). Irrespective of the differences in the
preparation of vanadium silicates, this correlation supports the model proposed for V-MEL”
and V-MFI™** molecular sieves for the possible environment of vanadium in the pentasil

structure.

In order to study the surface acidity of the above samples, adsorption of ammonia was
performed on vanadium silicate (Si/V = 79). The spectra on desorption of ammonia from the
calcined sample at various temperatures are shown in Fig.3.6. Two bands at 1680 cm™ and 1450
cm™ due to ammonium ions (&, and &, of NH ", respectively) indicate the presence of Bronsted
acid sites” ™, The intensity of these bands decreased drastically on evacuation even at 373 K
indicating the presence of only weak Bronsted acid sites. At 373 K when most of the bands due
to Brénsted acidic sites have disappeared, a distinct band at 1620 cm™ is seen clearly. This band
is due to ammonia coordinatively bonded to Lewis acid sites®. Bronsted acid sites, were not
observed in pure silicalite. These observations are in broad agreement with the recent report of
Centi et al* on vanadium silicate (Si/V = 262) with MFI structure. However, the presence of

a distinct band at 1620 cm™ after evacuation at 373 K had not been observed earlier.

The spectra of the adsorbed pyridine after evacuation at 323 K for the three vanadium
silicates and pure silicalite-2 are presented in Fig.3.7 (curves a to d, respectively). Fig.3.8
illustrates the spectra of adsorbed pyridine on vanadium silicate (Si/V = 79) after evacuation at
323, 373 and 423 K (curves a, b and c), respectively. A weak band at 1581 cm™ observed in
the spectra supports the presence of H-bonded pyridine®®. In addition, a weak band at 1547
cm’ due to Bronsted acid sites (due to the formation of pyridinium ions) is seen in the vanadium
silicate samples. This The 1547 cm™ band is absent in pure silicalite-2 and . The intensity of
this band increases with the vanadium content. The pyridinium ions on vanadium silicates are
unstable on evacuation at 423 K (Fig.3.8). Hence, only weak Brénsted acid sites are present in
the vanadium silicates. They are probably related to V-OH species. This is in agreement with

the sodium ion-exchange behavior of the samples reported earlier (Table 3.1)*%4%,

Centi et al.*

using adsorption probe molecules such as ammonia, pyridine, duterated

acetonitrile and fert-butylcyanide reported the presence of stronger Bronsted acid sites in the
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Fig.3.5.
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FT-IR spectra of vanadium silicate-2 and silicalite-2 samples.

Curves'a'to'c’refer to VS-2 samples with Si/V mole ratios of 79, 122 and 161, respectively
and curve d for silicalite-2.

Inset : correlation between integrated intensity of IR absorbance in the range 3850-3150
cm™ and mole fraction of vanadium in various VS-2 samples.
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Fig.3.7. FT-IR spectra after adsorption of pyridine at 303 K and evacuation at 323 K.
Curves'a'to'c’refer to VS-2 samples with Si/V =79, 122 and 161, respectively and curve
d for silicalite-2.
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vanadium silicate-1 (V-MFI) compared to pure silicalite-1. They have also reported that very
weak Lewis acids are present on the external surface of both VS-1 and pure silicalite, but
additional stronger Lewis site are present inside the zeolite channels in VS-1. Our results on
vanadium silicate with MEL structure are in agreement with those proposed for vanadiumsilicate

for MFI structure®.
3.3.3 ELECTRON SPIN RESONANCE SPECTROSCOPY

The ESR spectra of both the as-synthesized and the calcined samples have been recorded
at room temperature. In the as-synthesized form, the spectra (Fig.3.9) are characteristic of
atomically dispersed and immobile V** ions. The anisotropic 8-line hyperfine splitting caused
by the *'V nucleus is very well resolved in all the cases, without the presence of any superimposed
broad singlet. The g-values and hyperfine coupling constants (g,= 1.932; g;= 1.981; A,= 185
G and A, = 72 G), are notably different from those observed for VO2+ exchanged into ZSM-5.
They are assigned to V* in framework positions™. The latter are typical of vanadyl*

complexes'$2032,

Similarly, the integrated intensities of ESR signals of samples of different Si/V ratios (after
completion of the crystallization) were calculated. A linearincrease in the ESR signal intensities
with increasing vanadium content in the samples and a corresponding parallel increase in the
unit cell volume (calculated from the XRD data) of the synthesized samples, as presented in

Fig.3.10 A, strongly suggest that V** ions are incorporated at framework positions.

Identical spectra were obtained at 298 K and 77 K indicating that V* ions are not in
tetrahedral symmetry positions (Fig.3.9 curve a). On calcination of the samples in air at 753 K,
the samples did not exhibit any ESR spectra either at 298 or at 77 K (Fig.3.9 curve b). The V**
ions are probably oxidized to the V** (d°) state on calcination. The complete oxidation of V**
to V** indicates the absence of any polymeric vanadium clusters. On reducing the calcined
samples at 673 K in H,, the typical spectrum of V* reappeared (Fig.3.9 curve c) indicating the
reversibility of the V¥ <--> V**transition. This is further confirmed by the observation of V**
ESR signals for the sample after catalytic reaction with hydrocarbons (Fig.3.9 curve d). Table
3.2 compares the ‘g’ values and hyperfine coupling constants (‘A’) observed in VS-2 with those
observed in other but similar matrices. Inthe closely related vanadium silicalite-1(VS-1) system,
Rigutto and van Bekkum® concluded that vanadium is five coordinate (square pyramidal),

probably at defect sites. The different ESR signal response with the magnetic field for samples
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Fig.3.9. ESR spectra of as-synthesized vanadium silicalite-2 (a), calcined (b), calcined and
reduced (c) and after use in catalytic reaction (d).
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with VO*" in ion-exchanged positions and V**in the framework positions of ZSM-5 has recently
been discussed by Fejeset al.”. In their study, notable differences were observed in the parallel
component of the ‘g’ tensor and the elements on the main diagonals of the hyperfine coupling
tensors of VO™(ex)-ZSM-5 (vanadium at exchangeable cation positions) and V*(f)-ZSM-5
(vanadium at framework positions) zeolites, due to a displacement of the V**(f)-ZSM-5 spectrum
to higher fields as shown in Fig.3.10 B. The shift of the first parallel lines was 51.9 gauss which
diminished to 15.5 gauss for the 8th line, due to the greater width of VO*(ex)-ZSM-5 spectrum.
The observed ‘g’ values in our samples are consistent with the argument that the V**ions are in
the framework positions in addition to being well dispersed and immobile. Inthe case of VAPO-5
system, Montes et al.* proposed that vanadium in as-synthesized VAPO-5 is V** in a vanadyl
like environment and that upon calcination in O, at 773 K most of the vanadyl species were

converted to V>* in framework positions. This transition was found to be reversible on reduction.

The calcined samples at higher temperatures are white in color. However, in contact with
water vapor they turn yellow in color. At higher temperatures, the net positive charge of the
framework caused by the presence of V** ions can be compensated by O ions only (Fejes et
al.® reported ESR signal due to O, ion radical with g = 2.0027 for incompletely oxidized
samples, in contact with oxygen, confirming the interaction of framework elements with gaseous
oxygen). In contact with water vapor they undergo hydration causing the change in color from
white to yellow. This indicates that the yellow color is caused by the hydration and not by the

oxidation state of vanadium ions®.
{V#0,} + 0, ---> {V**0,}* O,.
[2{V**0,}]O* + H,0 ----> 2{V**0,}*.OH

The H"ion of these V-OH groups can be exchanged with Na* ions. Based on the adsorption

studies of ammonia and pyridine described earlier, they are weakly acidic in nature.
3.3.4 °'V MAS-NMR SPECTROSCOPY

The *'V NMR spectrum of a vanadium silicate sample (Si/V = 79) is shown in Fig.3.11
a. The spectrum is quite complex due to simultaneous line-broadening effects arising from
second order quadrupolar and chemical shift anisotropy interactions. The spectrum shows a
main signal at -573 ppm (relative to VOCI,). The observed line width at half-height (approx-

imately 50 ppm) is much narrower than that reported (around 250 ppm) for other supported

76



Lt Lot
2 g
= *
>

2 :
2 5375 5
w <]
= >
E -
= o
L Q
& =
x z
“ 2
w 5350

(ves)

Fig.3.10A.  Correlation between vanadium content and integrated ESR signal intensities
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Table 3.2

Principal Values of g and A for V* in some host matrices.

