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CHAPTER |

INTRODUCTION



1.1 Zeolites

1.1.1 General introduction:

Zeolites are water containing crydtaline dluminoslicates of naturd or synthetic origin with highly
ordered structures [1-8]. They condst of SO, and AlO, tetrahedra, which are interlinked
through common oxygen atoms to give a three dimentiona network by which long channds are
formed. In the interior of these channds, which are characteristic of zeolites, are water
molecules and mobile dkai metd ions, the latter can be exchanged with other caions. These
compensate for the excess negative charge in the framework resulting from the auminum
content. The interior of the pore system, with its alomic-scade dimensons, is the catdyticaly
active surface of the zedlites. The inner pore structure depends on the composition, the zedlite
type, and the cations. Thus, zeolites are represented by the genera formula:
M yn [(SIO2)x (AIO2)y].z2H,0

where M is the charge compensating cation with the vaency n. M represents the exchangesble
caion (eg. Alkdi or dkdine earth metds or an organic cation). The ratio x/y can have the vaue
1to u. According to Lowengtein’s rule no two auminum tetrahedra can exist adjacent to one
another. The S/AI molar ratio corresponds to the acid Stes in the zeolites. z represents the
number of water molecules, which can be reversibly adsorbed or desorbed in the pores.
Zeolites are also popularly known as ‘molecular sieves due to ther ability to differentiate
between molecules of different shapes and size.

Zeolites have found widespread application as adsorbents, ion exchange materias, detergent

builders and catdysts, especidly in petroleum refining, petrochemicas, and as Huidized



Cracking Catdysts (FCC) [7]. Furthermore, zeolite functiondity has adso been compared with
cataytic antibodies [9] and metalloenzymes[10].
The characterigtic festures of zeolites, which make them effective catdydts, are;

High surface area and adsorption properties.

Active acid Sites, to use as solid acid.

Shape sdectivity (due to uniform pores and channels),

Easy regeneration

High therma ability.

Eco friendly.

1.1.2 Historical background:

Axd Fr. Crongtedt [11] (1756), a Swedish mineralogist, observed that certain rock minerds,
when heated sufficiently, appeared as were boiling. He named them *Zeolites' (zeo meansto
boil and lithos means stone). Damour [12] observed that zeolites could be reversibly
dehydrated without dteration in the structure or morphology. Therole of water as amineraizing
agent, aided by akaline conditions, drew the dtention of mineralogists towards hydrotherma
reection conditions for the synthess. The firs clam, to have synthesized a zeolite named
levynite, was made by St. Clare Deville and Thompson in 1862 [13,14]. In 1962, the
commercidization of natural zeolites namely chabazite, erionite, mordenite and clinoptillotite
darted for a number of gpplications [15]. McBain introduced the term Molecular Sievesto
describe a class of materias that exhibited sdlective adsorption properties [16]. Molecular

sSeves separate components of a mixture on the basis of molecular Sze and shape differences.



However, Barrer [17] was the first to demondtrate the molecular Seve behavior of zeolites and
their potentid in separation techniques (Fig. 1.1). Since 1940, systematic gudies on zeolites
were undertaken. ZK-5 [18,19,20] was the fird known synthetic zeolite (no naturd
counterpart) crystalized under hydrotherma conditions. Hydrogen forms of zeolites were dso
made for the firg time in the year 1949, by heating ammonium-exchanged forms of mordenite

[21]. Specid features of molecular Seves and zeolites are mentioned below.

Molecular Seve Zeolite

> It coversdl the porous materidlswhichcan > A paticular class of molecular Seves
separate molecules by their size. containing Aluminosilicates.

» AIPO's and ther metd andogs, TS-1, » ZSM-5 X, Y, Bea L, Ferierite,
VS-1 and dl the metalosilicates etc. Mordenite etc.