S.No Sample Temp. (K) gn g, A, Ay ref.
1. VS-2
As-synthesized 298 1.932 | 1.981 185 72 29, 30
77 1.935 | 1.981 185 70
Reduced in Hydrogen 298 1.933 | 1.972 185 71
77 1.929 | 1.975 185 69
2. VS-1
As-sinthesized 298 1.935 | 1.994 183 69 22
Reduced in benzene 298 1.935 | 1.996 179 65
3. V¥ (f) - ZSM-5
As-synthesized 1.949 | 1.990 | 185.8 72.5 23
vo* (ex)-ZSM-5 1.963 | 2.007 | 190.8 75.4
4. VAPO-5
As-synthesized 300 1.932 | 1.983 198 78 20
77 1.932 | 1.983 198
5. V-ThGeQ, 71 1.831 1.980 166 32 50
(V*inT)
6. | Ga,NaMg,V,0, 4.7 1.855 | 1.980 | 152 30 51
(V*in Ty
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vanadium oxide catalysts®*

. The *'V NMR spectrum of a vanadium silicate prepared using
VCl, as the source of vanadium (instead of VOSO,) is shown in Fig.3.11 b. The main signal is
around -513 ppm, with aline width of about 60 ppm. Monomeric orthovanadates such as Na,VO,
and Mgy(VO,), containisolated tetrahedrally coordinated vanadium ions in a nearly symmetrical
environment and show characteristic **V NMR spectrum of narrow symmetrical lines centered
around -550 ppm***, The wide line *'V NMR spectrum of V,05, which has a square pyramidal
geometry around V is, on other hand, dominated by a central line around -300 ppm*>*. The
absence of an absorption band around -300 ppm shows that no V,O-like phase is present in our

samples.

Rigutto er al.”

have reported a main signal at -500 ppm for their samples (with MFI
structure) prepared using vanadyl sulfate. For vanadium silicates (MFI) prepared using VCl,
as the vanadium source, Centi et al.*, on the other hand, reported a symmetrical spectrum with
aline centered at - 480 ppm and ascribed the line shape to the presence of V** sites in a nearly
syﬁmetrical tetrahedral environment. The considerable shift in the line position from that
normally observed for orthovanadates (-520 to -590 ppm) was attributed by them to the presence
of a slightly shorter V-O bond length. For a ZSM-5 (Si/Al = 30) sample treated with VCl, at
600°C for 48 h., Fejes et al. observed the *'V NMR signal at -512 ppm*’. In the same study,
vanadium silicate prepared using VO(COO), in the synthesis mixture exhibited two signals at
- 567 ppm (10 %) and - 575 ppm (90%), respectively They concluded that at least two different
V** species both in the framework positions of MFI are present in their samples. These results
clearly show the difference in the environment of the vanadium in samples synthesized using
different vanadium sources and synthesis procedures. The single signal for *'V observed in our
studies (Fig.3.11) indicates that vanadium ions are located in a single structural environment.
The value of the chemical shift (-573 ppm) and linewidth (50 ppm) in the sample prepared using
vanadyl sulfate as the raw material suggests that the vanadium ions in these samples are located
in framework positions with, perhaps, distorted tetrahedral symmetry. More detailed studies
using samples prepared under well defined conditions are needed for a definitive assignment of

NMR signals of 'V in vanadium silicates.
3.3.5 UV-VIS SPECTROSCOPY

The optical absorption spectra of VS-2 samples are presented in Fig.3.12. The bands

below 400 nm arise from O --> V charge transfer transitions. No significant absorption was
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Fig.3.11. *'V MAS-NMR spectra of VS-2 samples prepared using VOSO, (Si/V = 79,
spectrum a) and VCI,(Si/V = 68, spectrum b) as source of vanadium.
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observed in the 400 - 800 nm region (consistent with the white color of the material). The
absence of any absorption above 550 nm shows that no V* ions in tetrahedral coordination are
present'®*. The electron charge transfer energy is strongly influenced by the number of ligands
on the central ion and gives information on the coordination of the vanadium in the clusters**,
It has been reported that when the number of the ligands on vanadium decreases from 6 to 4,
the absorptions shift to shorter wave length and that tetrahedrally coordinated V** shows
absorption around 350 nm***. The VS-2 samples show absorption at 310 nm which may indicate

distorted tetrahedral environment around V** ion.
3.3.6 THERMAL ANALYSIS

Simultaneous TG-DTA of samples show that the calcination of the as-synthesized samples
in air occurs exothermally (Fig.2.16). The decomposition around 623-633 K, coincides with a
weight loss due to template decomposition. There are shoulders around 548 and 723 K,
respectively, on eitherside of the sharp exotherms. The template removal and weight loss occurs
endothermally in the presence of argon (Fig.3.13) between 523 and 773 K. The well-resolved
exotherms in the presence of air and endotherms in the presence of argon point to diffusional
hindrances for the template removal. In argon, a first weight loss accurs between 373 K and

523 K, which corresponds to water removal and is accompanied by a broad DTA endotherm.

3.3.7 ION-EXCHANGE STUDIES

The cation ( Na*) exchange capacities of vanadium silicate-2 samples with different Si/V
ratios are given in Table 3.1. Ion exchange capacities indicate the presence of exchangeable

protons. These are most probably due to V-OH groups.

3.3.8 ADSORPTION STUDIES

The sorption capacities of water, n-hexane, cyclohexane (at p/p,= 0.5 and T = 298 K) on

vanadium silicates with different Si/V ratios and silicalite-2 are given in the Table 3.1.

The values in Table 3.1 are comparable to those reported for silicalite-2 and metallosilicate
analogs with MEL structure®™. The adsorption capacities for n-hexane and cyclohexane do not
vary with of Si/V ratio. However the sorption capacities of water decrease with increase in Si/V
ratio. Sorption capacity of water is indicative of the relative hydrophobicity/ hydrophilicity of
the molecular sieves and is dependent on Si/V ratios. The equilibrium sorption capacities for

the larger molecules of cyclohexane are lower than for the linear n-hexane.
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Fig.3.13.  Simultaneous TG-DTA of as-synthesized sample with Si/V = 79 in argon
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3.3.9 SURFACE AREA MEASUREMENTS

N
The low pressure (p/p, = 0.001) nitrogen adsorption isotherm at liquid nitrogen temperature

is typical of microporous material. The apparent surface area of the vanadium silicates with
different Si/V ratios are given in Table 3.1. In VS-2 samples, a high surface area of the order
500 - 550 m*/g and a t area (due to mesoporous impurities) of only 20 - 40 m?/g, indicate that

the content of amorphous phase in the samples is very small.

3.4 CONCLUSIONS

The results bearing on the structural identity of the vanadium in the VS-2 samples may

be summarized as follows :

1. There is alinear and progressive increase in unit cell parameters (from X-ray diffraction)
of the MEL lattice with increase in vanadium content. On hydrothermal treatment the
unit cell parameters decrease to values characteristic of vanadium-free silicalite-2,

presumably due to exit of vanadium from MEL framework positions.

2. The intensity of the framework IR adsorption band around 965 cm™ (probably due to
Si-0O-V linkages) also increases linearly with the vanadium content and the crystalline

unit cell volume of the vanadium silicate material (Fig.3.3 and 3.4).

3. There is a correlation between the vanadium content and the concentration of H-bonded
hydroxyl groups (Fig.3.5). It is possible that a) the presence of V ions during the
hydrothermal synthesis enhances the concentration of such hydroxyl groups and that b)
the hydroxyl groups once formed bind the vanadium ions in a coordinative manner to

generate VS-2. This observation supports the model for vanadium silicate proposed

. v
earlier 2%,

4. There are weak Bronsted and Lewis acid sites on VS-2 as may be seen from the spectra

of adsorbed ammonia and pyridine at various temperatures (Fig.3.6 - 3.8). They originate

from the modification induced by vanadium in the silicalite structure.

5. The *'V NMR spectra of VS-2 reveal that the nature of the vanadium species depends
strongly on the source of vanadium used in the synthesis. Samples prepared from VOSO,

contain only one vanadium species with a chemical shift parameter of -573 ppm and
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and those of others”

signal linewidth of 50 ppm, similar to thpse observed in monomeric orthovanadates and
contain isolated vanadium ions in distorted tetrahedral coordination. Clusters of vana-

dium as well as V,04-like phases are absent.

ESR experiments indicate that in the as-synthesized samples, the vanadium occurs as
atomically dispersed V**ions. On calcination in air the spectra disappear indicating the
complete oxidation of V** to V>* species. Reduction in H, restored the original spectra.
The vanadium ions are, hence, accessible to gas molecules and the V** <--> V** transition
is reversible. The complete oxidation of V** to V** upon calcination indicates the absence

of any clustered vanadium.

The observed ‘g’ values and hyperfine coupling constants (g,= 1.932; g, = 1.981; A=
185 G and A= 72 G) are notably different from those observed for VO** exchanged into
ZSM-5 and are assigned to V** in framework positions. A linear increase in the integrated
intensities of ESR signals and the unit cell volume of the samples with vanadium content
(Fig.3.10) suggest that the atomically dispersed vanadium ions observed by ESR spec-

troscopy are located in the MEL lattice framework positions.

Adsorption experiments indicate that the pore volume is free of occluded oxides of

vanadium.

Vanadium silicate samples have exchangeable protons, as indicated by Na* ion exchange

capacity and adsorption of probe molecules.

A possible structure and environment of the vanadium in VS-2 consistent with our results

222

* (for other systems like VS-1 and VAPO-5%) may be envisaged as shown

in Fig.3.14. The proton of the OH group attached to the vanadium can be exchanged for Na*
ions (as ind&cd observed).

The vanadium ions are probably coordinated at defect sites wherein the concentration of

SiOH groups is likely to be high. This tentative model is consistent with several of the above

observations. During the preparation of pure silicalite, only some silanal groups are present on

the external surface due to defects or crystal faults. It is quite possible that specific defects are

created by the presence of vanadium during hydrothermal synthesis and that these are associated
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with the stabilization of vanadium in the silicalite structure. The linear increase in the integrated

intensity of the IR band (3550 cm™) with the v\anadium content of the sample supports this
hypothesis.
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CHAPTER 4

CATALYTIC OXIDATION REACTIONS




4.1 INTRODUCTION

The presence of transition metal sites in a molecular sieve has potential for generating
oxidation catalysts with shape selective properties. Unlike the conventional aluminosilicate
zeolites, the titanium analogs, TS-1 and TS-2 (with MFI'? and MEL:_s:tructurés, respectivgﬁ
are effective in oxidation reactions such as hydroxylation of aromalics’j?oxidation of alkanes®Y
ammoximation of cyclohexanoné@ selective oxidation of a]cohol@ epoxidation ofoleﬁn@
with aqueous hydrogen peroxide as oxidant and oxidative dehydrogenation of ethanol to ace-
taldehyde in presence of molecular oxygen"”. The first commercial process using titanium
silicate (TS-1) as catalyst was the hydroxylation of phenol to hydroquinone and catechol
introduced by Enichem, Italy. Vanadium incorporated molecular sieves are also expected to
have interesting properties in various oxidation reactions particularly, since V¥ <---> V*
transition is possible for the lattice vanadium. They are found to catalyze various oxidation

reactions in presence of aqueous hydrogen peroxide'*"’.

Vanadium containing molecular sieves are reported to be active in the conversion of

18,19 20-23

?

methanol to hydrocarbons™", reduction of nitrogen oxides and ammoxidation of xylenes

24-26

oxidation of butadiene to furan®**, ammoxidation of propane to acrylonitrile”’, oxidative

dehydrogenation of propane to propylene® and aqueous ethanol to acetaldehyde in the presence

of molecular oxygen®.

This Chapter presents the studies carried out on the catalytic properties of vanadium sil-

icates in the following reactions:

1. Oxyfunctionalization of alkanes

2. Hydroxylation of benzene and phenol
3. Oxidation of alkyl aromatics

4. Oxidation of aniline and

5. Oxidation of sulfides

4.2 EXPERIMENTAL
4.2.1 PREPARATION OF CATALYSTS

Details of the synthesis of vanadium silicates of different Si/V ratios and their charac-
terization were presented in Chapters Il and III. The calcined vanadium silicate samples were

treated with 1N ammonium acetate and recalcined at 753 Kin air for 6 h before use in catalytic
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reactions. For comparison, vanadium impregnated silicalite-2, silicalite-2, ZSM-11 and titanium
silicates (TS-1 and TS-2), have also been investigated in the oxidation reactions. They were
prepared following the procedures reported in the literature****?, Vanadyl sulfate was used to

prepare vanadium impregnated silicalite-2 samples.
4.2.2 CATALYTIC REACTIONS

4.2.2.1 Alkane oxidation

The oxidation of alkanes was carried out in a stirred autoclave (Parr Instrument, USA) of
300 ml capacity at 373 K under autogenous pressure. Typically, 0.1 g of the catalyst, 2.53 g of
26 % (by wt.) aqueous H,0, (alkane/H,0, = 3 moles) and 5 g of alkane were mixed in 25 ml of
acetonitrile (solvent) and the reaction was carried out for 8 h. After the completion of the
reaction, 25 ml of acetone was added to the products, which were then separated from the catalyst
by filtration and analyzed by GC (HP 5880) using a capillary (crosslinked methylsilicone gum)
column and flame ijonization detector. The identity of the products was confirmed by GC mass

spectroscopy (Shimadzu GCMS-QP 2000A) using standard compounds.

Oxidation of cyclohexane was carried out in a similar way except that the amount of

catalyst used was 0.5 g.
4.2.2.1 Oxidation of aromatics, substituted aromatics and sulfides

The oxidation of benzene, phenol, toluene, and aniline as well as the oxidation of sulfides
were carried out in batch reactors. In a typical reaction, 100mg of catalyst was dispersed in a
solution containing 1 g of reactant and 10 g of solvent. The mixture was vigorously stirred and
H,0, was then added. After completion of the reaction, the products were separated from the
catalyst and analyzed by GC (HP 5880) using a capillary (crosslinked methylsilicone gum)

column and flame ionization detector (FID).

4.3 RESULTS AND DISCUSSION

4.3.1 OXYFUNCTIONALIZATION OF ALKANES

The introduction of oxygen containing functional groups in alkanes proceeds with low
selectivities over most homogeneous and heterogeneous catalysts. The catalysts used in alkene
oxidation are ineffective for alkanes™*. Many transition metal complexes, on the other hand,

are very effective in C-C bond cleavage leading to complete oxidation to respective acids™.
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Oxyfunctionalization with high selectivities was reported on natural and synthetic metallo-
porphyrin systems** and on vanadium (V) oxo peroxo complexes®. The use of zeolites and
molecular sieve-based catalysts in the oxidation reactions has been reported in recent times.
Titanium silicates exhibiting a pentasil structure (both TS-1 and TS-2) have been found to
catalyze the oxidation of a variety of organic substrates with an aqueous solution of H,0," and

are selective in the oxidation of alkanes®®,

Vanadiumssilicate molecular sieves can oxidize unactivated alkanes under mild conditions
with aqueous hydrogen peroxide. Unlike titanium silicates, vanadium analogs are able to oxidize
also the primary carbon atoms of alkanes as well to corresponding primary alcohols and alde-

hydes'®",

A. Activity of different catalysts

A comparison of the activity of VS-2, silicalite-2, Al-ZSM-11, vanadium-impregnated
silicalite-2 and titanium silicate (TS-2) (all crystalline samples with MEL structure) in the
oxidation of n-hexane is given in Table 1. The major products of the reaction are 2- and 3-
hexanols and hexanones. In addition, 1-hexanol and 1-hexanal were also detected on VS-2.
Small quantities of other products with more than one functional group (e.g. dihydroxyalkanes)
and lactones were also detected but were not analyzed in detail. The results show that the most
active catalysts are TS-2 and VS-2 (n-hexane conversions 15.9 and 14.6 mole % respectively),
which are also the most selective for the formation of monofunctional compounds. On all the
other samples (not containing V or Ti in framework positions), including the vanadium
impregnated silicalite-2 sample, both the activity and the selectivity are very low (hexane
conversions 2.8 - 3.6 mole %). Between TS-2 and VS-2, the oxyfunctionalization of the primary
carbon atoms leading to the formation of primary alcohols and aldehydes is observed only with
the vanadiumssilicate. It has also been observed that in addition to VS-2, other vanadium silicates
such as VS-1 (with MFI structure) and V-NCL-1 (the vanadium silicate analogue of NCL-1, a
novel large pore molecular sieve'”) also exhibit this unique catalytic property of oxyfunction-
alizing the primary carbon atom in alkanes and in the side chain alkyl groups of aromatics.

Toluene, for example, yields benzyl alcohol and benzaldehyde in addition to cresols'**®.

An examination of the product distribution shows that the activation of the carbon atom
at the second position is preferred to others and the activation follows the order, 2> 3 > 1 on

vanadium silicates. Investigation of the oxidation kinetics revealed that the ratio of (aldehyde
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+ ketones) to alcohol increased with time as shown in Fig.4.1. This suggests that the aldehydes
and ketones are secondary products from the corresponding primary and secondary alcohols.
After 8 h, the product distribution levelled off. A higher (aldehyde + ketone) to alcohol ratio
in the product distribution in the case of VS-2 compared to TS-2 (2.77 and 1.27, respectively,
Table 1) indicates a greater oxidation ability of the vanadium silicates compared to titanium

silicates in the secondary oxidation reaction.
B. Oxidation of n-heptane, n-octane and cyclohexane,.