Fig. 1.1.: ZEOLITE : MOLECULAR SIEVE
1.1.3 Nomenclature:

Although, there is no sysematic nomenclature  for molecular Seve materids, the Structure
Commisson of |nternational Zeolite Association and IUPAC has assigned structural codes to
synthetic and natural zeolites [22,23]. Desgnations congsting of three capita |etters have been
used to identify Structure types (Table 1.1). The codes for zeolite identifications have generdly
been derived from the names of the type of species, and do not include numbers and characters
other than Roman letters. Structure type codes are independent of chemical compostion,
distribution of various possible T atom, (eg. S*, AP, P°*, Ti**, etc.), cdl dimension or crystal
symmetry.

Table1.1: Structural Codesand Zeolites

Structural Code Zeolites
FAU Faujasite, X and Y
MFI Mobil Five: ZSM-5
MEL Mohil Eleven : ZSM-11
MOR Mordenite
FER Ferrierite, ZSM-35, ZSM-21
MCM's Mobil Carbon Materids

1.1.4 Classification:

Zeolites have been classified in accordance with the morphology [24], crysta structure

[1,3,25], chemica composition [26] and effective pore diameter [27,28].

Table 1.2 : Classification of zeolite on the basis of M or phology

The tetrahedra are linked more numerous in one crystdlographic  Fibrous

"




direction
Zeolites have dructura linkages more numerous in one plane and are  Lamélar (open
characterized by a platy cleavage framework materials)

Smith [29], Fischer [30] and Breck [31] have sructuraly classfied zedlites on the basis of
differences in the secondary building units (SBU). SBU [Fig.1.2] ae the duminoslicate
oligomers having chain, ring and cage like sructures which are basic building units of zeolite

framework structure.




B b 5
ﬁ @ 14
b4 55 o8 50
~ & Q 0
4= b= h=2 A
FIG.2Z:
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Hanigen [26] has dso cdassfied zedlites according to their chemicad composition as shown
below and some of their sdlient featuresare  described.

Table 1.3: Classfication of Zeolites on the basis of Chemical Composition.




Low dlicazeolites S/Al=1-15 A, X, sodalite, etc.
intermediate Slica zeolites S/Al =20-5.0 | eionite, chabazite, mordenite, X,Y,L, W,

etc.
high slica zeolites S/AI=5-500 | MFI, FER, BEA, etc.
pure silica zeolites S/Al = Si-MF (dlicdite-1), S-MEL (glicdite -

2), SFTON, SFMTW, Si-ZSM-48, S-
NCL-1, S-FER, S-UTD-1, etc.

The thermd stability increases from low slica zeolites to high slica zeolites.

The high slica zeolites are hydrophobic in nature while low dglica zeolites are more

hydrophilic.

The acidity tends to increase in srength with increase in S/AI rétio.

The cation concentration and ion exchange capacity (which is directly proportiona to the

auminum content) decreases with theincrease in S/AI rétio.

Low slica zeolites are formed predominantly with 4-, 6- and 8- rings of tetrahedrawhilein

cae of intermediate silica zeolites there is an onset of 5 rings and in case of high dlica

zeolite 5-ring tetrahedra predominate in the structure.
Zeolites are dso classified according to their effective pore diameter, which is dependent on the
number of tetrahedra present in the ring aperture, which circumscribes the pore. Barrer [27] has
classfied zeolites into five groups. Sand [28] has further modified the classfication into three
groups, as shown in Table 1.4. In 1988, Davies et al. discovered a very large pore
auminophosphate molecular seve VPI-5 containing 18 membered iing pore openings [32].
Recently, an extralarge pore gallophosphate molecular Seve containing 20 membered ring pore
opening called cloverite has been synthesized [33]. A 14- membered ring structure called UTD-

1 has aso been reported [34].