In addition to n-hexane, the oxidation of n-heptane, n-octane and cyclohexane has been
studied on a VS-2 sample, with Si/V =79 at 373 K (Table 2). The results are similar to those
observed in the case of n-hexane. The oxyfunctionalization of the secondary carbon atom is
preferred eventhough significant quantities of primary alcohols and aldehydes are formed with
both C, and C; substrates. The product distribution is in the order, 2C > 3C > 4C > 1C. No
regio selectivity has been observed in these cases. Oxidation of cyclohexane, on the other hand,
leads to cyclohexanol and cyclohexanone with very small concentration of oxygenates with
more than one functional group. The product selectivity is, therefore, considerably higher than
observed in the oxidation of n-alkanes. However, the oxidative conversions and the H,0,
selectivities decreased in the order n-Cy > n-C, > n-Cy> cyclohexane (Table 2). This order is
consistent with the observed large decrease in the diffusivity of these alkanes in zeolites with

increasing chain length and molecular size®’.

C. Influence of solvent

The effect of solvent on the oxidation of n-hexane in the presence of VS-2 (Si/V = 79)
has been studied by employing other less-polar solvents than acetonitrile. In methanol and
acetone, the conversions are lower Le. 9.1 and 5.4 mole %, respectively (Table 3). Acetonitrile
is found to be the most effective solvent with the highest selectivity to monosubstituted products.
The activity and H,0,selectivity seems to be related to the polarity of the solvent and decreased
in the order, acetonitrile > methanol > acetone. The product distribution, however, in both
methanol and acetone is similar to that in acetonitrile. A change of solvent from the non-polar
acetone to mixtures of acetone and acetonitrile and then finally to the more polar acetonitrile
increases both the conversion and H,0, selectivity (Table 3). On titanium silicate, on the other

hand, the rates are not influenced by the polarity of the solvents™. Indeed, in non-polar solvents
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Fig.4.1.  Oxidation of n-hexane over VS-2 (Si/V = 79) at 373 K in the presence of
aqueous acetone. Other conditions as given in Table 4.1. Curves a to ¢ represent,

hexane conversion, ketones + aldehydes and alcohols, respectively.
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such as acetone, fairly high conversions (of the order of 20 to 25 mole %) and high H,0,
selectivities have been reported both on TS-1 and TS-2 samples’. Moreover, a changeover to

more polar solvents retarded the rate of oxidation on titanium silicates™.

D. Influence of vanadium content

The oxidation of n-hexane was carried out over three VS-2 samples with different vana-
dium contents (Si/V = 79, 122 and 161, respectively) under identical conditions. The results
are given in Table 4. As expected, the conversion and selectivity of the samples increased with
vanadium content. However, the increase in the activity is not linearly proportional to the
vanadium content of the samples. The alcohol to (aldehyde + ketone) ratio is higher on the two
low vanadium containing samples showing that the secondary oxidation from alcohol to alde-
hydes and ketones is slower on these samples. The higher vanadium in the sample with Si/V =
79 leads to a more extensive secondary oxidation. Interestingly, the oxyfunctionalization of the
primary carbon atom is enhanced at higher vanadium content as seen from increasing concen-

tration of (1-ol and 1-al) in the product with increasing vanadium content in the catalyst.

E. Influence of n-hexane to H,0, ratio

While maintaining the concentration of n-hexane constant (0.058 moles), the concentration
of hydrogen peroxide in the reaction mixture was varied during the oxidation of n-hexane. The
results are given in Table 5. Conversion, as expected, increases with increasing H,0, content.
The selectivity for alcohols, ketones and aldehydes decreases marginally (80.4 to 75.7 %) due
to the formation of polyoxygenated products. The H,0, selectivity also decreases at higher

H,0, concentrations due to the formation of polyoxygenated compounds and greater loss of

H,0, by decomposition into H,0 + O,.
F. Influence of temperature

Conversion increases with temperature. Ona given VS-2 sample (Si/V = 79), the observed
conversions of n-hexane at 353, 373 and 393 K are 9.0, 14.6 and 16.8 mole %, respectively
(Table 6). Beyond 373 K, the selectivity for monoxoygenated products decreases. A marginal
decrease in H,0, selectivity was also observed. In the product distribution, the 2/3 ratio
(2-substituted/ 3- substituted products) decreased from 1.4 to 1.0 with increase in reaction

temperature.
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G. Mechanism of Oxidation

Vanadium(V) peroxo complexes in non-protic solvents are effective oxidants of olefins
(to epoxides), aromatics (to phenols) and alkanes (to alcohols and ketones)®. This reactivity
was attributed to a peroxo radical V**-O-O  species generated from peracid-like forms, which
adds to double bonds or aromatic nuclei and abstracts hydrogen from alkanes to give a carbon
radical intermediate®. The peroxo complexes are derived from the reaction of the V=0 groups

with H,0, and may be represented as :

g 8o
H ]
+ - hd ~4 f
0—0 —0 0—2o0 0 0 0 0
\ / / / \ / \ /
\" V \"
a b c d e

In the homogeneous medium, the oxidation is usually carried out in non-protic solvents
such as CH,CN, the reaction rate being retarded in protic solvents like CH,OH. Protic solvents
probably inhibit the formation of intramolecular hydrogen-bonds. The formation of the peroxo
radical was detected (an ESR signal with g = 1.987), when VS-2 was added to a mixture of
n-octane and H,0,. This signal was not observed in the absence of VS-2. The intensity of the
signal increased upto 30 min and then decreased. The formation of the radical and its subsequent

decay by reaction with the alkane molecules may be envisaged to proceed as given below :

o
L.
o]
o
I
o
b o

/\ e /\ /\
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In this scheme, a hydrogen atom of the alkane is abstracted by the diradical, ¢ to give an
intermediate carbon radical. The latter combines with a hydroxyl radical coming from V*-
0-0-H (species f) to give an alcohol molecule and the V**oxo complex (g). Peroxo species like
¢ may be generated by the rearrangement of the intramolecularly hydrogen-bonded
oxo-hydroperoxide species like €. Only isolated V** species are probably involved in the
formation of such peroxo moieties and hence, it is not surprising that the vanadium impregnated

silicalite sample (which probably contains vanadium clusters) are inactive in this reaction.
4.3.2 OXYFUNCTIONALIZATION OF CYCLOHEXANE

Among the alkane oxidation reactions, the conversion of cyclohexane to cyclohexanol
and cyclohexanone is industrially important. At present, oxidation of cyclohexane is carried

out over transitional metal catalysts®. In a recent report, titanium silicate-2 (TS-2) was found

to be selective for this reaction®.

Table 7 illustrates the oxidation of cyclohexane using aqueous hydrogen peroxide on
vanadium silicate, VS-2. In all the experiments, the major products were cyclohexanol and
cyclohexanone. Small amounts of compounds with more than one functional group were also
detected. Increasing temperatures also favour the formation of cyclohexanone. Increase in the
content of H,0, favours the formation of higher amounts of cyclohexanol with an increases in

the cyclohexane conversion. Hydrogen peroxide selectivity, however, decreases.

The activity and selectivity of H,0, increases with vanadium content suggesting that the
vanadium ions are active centers. Conversion of cyclohexane on three catalysts with different
Si/V ratios of 79, 122, 161, are 13.0, 8.6 and 7.0 mole %, respectively. Increase in the amount

of catalyst also increases the cyclohexane conversion.

4.33 HYDROXYLATION OF BENZENE

The hydroxylation of benzene to phenol in the liquid phase using many metallic systems
such as Fenton’s reagent ( Fe?*-H,0,)*, the Udenfriend system (Fe**-EDTA-ascorbic acid-O,
or H,0,)*? and Hamilton’s reagent (Fe**-catechol-H,0,)* was well studied. Kinoshita er al*
reported that benzene was hydroxylated by air under ambient conditions in the presence of

cuprous chloride. Orita et al.* oxidized benzene with the cuprous-chloride-dioxygen catalytic
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system. Vapor phase hydroxylation of benzene using nitrous oxide on acidic zeolites such as
ZSM-5, FeZSM-5"“*" has been reported. A direct catalytic hydroxylation of benzene efficiently

using titanium silicate (TS-1) has recently been reported’.

Table 8 compares the activities of VS-2, Silicalite-2, V impregnated silicalite-2, V,0,
and TS-2 in the hydroxylation of benzene. The active catalysts for hydroxylation of benzene
are vanadium and titanium silicates. Apart from phenol, the presence of secondary oxidation
products such as para -benzoquinone was also observed in the products. No hydroxylated
products were observed in this reaction on pure silicalite-2, on vanadium impregnated
silicalite-2, or on vanadium pentoxide and in blank experiments. This shows that as in the case
of titeaitm silicates only those vanadium ions, which are probably in the framework positions,
are able to catalyze the hydroxylation of benzene. However, the selectivity of H,0, on vanadium
silicates is lower compared to titanium silicates. This may be due to the faster decomposition

of H,0, on the active vanadium centers compared to titanium ions.

OH 0
H202
T vs-z2 * +
(@]

Table 9illustrates the influence of various solvents on the catalytic activity of the vanadium
silicates in the hydroxylation of benzene in presence of aqueous hydrogen peroxide. The activity
of the vanadium silicates increases with increase in polarity of the solvent. The activity in the

hydroxylation reaction decreases in the following order :
acetonitrile> methanol> acetone

It was reported that the hydroxylation of benzene over titanium silicate proceeds with the
formation of an appreciable amount of para-benzoquinone as secondary oxidation product’,
while only phenol was the product on pure acidic zeolites (Al-ZSM-5 and Fe-ZSM-5) when

reaction was carried out at room temperature in the absence of the solvent. In the case of
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Table 8

Hydroxylation of benzene on different catalysts®

Catalyst® Conversion® H,0, Product distribution (mole, %)
(mole, %) selectivity® —— PBQ’ —
VS-2 7.2 18.2 90.3 6.9 2.8
S-2 0 - - - -
- V-imp-S-2 0 - - - -
V,0; = 3 . ) .
TS-2 17.1 422 88.2 9.4 24

Reaction conditions : benzene/catalyst (wt. ratio) = 10; benzene/H,0, (mole ratio) = 3;
temperature (K) = 333; reaction duration (h) = 8

® VS-2:Si/V =79; S-2 : Si/Al = > 2000; V-imp-S-2 (vanadium impregnated silicalite-2): Si/V
= 80; TS-2 : Si/Ti=77.
No. of moles benzene converted

L8 T T B ——— X 100
Total no. of moles of aniline in reaction mixture

H,0, utilized for the formation phenol and para-benzeoquinone

PBQ = para-benzoquinone
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Table 9

Hydroxylation of benzene on vanadium silicate molecular sieves®

Solvent Conversion H,0, Product distribution (mole, %)
Seectiily Phenol | PBQ | Others

Acetonitrile 7.2 18.2 90.3 6.9 2.8

Methanol 4.2 10.1 81.0 10.5 8.5

Acetone 3.6 9.3 88.9 8.3 2.8

* Reaction conditions : catalyst = VS-2, Si/V = 79; benzene/catalyst (wt. ratio) = 10; benzene/
H,0, (mole) = 3; temperature (K) = 333; reaction duration (h) = 8.
No. of moles benzene converted
* COMVErSION = =eoo— oo etetee e e X 100
Total no. of moles of aniline in reaction mixture

¢ H,0, utilized for the formation phenol and para-benzeoquinone

PBQ = para-benzoquinone
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vanadiumsilicate molecular sieves also p-benzoquinone is formed during the reaction. A similar
type of oxidation mechanism is probably involved, both on vanadium and titanium silicate

molecular sieves.

O—H
OH l P 0 OH
0 o o
\ / \ 7 ceHe \ /
Vv + H,0—» Vv ——» + Vv

/\ 7 7N\

A free radical mechanism involving hydroxycyclohexadienyl radical intermediates was
proposed for metal ion catalyzed hydroxylation of benzene with hydrogen peroxide*. Olahand
Onishi*’ have suggested an ionic mechanism in the case of super acid catalyzed hydroxylation
of benzene with hydrogen peroxide. The hydroxylation of benzene and phenol over TS-1 has
been postulated to occur by the formation of titanium peroxo species which facilitate the direct
insertion of the oxygen into the aromatic ring®. On vanadium silicates a similar mechanism to
that on titanium silicates with the formation of vanadium peroxo species may be involved in the

hydroxylation of aromatics.
4.3.4 HYDROXYLATION OF PHENOL

The direct catalytic hydroxylation of phenol is an industrially important reaction, catalyzed
by strong mineral acids such as HCIO,. Titanium silicate molecular sieves, (TS-1 and TS-2)%’
are effective in catalytic hydroxylation of phenol to hydroquinone and catechol. The first
commercial process utilizing titanium silicate (TS-1) as a catalyst was the hydroxylation of
phenol, introduced by Enichem, Italy**¢. Several reports have since appeared on the influence
of the various parameters, such as titanium content, feed ratio, influence of solvent, etc. on the
conversion and product distribution™***. This reaction is frequently used as a test reaction to
show the presence or absence of titanium ions at framework positions*. The vanadium analog
of ZSM-11, namely VS-2 also possesses such catalytic activity in the hydroxlation of phenol
to catechol and hydroquinone". It is postulated that as in the case of titanium silicate molecular

sieves only those vanadium ions which are in the framework catalyze this reaction.
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A. Influence of vanadium content

Hydroxylation of phenol did not take place in the absence of catal yst. Neither pure silicalite
nor silicalite-2 impregnated with vanadium was active in the reaction. The introduction of
vanadium even at a very low concentration in the silicalite lattice made the catalysts active in
the hydroxylation of phenol. This is similar to the observation made on titanium silicates, where
hydroxylation of phenol and benzene has frequently been used as a test reaction to characterize
the presence or absence of Ti** ions in the framework positions™. Table 10 reports the catalytic
activity of vanadium silicates (VS-2) with different Si/V mole ratios in the hydroxylation of
phenol using water as solvent. Phenol conversion marginally increased upto 27.8 mole % on
increasing the catalyst concentration. Large amounts of para-benzoquinone (PBQ) are present
at a catalyst concentration of 0.01 - 0.02 gin the reaction mixture’ Depending upon the con-
centration of the catalyst in the reaction mixture, the amount of the quinones decreased with

time. For a given duration of the run (8 h) the decrease was found to be rapid, when the catalyst
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Table 10

Influence of vanadium content/catalyst concentrationon hydroxylation of phenol over vanadium
silicates*

Si/v Catalyst Conversion® | H,0, Sel°. Product distribution (mole,%)*
t ole, % %%

amount (g) (mole, %) (%) HQ CAT PBQ

79 0.01 13.4 19.0 13.6 46.4 40.0
79 0.02 18.7 345 21.8 56.2 220
79 0.05 242 539 41.0 53.6 5.4
79 0.010 258 58.7 42.2 55.5 23
79 0.020 27.8 62.9 443 52.0 3.7
122 0.010 25.0 58.0 41.1 58.1 0.8
161 0.010 24.1 553 36.7 61.5 1.8

* Reaction conditions: catalyst = VS-2; phenol (g) = 1; solvent = water (10 ml); temperature (K)
= 353; phenol/H,0, (mole ratio) = 3; reaction duration (h) = 8.

No. of moles of phenol converted
CONVErsSion = cmmmmm e X 100

Total no. of moles of phenol in the raction mixture

No. of moles of H,0, consumed

in the formation of dihydroxy benzenes
¢ H,0, selectivity et X 100

Total no. of moles of H,0, added

consumption for quinones and tars excluded

¢ Break-up (in mole %) of products excluding tars. HQ = hydroquinone; CAT = catechol; PBQ
= para-benzoquinone.
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concentration was greater than 5 % in the reaction mixture ie. > 0.05 g for 1 g of phenol.
Irrespective of the catalyst concentration in the reaction mixture, all the H,O, initially taken is

transformed and no H,0, was detected after completion of the reaction.

B. Influence of Solvent

The solvent used in this reaction is known to have a profound influence on the phenol
conversion, H,0, selectivity and the ratio of catechol to hydroquinone over both vanadium and
titanium silicates®'>*”. The influence of various solvents on vanadium silicate-2 (VS-2) is
illustrated in Table 11. Phenol conversion increases with increase in the polarity of the solvent
(7.0,13.9 and 24.3 mole % in acetone, acetonitrile and water, respectively) with a corresponding
increase in the efficiency of H,0, utilization. Under identical conditions, maximum phenol
conversion is observed in water. Interestingly, no hydroxylation products were obtained in
methanol. Even an increase in the temperature upto 353 K or a higher concentration of the
catalyst in the reaction mixture did not lead to the formation of any dihydroxylated product from
phenol. Similarly no oxidation products are formed from aniline when methanol is the solvent.
However, vanadium silicates are active in the oxidation of alkanes, benzene and toluene even
when methanol is used as solvent. This observation is in contrast to that observed with titanium

analogs. In case of the latter, high H,0, selectivity (of the order of 80 %) has been observed in
methanol solvent®’.