Table 1.4 : Classification of zeolites on the basis of the effective pore diameter [28]

Small pore (8 MR) Medium pore (10 MR) Largepore (12 MR)
Li-A Dachiardite cancrinite
MTN Epdtilbite Linde X,Y, L.
NU-1 Ferrierite (FER) gmdinite
bikitate heulandite mazzite
brewsterite laumontite mordenite
chabazite ZSM-5 (MFI) offretite
dinoptillolite ZSM-11 (MEL) ZSM-12 (MTW)
edingtonite EU-1 (ZSM-50) omega
erionite Stilbite Beta (BEA)
gisnondine ZSM-23
ZK-5 theta- 1 (ZSM-22)
Levynite ZSM-48 (EU-2)
Linde A
merilonite
netrolite
Paulingite
phillipsite
Rho
thomsonite

1.2 Synthesis of zeolites




1.2.1 Natural zeolites:

The cryddlization of naturd zeolites involve geologicd timescde. Large crydds of  zeolite
mineras grow in cavities in basic volcanic or metamorphic rocks in the presence of minerdizing
solutions. Vast sediments of naturd zeolite microcrygalites originate from an dteration of
volcanic glass and occur in chemica sedimentary rocks of marine origin. The formation of these
natural zeolites from volcanic glass and sdline water as reactants must have occurred in the
temperature range 300-350 K and at pH 3 13, requiring severd years for crystalization
[35,36]. Huge depodits of naturd zeolites are present in al oceans. The naturd zeolites find
many applications but are less quitable as catalysts due to the presence of impurities. In the
following table some of the well known natura zeolites with the year of discovery  has been
shown.

Table 1.5: Natural Zeolitesand the year of discovery [37]

Zeolite Year of Discovery Zeolite Year of Discovery

Stilbite 1756 Erionite 1890
Chabazite 1772 Ferrierite 1918
Faujaste 1842 Barerite 1974
Mordenite 1864 Merlinoite 1976

1.1.2 Hydrothermal synthesis:

Morey and Ingerson [38] have dready documented reports of zeolite synthess up to
1937. Barrer[39], in 1940 initiated systematic study on the hydrotherma synthesis of zeolites

and aso demondtrated the use of zeolites on separations by molecular action and sorption.




Zeolites are synthesized under hydrothermal conditions by the reaction of certain basic oxides
(e.0. KO and N&O) with glicaand dumina. Zeolites with various sructures as well as varied
compositions and properties can be synthesized by varying the reactants. Zeolite crygdlization
is mainly a nucleation-controlled process, occurring in homogenous akaline aqueous gels, in the
temperature range of 348 to 523K. A number of slicaand dumina sources[1] can be utilized in
the synthesis for gd formulation and the find product is generaly source dependent.

Inorganic cations (like dkdi / dkdine earth metds) play a mgor role in directing a particular
Sructure. Structural sub-units of zeolites such as double four membered ring (D,R), double six
membered ring (D;R) and cancrinite, gmelinite and sodalite cages are thought to be formed by
way of clatharation of an dkai cation with slica and aumina [1,40,41,42]. N& and
hydrated sodium ions were suggested to be responsible for the formation of D,R, D;R, gmdinite
and sodalite cages [1,43]. K*, Ba"? and Rb" ions were believed to be responsible for directing
cancrinite cages[1,43].

The mgor drawback of the above synthes's procedures was that the zeolites with high slicato
aumina ratios could not be syntheszed using inorganic cations aone. Furthermore, these
materids possessed low thermd gability.

Introduction of organic ammonium cations (e.g. tetramethyl ammonium cation) cdled templates,
in zeolite synthesis led to a mgor breskthrough in zeolite stience and as a result more siliceous

materiasi.e. zeoliteswith high slicato duminaratios could be crysalized.

1.2.3 Role of Template:

10



The utilization of quaternary ammonium cation and ther inherent capecity to “template’ the
formation of zeolite structures had two mgor impacts on zeolite science. The first impact relates
to larger Sze of the organic cation. Template cations being larger cannot be placed close
packed in zeolite pore system as ther dkali / akdine earth counter parts. Preservation of
charge neutrdity, therefore, forced the anionic duminum sites to be equivaently soaced at larger
intervds and hence zeolites with higher dlica to dumina raios could be syntheszed.
Furthermore, it led to the synthesis of ultrastable species.