The influence of the solvent on the product distribution is more complex. Para-
benzoquinone is obtained (4 to 5 %) in all the three solvents (acetone, acetonitrile and water).
Surprisingly only hydroquinone is observed when acetone was used as the solvent. The products
of hydroxylation of phenol on titanium silicates, on the other hand consist almost of equimolar
mixture of catechol and hydroquinone®*. Tuel et al.*’ have recently reported enhanced yields

of catechol in this reaction over TS-1, on changing the solvent from methanol to acetone.

C. Influence of phenol to H,0, ratio.

The results of the influence of concentration of hydrogen peroxide on the phenol con-
version and utilization of H,0, are presented in Table 12. As expected, the efficiency of utili-
zation of H,0, increases at higher phenol to H,0, molar ratios. A H,0, selectivity of 71.5 %
was observed at a ratio of phenol/H,0, of 10 using water as solvent. The ratio of hydroquinone

to catechol shifted marginally in favour of hydroquinone with an increase in phenol to H,0,

ratio.



Table 11
Influence of solventon the hydroxylation of phenol over vanadium silicates®

Solvent Conversion® H,0, Sel. Product distribution (mole, %)*
ole, % %
(mole, %) (%) HQ CAT PBQ
water 24.3 55.7 44.1 52.0 3.9
Acetonirile 13.9 29.7 55.4 39.8 4.8
Acetone 7.0 12.7 95.1 0.0 4.9
Methanol 0.0 0.0 - - -
Acetone +
water (1:1) 12.5 27.8 53.6 43.9 4.5
Acetone +
water (1:3) 18.8 42.1 51.4 42.6 4.0

Reaction conditions: Catalyst = VS-2 (Si/V = 79); temperature (K) = 333; phenol/VS-2 (wt.

ratio) = 10; phenol/H,0,(mole ratio) = 3; reaction duration (h) = 8.

’ No. of moles of phenol converted
L0 1o B e — X 100
Total no. of moles of phenol in the raction mixture
No. of moles of H,0, consumed
in the formation of dihydroxy benzenes
- X 100

¢ H,0, selectivity =
Total no. of moles of H,0, added

consumption for quinones and tars excluded
¢ Break-up (in mole %) of products excluding tars. HQ = hydroquinone; CAT = catechol; PBQ

= Para-benzoquinone.



Table 12

Influence of H,0, concentrationon the hydroxylation of phenol over vanadium silicates®

Phenol/H,0, | Conversion® H,0, Sel. Product distribution (mole, %)*
(moles) (mole, %) (%) HO CAT PBQ
3 25.8 58.7 42.2 55.5 23
5 17.4 65.7 45.0 53.4 1.6
10 9.5 71.5 49.6 48.7 1.7

Reaction conditions: catalyst = VS-2 (Si/V = 79); phenol/VS-2 (wt. ratio) = 10; temperature
(K) = 353; reaction duration (h) = 8; solvent (10 ml) = water
No. of moles of phenol converted

CONVErSION = mmm e X 100
Total no. of moles of phenol in the reaction mixture

No. of moles of H,0, consumed
in the formation of dihydroxy benzenes

¢ H,0, selectivity R X 100
Total no. of moles of H,0, added

consumption for quinones and tars excluded

Break-up (in mole %) of products excluding tars. HQ = hydroquinone; CAT = catechol; PBQ
= para-benzoquinone.



D. Comparison with titanium silicates

A comparison of the activities of VS-2 and titanium silicates, TS-1 and TS-2 in hydrox-
ylation of phenol under similar operating conditions has been made. The phenol conversion,
H,0, selectivity and product distribution as a function of time on VS-2, TS-2 and TS-1 are
presented in Fig.4.2. A, B and C respectively. The reactions were carried out using water as
solvent at 353 K and phenol to H,0, mole ratio of 3.0. 100 mg of each of three catalyst having
almost similar Si/M ratios was used in the batch reaction. At the end of a 8 h run, the phenol
conversions are 25.8, 26.7 and 30.1 mole % with H,0, selectivities of 58.7 62.3 and 72.2 % for
VS-2, TS-2, and TS-1 respectively. A fairly large difference observed in phenol conversions
on VS-2 on the one hand and the titanium silicates on the other, in solvent acetone is not dis-
cernible when the reactions were carried out in protic solvent such as water. Fig.4.2 shows that
the initial activity of VS-2 is much lower compared to those of TS-1 and TS-2. The rates follow
the order, TS-1> TS-2> VS-2. The difference in the product distributions at the end of the run
on three catalysts is seen from the catechol to hydroquinone ratios, which are 1.3, 1.1 and 0.9

for VS-2, TS-2 and TS-1, respectively.
4.3.5 OXIDATION OF ALKYL AROMATICS

The common reaction of aromatic derivatives with H,O, in the liquid phase in presence
of metals®, super acid catalysts®, or pyridinium polyhydrogen fluoride® catalyst is the
hydroxylation of the aromatic ring. Insertion of oxygen atom in the alkyl group was achieved
either by autoxidation in the presence of metal catalyst, typically in a polar solvent™, or by
application of stoichiometric oxidants (e.g. cerium sulfate®, cerium ammonium nitrate®) or
peroxy sulfate®”. Oxidation of side chain alkyl group was also reported using H,0,-manganese

phoryrin-imidazole system and Ru(11I) complex®.

Oxidation of toluene to benzaldehyde was well studied both in liquid phase using hydrogen
peroxide and in vapor phase oxidation using air as oxidant. Oxidation of toluene to benzaldehyde
was reported on (acetylacetonato) oxovanadium catalyst with H,O, in CF,COOH”. Ru(III)
complex® also catalyzed this reaction. Titanium silicates both TS-1 and TS-2 catalyze
hydroxylation of toluene to cresols and are inactive in the oxidation of the alkyl substituent.
Vanadium silicates are active in both the hydroxylation of the aromatic nucleus and the oxidation

of the alkyl substituent.
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Fig.4.2.

DURATION (h)

Comparison of hydroxylation of phenol over VS-2 (A), TS-2 (B) and TS-1 (C)
catalysts. Solvent = water, temperature (K) = 353, phenol/H,0, (mole ratio) = 3.
(v) : phenol conversion, (&) : H,0, selectivity, (o) : para benzoquinone, (v) : cate-

chol, (8) : hydroquinone.
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The oxidation of toluene over vanadium silicate samples is illustrated in Table 13. For
comparison the activities of V-free silicalite-2, vanadium impregnated silicalite and titanium
silicate (TS-2) are also included in Table 13. The products of the oxidation of toluene on
vanadium silicates are mainly benzyl alcohol, benzaldehyde (formed by the secondary oxidation
of benzyl alcohol), o- and p-cresol. The formation of benzaldehyde as the major product in the
product distribution indicates that vanadium silicates are more effective in the oxidation of the
side chain alkyl group. The formation of significant quantities of benzyl alcohol and benzal-
dehyde is in contrast to the observation on titanium silicates wherein the produets are only o-
and p-cresols. Silicalite-2 is completely inactive in the oxidation of toluene either to
benzaldehyde or to cresols. It may be also mentioned that vanadium impregnated silicalite-2

showed negligible activity in the above oxidation reaction.

Table 14 illustrates the activity of the vanadium silicates with different Si/V ratios. Both
the conversion and the hydrogen peroxide selectivity increased with the content of the vanadium.
For the samples with Si/V ratios 79, 122 and 161, the toluene conversions are 11.7, 8.2 and 6.9,
respectively and the hydrogen peroxide selectivities are 49.5, 32.4 and 23.4 respectively. With
an increase in the content of the vanadium in the sample, the oxidation of the side chain methyl

group is more favoured.
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Vanadium silicate are also active in the oxidation of xylenes and trimethylbenzenes. Both
ring hydroxylation and side chain oxidation occur. The relative rates of conversions are, toluene
(3.6) > p-xylene (2.4) > m-xylene (1)= o- xylene (1) = 1 3 5 trimethylbenzene (1). The trend
parallels the diffusivity of these molecules in the MEL molecular sieves and indicates that the

vanadium sites are located inside the channel system.

The influence of solvents on the catalytic activity of the vanadium silicates in the oxidation
of toluene is presented in Table 15. The highest activity is found in acetonitrile and follows the
order: acetonitrile > methanol > acetone. Unlike in the case of the oxidation of phenol and
aniline, vanadium silicates are active even when methanol is used as solvent. However the

product selectivity is much lower compared to that in acetonitrile and acetone.

4.3.6 OXIDATION OF ANILINE

Several methods for the oxidation of aniline are reported in the literature. Azobenzene is
obtained using MnO, as stoichiometric oxidant®. Aqueous peracids oxidize aniline to azo and
azoxy benzenes®, while anhydric peracids oxidize aniline to nitrobenzene®. Vanadium and
molybdenum complexes® in the presence of fert-butyl hydroperoxide catalyze the oxidation of
aniline to nitrobenzene, and titanium complexes’™ to only azoxybenzene. Tungsten oxide™ in
the presence of hydrogen peroxide oxidizes aniline to nitroso and azoxybenzenes. Recently,
oxidation of aniline to either azoxybenzene or to nitrobenzene using ruthenium ternary com-
plexes in the presence of hydrogen peroxide has been reported”. Vanadium silicate molecular
sieves in the presence of aqueous H,0, catalyze the oxidation of aniline to nitrobenzene,

azoxybenzene and hydroxy anilines.

= 2

NO
0
H202 , H20 @ l
vs-2 = @—N=N—©
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NH2 NHz NH,

Hp0,, CHsCN OH
—> +
VS-2

OH

The oxidation of aniline was studied using different solvents and VS-2 as catalyst. The

oxidation product distribution strongly depends on the solvent used. As shown in the Table 16,
nitrobenzene and azoxy benzene along with small amounts of azobenzene are obtained when

water is used as solvent. Fydroxy anilines are obtained as major products using acetonitrile as
solvent. Aniline condensed with acetone immediately when hydrogen peroxide was added to
the reaction mixture (the condensation reaction also occurred in the absence of catalyst). Minor
quantities of hydroxylated products on the aromatic nucleus of the condensed product are also
obtained. When methanol is used as the solvent, neither oxidation of the amine group nor
hydroxylation of the aromatic nucleus took place. Similarly, in the hydroxylation of phenol,
no hydroxylated products are obtained when methanol is used as the solvent'™ However,

hydroxylation of alkanes, benzene and alkyl aromatics occurred in methanol solvent.

4.3.7 OXIDATION OF SULFIDES

The oxidation of sulfides to corresponding sulfoxides and sulfones is generally carried
out by using hydroperoxides™ ™, peracids®™”, diazomethane and SO,” and superoxide anion™
in stoichiometric quantities. Recently, selective oxidation of sulfides to sulfoxides and sulfones
was reported on titanium silicate molecular sieves™. Vanadium silicate molecular sieves are

more active in the oxidation of sulfides compared to their titanium analogs.
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Hz 05 " , “ .
R—S—R —m—» R—S—R —» R—S—R
vS-2 Il

R = CHz, CzHs, CgHs
R‘= CH3, CzH5

The results of the oxidation of various sulfides, viz., dimethylsulfide, diethylsulfide,
phenylmethylsulfide and phenylethylsulfide on vanadium silicate (Si/V = 79) using dilute
hydrogen peroxide are summarized in Table 17. Oxidation of (CH,),S was carried out at 298
K and other sulfides at 323 K. The products of the reaction are corresponding sulfoxides and
sulfones. No other side products are formed in these reactions. Vanadium silicates have high
activity and the oxidation of sulfides was completed within 5 to 30 min. The reactivity of the
sulfides followed the order CH,S > CH,S > PhSCH, > PhSC,H; Table 18 compares the activities
of VS-2, TS-2, silicalite-2 and ZSM-11 as catalysts in the oxidation of PASCH,. The most active
catalyst in this sulfoxidation is VS-2. The activity decreased in the order VS-2 > TS-2 > ZSM-11
> silicalite-2. After 30 min of the reaction time under similar conditions the oxidation of methy
phenyl sulfide on VS-2, TS-2, silicalite-2 and ZSM-11 are 100, 22, 15, 16 mole %, respectively.
On continuing the reaction for 120 min, complete oxidation of sulfide was achieved on TS-2.
However, on silicalite-2 and ZSM-11 the conversion levelled off around S0 mole % even after

continuing the reaction for 10 h.
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Table 17

Oxidation of sulfides over vanadium silicate molecular sieves®

Reactant Conversion®, Product distribution (mole, %)
le, %
(mole, %) Sulfoxide Sulfone Others
Dimethyl sulfide® 100 71 29 -
Diethyl sulfide 100 81 19 -
Methyl phenyl sulfide 100 84 16 -
Ethyl phenyl sulfide 92 81 12 7

Reaction conditions : catalyst = VS-2, Si/V = 79; sulfide/catalyst (wt. ratio) = 10; sulfide/H,0,
(mole ratio) = 1; temperature (K) = 333; solvent = acetonirile; Reaction duration 5 - 30 min.

No. of moles of sulphide conver ted
CONVErSION =  =-eeemmemem e e e e e X 100

Total no. of moles of sulphides in the reaction mixture

¢ Temperature (K) = 298.
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Table 18

Oxidation of methyl phenyl sulfide on different catalysts*

Catalyst® Reaction Conversion®, Product distribution, (mole, %)

Time (min.) (mole, %) PhSCH,O PhSCH,0,
VS-2 30 100 84 16
S-2 30 15 72 28
S-2 120 47 84 16
ZSM-11 30 16 84 16
ZSM-11 120 44 89 11
TS-2 30 22 74 26
TS-2 120 100 78 22

* Reaction conditions : sulfide/catalyst (wt. ratio) = 10; sulfide/H,0, (mole ratio) = 1; temperature
(K) = 333; solvent = acetonirile
* VS-2:Si/V =79;S-2: Si/Al = > 2000; ZSM-11 : Si/Al = 82; TS-2 : Si/Ti = 77.

No. of moles of sulphide conver ted
€ CONVersion = =-mmesmecmeceemee S —— X 100

Total no. of moles of sulphides in the reaction mixture
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4.4 CONCLUSIONS

1. Vanadiumsilicate molecular sieves are active in the oxyfunctionalization of hydrocarbons
(hexane, heptane, octane and cyclohexane). hydroxylation of aromatics (benzene, phenol

toluene, aniline) and sulfoxidation reactions.

2. Like titanium silicates (TS-1 and TS-2), vanadium silicates are active in the oxyfunc-
tionalization of alkanes yielding alcohols, which undergo further oxidation to carbonyl
compounds. However, contrary to the observation on titanium silicates, the vanadium
silicates are also able to activate the primary C-H bond of the n-alkanes giving primary

alcohols and corresponding aldehydes.

3. Solvents have considerable influence on the activity in the oxyfunctionalization of
alkanes. Non-protic solvents enhance the rate of reactions. Amongst the non-protic

solvents, more polar solvents such as CH,CN are more effective.

4, The formation of a radical-type intermediate has been inferred from ESR observations.
A mechanism involving a peroxo vanadium radical which abstracts 2 H atom from the
hydrocarbon molecule to give a carbon radical which is further hydroxylated to the
alcohol is proposed. Only isolated vanadium ions (which exist in VS-2 samples) are

probably involved in the oxidation reaction.

5. Vanadium silicate molecular sieves are active in hydroxylation of benzene. Neither
silicalite-2 nor vanadium impregnated silicalite-2 are active in this reaction. Acetonitrile

is the most suitable solvent among acetone, acetonitrile, methanol.

6. Vanadium silicate molecular sieves are also efficient catalysts in the hydroxylation of
phenol.
7. The influence of solvent on the product selectivity in hydroxylation of phenol is sig-

nificantly different from that observed on titanium silicates. Water is the most suitable

solvents in which the activity is comparable to that of titanium silicates.

8. No hydroxylated products of phenol were formed when methanol was used as the solvent,
though hydroxylation of alkanes, benzene and alkyl aromatics took place in the presence
of methanol. When acetone was used as the solvent hydroquinone and para-

benzoquinone were the only products; catechol was not formed.
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10.

11.

12.

In oxidation of toluene, vanadium silicates are active both in ring hydroxylation (to ortho
and para cresols) and side chain oxidation (to benzyl alcohol and benzaldehyde). In this
respect they differ from titanium silicates which are active in ring hydroxylation of

aromatic nucleus only.

Shape selectivity was observed in oxidation of alkyl aromatics (xylenes and trimethy-
benzene) confirming that most of the vanadium ions are inside the channel system of
MEL.

In the oxidation of aniline, vanadium silicates are active in both ring hydroxylation (to
ortho and para hydroxyl anilines) and amine group oxidation (to nitrobenzene).
Hydroxylation of aromatic nucleus occurred in the presence of acetonitrile and oxidation

of amine group took place when water was used as solvent.