The second mgjor advantage of the addition of quaternary ammonium and other organic ionsto
hydrotherma synthesis was that the structure directing functions contributed by these ions could
influence the slica polymerization procedure in such a way thet many unique zeolite structure
types were found to crydalize in presence of certain organic bases and in combination with
dkdi and/ or dkdine earth st [1].

The dructure-directing role of a quaternary ammonium compound appears to influence the
vaiety of SBU's (Secondary Building Unit) present in the hydrothermad magma. The result of
thisis that a particular organic base does not lead to the formation of specific zeolite structure
type but rather a variety of Structure types, which can be compiled from the various
combinations of secondary building units. An example of thisis evident in the sysems employing
TMA as quaternary amine e.g. gismondine, soddite, zeolite P, N-A, NU-1, ZSM-5, Ferrierite,
etc. while certain zeolite structures tend to be preferentidly crystdlized in the presence of certain
organic bases as reported by Lok et d [44]. The next generation of molecular Seves was the
synthesis of AIPO, molecular Seves wherein phosphate  subdtitutes slica. More than 20 unique

three dimensiona auminophosphate molecular Seve structures could be crysdlized from more

11



than 45 amines and quartenary ammonium ions [44]. Substituted duminophosphates [45,46]
and zinco (or beryllo-) phosphates (or arsenates) [47,48] have dso been reported.
Tetrahedraly coordinated atoms in some of these structures can be subdtituted by other meta
ions, which give rise to other smilar type of structures such as galophosphates [49,50].
Although zeolites have desirable catdytic properties they become inadequate when  reactants
with dimensions larger than the pore diameter of the zeolite have to be processed. As aresult
scientigts diverted ther efforts towards synthess of mesoporous type materids usng large
template molecules (e.g. surfactants). This family was termed as M41S and had large channds
from 1.5 to 10 nm ordered in a hexagond (MCM-41), cubic (MCM-48) and lamellar (MCM-
50) manner with surface areas above 700 n/g [51-61]. Isomorphous substitution of
heteroatoms such as Ti**", V*, Zr**, Cr** etc. in M41S type materiasis now well known [62].
Recently a number of di-quaternary ammonium salts also have been used as templates for the

gynthesis of high slicamolecular Seves. (Table 1.6)

Table 1.6: Diquater nary ammonium salts and corresponding synthesized zeolites.



No. diquater nary ammonium salt Zeolite

1 trimethylene bis (trimethyl ammonium bromide) ZSM-39[63], EU-1[64]

2. pentamethylene bis(trimethyl ammonium EU-1[65]
bromide)

3. hexamethylene big(trimethyl anmonium ZSM-48[66] , EU-1[67]
bromide)

4. heptamethylene bis(trimethyl ammonium ZSM-23[68] , MCM-10 [69]
bromide)

5. tetramethylene bigethyl dimethyl ammonium ZSM-12[70]
bromide)

6. hexamethylene bigethyl dimethyl ammonium ZSM-12[71]
bromide)

7. hexamethylene bis(tripropyl ammonium ZSM-5[72]
bromide)

8. hexamethylene big(tributyl ammonium bromide) ZSM-5[73]
hexamethylene big(triethyl ammonium bromide) NCL-1[73,74]

The di-quaternary salts may be represented by the generd formula
[Ra-N*- (CH)x- N*- R3] Bry

Where R may be methyl, ethyl, propyl, butyl, benzyl or a combination of these and x may have
vaues in the range 3 to 10. In the case of bis quaternary ammonium cations, both the chain
length and termina akyl group determine the particular structure that may be crystdlized. By
systematicaly increasing the chain length in bis quaternary sdts and keeping their termina akyl
groups congtant e.g. methyl, a number of zeolite structures can be crystdlized. Recently, a high
dlica, large pore, ZSM-12 zeolite has been synthesized using mixed dkai quaternary sdt of the
fomula [(CoHs) (CHs)-N*-(CH,)e-N*(CH3)2(CoHs)]2Br  and  [(CHs)2(CeHsCH,)-N*-
(CH.CHs)(CHz),]2Br[71]. A nove, high slica zeolite, NCL- 1 has been reported using anew

di-quaternary ammonium st [73,74].

13



1.2.4 Sol-Gel synthetic Route (Wetness I mpregnation Method) :

This synthesis procedure was developed to overcome the problems in meta incorporation in the
molecular seve framework. During TS-1 synthesis, TiO, precipitation was the mgor problem.
Pandovan et.d. [74a) and Uguina et.d. [74b] have developed an dternative route for its
gynthesis using wetness impregnation method. In this process slicaametdoxide (SO,-MO,)
cogd (prepared by sol-ge method) is impregnated with a quantity of the template solution
smilar to the pore volume of the solid. The cryddline molecular Seve is obtained under
autogenus pressure at high temperature. Presently research in this field is oriented towards the

development of many new materids which can't be synthesized by the conventional methods.
1.2.5 M echanism of zeolite crystallization:

The actud mechanism of zeolite cryddlization is yet a mystery due to the complex interactions
occurring in the hydro-gd. Sand [75] in brief has described the reactions that can occur during
the synthess asfollows:

precipitation of agd phase,

dissolution of the gd,

nuclestion of zeolite,

continued crystalization and crysta growth of the zeolite,
Dissolution of the initid meta stable phase,

Nuclegtion of the more stable metastable phase or phases,

N o o M w DN

Continued crygdlization and crysdline growth of the new crysdline phase while the
initid crystds are dissolved,

©

Dissolution of the metastable phase,
9. Cryddlizaion and crystd growth of the find crystdline phase.

Weitkamp [76] has described the zeolite synthesis diagrammaticaly [Fig. 1.3].

14
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FIG.13:
SCHEMATIC REPRESENTATION OF THE ZEOLITE

FORMATION PROCESS IN AN AUTOCLAVE

Two mechaniams have been suggested for the zeolite formation Kerr [77,78] postulated crystal
growth from a solution for zeolites A and X. McNicol et a [79] suggested that the nucleation
and crysta growth of zeolite takes place within the gel phase. It was evidenced by crystdlizing
zeolites from clear solutions under hot conditions with the help of microscope [80]. The
nucleation and subsequent crystdlization can occur readily in the solution. Culfaz and Sand [81]
proposed that the nucleation occurs a solid liquid interphase wherein it was suggested that
nuclegtion, mass transfer of species by diffusion and zeolite crystdlization occur in the boundary

layer a the solid-liquid interface. There are other physcd variables affecting the zeolite

15



formation such as order of mixing, rate of addition of auminate © dlicate solution and vice-

versaand also agitation rate.

1.2.6 HF and Non-aqueous medium

Due to solubility problem certain meta anadlogs of zeolite cannot form in agueous medium. In
such cases F anions can fulfil the catdytic function of OH ions, alowing zeolite formetion in
acid (HF) medium. The use of F anions increases the solubility of certain tri- and tetravaent
dements (eg. Gd" , Ti'V and V) [82,83] through complex formation. The crystal formed in
these solutions contain less dructurd defects. A disadvantage of this process is the longer

crysdlization period and large Size crystd formation.

Alcohols are known as non-aqueous medium for zeolite crytalization. Recently Kuperman et.d
[84] utilized pyridine, triethylamine and polyethene glycol as noraqueous media. HF-
pyridine and HF-dkylamines are clamed to be novel minerdizers by acting as reservoirs for
anhydrous HF in the organic solvent, thereby alowing the amount of reactant water to be

controlled.