Vanadium silicates are active catalysts in the oxidation of sulfides to sulfoxides and

sulfones. Their activity is about 8 times higher than that of the titanium analogs.
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CHAPTER 5

SUMMARY AND CONCLUSIONS




Isomorphous substitution of Al or Si in zeolites/molecular sieves with transition metals
having redox properties leads to oxidation activity combined with shape selective properties.
Ferrisilicates and titanium silicates are two such systems which have been synthesized and their
catalytic applications explored. Vanadium incorporated molecular sieves are a new class of
materials which can also catalyze various oxidation reactions selectively. They have interesting
catalytic properties in ammoxidation of xylenes and propane, oxidative dehydrogenation of
propane, oxyfunctionalization of alkanes and hydroxylation of aromatics. This thesis describes,
in detail, the synthesis, characterization and catalytic properties of vanadium silicate
molecular sieves with MEL structure. The major objectives of the work are 1) to synthesize
vanadium silicate molecular sieves, 2) to characterize the structural environment of the

vanadium in them and 3) to study the physico-chemical and catalytic properties.

Vanadium silicate molecular sieves with MEL structure have been prepared with different

Si/V ratios (40 - 300). Tetraethyl orthosilicate and a vanadium salt were used as ingredients
and tetrabutyl ammonium hydroxide as templating agent. Three different sources of vanadium
with different oxidation states viz. VCl, (1), VOSO, (IV) and NH,VO, (V) were tested in the
myithesis of vanadium silicates. The gels containing VOSO,and NH,VO, were clear solution
" s that with VCl;was slightly turbid. The chemical analysis of the sample showed that only
a part of the vanadium was retained in the samples after hydrothermal crystallization. The
amount of the vanadium retained in the sample depends on the source of vanadium and is
approximately 60, 50 and 25 % for VCl,, VOSO, and NH,VO;, respectively. The oxidation
activity of vanadium silicates prepared using VOSO, as vanadium source was found to be high.
Hence, further detailed studies on the synthesis, characterization and activity of vanadium sil-

icates were carried out using VOSO, as vanadium source.

The effect of various synthesis parameters such as temperature, organic additive, Si/V
ratios and water content on the crystallization kinetics of vanadium silicates are presented in
Chapter II. An increase in Si/V molar ratio in the reaction mixture enhanced the rate of crys-
tallization. SiO,/TBA-OH molar ratio of 5 was found to be optimum in the synthesis of vanadium
silicates. Anincrease in the pH of mother liquor with crystallization was observed. This indicates
the incorporation of probably both V and Si in the framework. The apparent activation energies

for nucleation and crystallization were calculated to be 53.80 kJ mol™ and 56.54 kJ mol™,

respectively.
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Physico-chemical characterization of V-silicates was carried out using XRD, spectro-
scopic (IR/FTIR, ESR, MAS NMR, UV-VIS) and adsorption techniques (Chapter III). The unit
cell parameters of VS-2 samples increased uniformly and regularly with the vanadium content
in the samples. On steaming the samples, a reduction in the unit cell parameters was observed.
An absorption band at around 965 cm™ was observed in the IR spectra of VS-2 samples. This
band is absent in the IR spectra of pure silicalite-2 and vanadium impregnated silicalite-2

samples.

It has been proposed that the vanadium ions are probably coordinated at defect sites where
the concentration of the Si-OH groups is likely to be high. A broad IR absorption band at 3532
cm™ (due to hydrogen bonded hydroxyl groups) was observed in all VS-2 samples. There is a
correlation between the integrated intensity of this band (3532 cm™) and the vanadium content

of the sample. This observation supports the model proposed for vanadium silicates.

The characterization of the surface acidity of the VS-2 samples has been carried out using
ammonia and pyridine adsorption. The FTIR spectra on the desorption of ammonia shows two
distinct bands at 1680 and 1450 cm™ due to ammonium ions (8, and 6 ,, of NH,, respectively).
The spectra of pyridine adsorption showed a weak band at 1547 cm™ due to pyridinium ions.
This indicates the presence of Bronsted acid sites. However, the intensity of these bands
decreased drastically on evacuation above 373 K indicating that these Bronsted acid sites are
weak in nature. These bands are absent in pure silicalite-2 and are probably related to V-OH

species of VS-2. This is in agreement with the sodium exchange behavior of the samples.

The ESR spectra of the as-synthesized vanadium silicates have well resolved anisotropic
8-line hyperfine splitting. The hyperfine splitting at room temperature indicates atomically
dispersed vanadium in the sample. The ‘g’ values and hyperfine coupling constants (gn=1.932;
g; = 1.981; Ay =185 G and A = 72 G) are notably different from those observed for VO?**
exchanged into ZSM-5. They are assigned to V** at framework positions. A linear increase in
the ESR signal intensities with vanadium content (of as-synthesized samples) and corresponding
parallel increase in unit cell volume (calcined samples) strongly supports the presence of
vanadium at framework positions. After calcination no ESR signal was observed indicating
complete oxidation of V** to V** After reducing in H; as well as after using in catalytic reaction

the spectra reappeared. This shows the reversibility of V** <--> V** transition.
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The 'V MAS-NMR spectra of VS-2 samples reveal that the nature of vanadium strongly
depends on the source of vanadium utilized during the synthesis. The *'V NMR spectrum of
VS-2 prepared using VOSO, as source shows a main signal at -573 ppm (relative to VOCI,).
The observed line width at half height (approximately 50 ppm) is much narrower than that
reported (around 250 ppm) for supported vanadium oxide catalysts. This is similar to those
observed in monomeric vanadates with vanadium ions in distorted tetrahedral coordination. The
absence of an absorption band around -300 ppm shows that no V,0; like phase and clustered
vanadium are present. The UV-VIS spectrum of VS-2 shows an absorption band at 310 nm,
which also indicate distorted tetrahedral environment for V**ions. Adsorption of n-hexane and
cyclohexane also show the absence of occluded amorphous material. A possible environment

of vanadium in VS-2 has been proposed consistent with our results.

Vanadium silicates are found to have interesting catalytic properties in various oxidation
reactions. They are active in the oxidation of alkanes, benzene, phenol, alkyl aromatics, aniline
and sulfides (Chapter IV).

Vanadium silicate-2 (VS-2) molecular sieves in the presence of dilute hydrogen peroxide
oxidized alkanes (n-hexane, n-heptane, n-octane and cyclohexane) to corresponding alcohols
and carbonyl compounds. They are also able to activate the primary C-H bond of the n-alkanes
giving primary alcohols and aldehydes. However, the activation of the carbon atom at the second
position is preferred to others and follows the order 2 > 3 > 4 > 1. The oxidation conversions
and H,0, selectivities decreased in the order n-hexane > n-heptane > n-octane > cyclohexane.
This order is consistent with the large decrease in diffusivities with increase in chain length and
molecular size of the paraffin molecules. Solvents have considerable influence in the OXy-
functionalization of alkanes. Acetonitrile is found to be the most effective solvent with highest
selectivity to the monosubstituted products. The activity and selectivity seems to be related to
the polarity of the solvent and decreased in the order: acetonitrile > methanol > acetone. The
formation of the radical type intermediate has been inferred from the ESR observations. A
mechanism involving vanadium peroxo-radical which abstracts a H atom from the hydrocarbon

molecule to give a carbon radical, which is further hydroxylated to alcohol is proposed.

Vanadium silicates are active in the hydroxylation of benzene. The product distribution

contains phenol and para-benzoquinone (PBQ). Formation of PBQ was also observed when
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titanium silicates were used as catalysts, but not when acidic zeolites were used. Hence, as in
titanium silicates, in vanadium silicates also peroxo species may be involved in the hydroxy-

lation.

VS-2 is an efficient catalyst in hydroxylation of phenol to hydroquinone and catechol.
Solvents have interesting influence in this reaction. Water is the most suitable solvent in which
the activity is comparable to that of titanium silicates. The phenol conversions and H,0,
selectivities decreased in the order water > acetonitrile > acetone. When acetone is the solvent,
only hydroquinone along with small quantities of para benzoquinone were the products. No

hydroxylated products of phenol are formed when methanol is used as a solvent.

In the oxidation of alkyl aromatics, VS-2 is active in both the hydroxylation of aromatic
nucleus as well as the oxidation of side chain alkyl groups. Benzyl alcohol, benzaldehyde and
ortho- and para-cresols were the products in the oxidation of toluene. The formation of ben-
zaldehyde as the major product shows their ability to oxidize side chain methyl groups more

effectively. In contrast, on titanium silicates, only ring hydroxylation takes place giving cresols

as products.

VS-2is active in oxidation of aniline. As with alkyl aromatics, both ring hydroxylation
and oxidation of amino group are possible. However, product distribution depends on the solvent
used. Hydroxy anilines are the products when acetonitrile is used as solvent. Nitrobenzene and
azoxybenzenes are the products when water is used as solvent. Thus solvents have a profound
influence on the conversion and selectivity. VS-2 is found to be the most effective catalyst in

the oxidation of sulfides to sulfoxides and sulfones, among VS-2, TS-2, silicalite-2 and ZSM-11.
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