1.2.7 Reactorsfor zeolite synthesis:

Various types of reactors are employed in the synthesis of zeolites. They range from datic auto
claves to stirred reactors at temperatures around 200 with auto genus pressure. [Shown in the

Fig.1.4]
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1.2.7.1 Static Autoclave: It isadanless ded cylindrica vesse with  cgpacities varying from
100 ml to 5000 ml. The top portion, closed with a lid provided with nuts and bolts or sdf
threaded lid, is to withsand and maintain the in built hydrothermd pressure of the reactant
materids generated during the synthesis. Such type of reactors are heated by laboratory

ovens maintained at the desired temperature.

1.2.7.2 Stirred Autoclave : Thisissamilar to the above mentioned stainless sted reactor having

additiond dirring arrangement with controlled hegating.

1.2.7.3 Teflon Autoclave : This is specid type of reactor used for zeolite synthess in HF
medium. A Teflon vessd of the dimensions little lesser to the stainless sted autoclave is fitted

insde the static autoclave. For heeting it is being kept indde aoven.

1.3 Special Featuresof Zeolites

1.3.1 Acidity :

When the cationic form of any zedlite is converted into its H-form or proton form, the zedliteis
sad to be active or acidic. Acidity is dependent upon the number of AP present in the
framework or in other words zeolites with low slicato duminaratios are highly acidic and their
acidity decreases with increase in dlica to dumina ratio. Subdtitution of trivdent metd atoms
such as Ga**, Fe**, B**, etc. modifies the acidity within the zeolite,

When hydrogen (proton) of the zeolite framework exhibits the property to act as a proton

donor it isreferred to as Bronsted acid [85-87].

When the zedlite is heated to 823 K, S—O—A\ bond breaks giving rise to Lewis acid site and

water.
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Generdly, in zedlites both Bronsted and acid Lewis Sites exist Smultaneoudy

From the dissociation energy caculations it was shown that the bridging hydroxyl groups are

more acidic than the termind hydroxyl groups [88]. These results were further supported by the

lower vibrationd frequency of the bridging hydroxyl groups [89]

1.3.2 Shape selectivity:
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Shape sdectivity plays an important rolein molecular Seve catdyss. Highly crysdline and well-
defined uniform channds are the key features that molecular Seves (zeolites) offer over other
materids. Weiz and Frilette [90] were the first to describe the shape selectivity. The pore size

and shagpe may affect the selectivity of areaction in four 4 ways:

1.3.2.1 Reactant shape selectivity:

This results from limited diffugivity of some of the reactants, which cannot effectively enter and
diffuse ingde the crysta. The zedlite pore is such that it admits only certain smaler molecules
from the reactants and excludes larger molecules and hence in the reaction mixture only the
smaler molecules react effectively [Fig. 1.54]. In catalytic cracking, activity of nheptane is

more than any other bulkier molecule (2 methyl hexane).

1.3.2.2 Product shape selectivity:

When certain bulkier compounds are formed or produced within the zeolite pores during a
reection they can't diffuse out due to large dimensions. These will ether be converted to smdler
products and diffuse out or they may block the pores resulting in the deactivation of the cataly<t.
For example in toluene methylation, p-xylene is the mgor product in modified zeolites as

compared to bulkly o- and m+ isomers due to pore diameter restrictions [Fig. 1.5Db).

1.3.2.3 Restricted transition state shape selectivity:

This type of shape sdectivity is observed when certain reections are prevented because of
regtrictions in the inner pore space for the corresponding trangtion state. Diffuson of reactants
and products in this Stuation are not hindered nor are the reactions involving smdler trangtion

state [Fig. 1.5¢].
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Fig. 1.5: Shape sdectivity in the Zeolite structure

1.3.2.4 Molecular traffic control:
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Derouane and Gabdlica [91] proposed a new type of shgpe sdectivity in zeolites containing
intersecting channd of different diameters. According to them, in cases where zeolites contain
more than one type of intersecting channds, the reactants preferentialy enter through one set of
channds and the products diffuse out through the other, thus minimizing counter diffuson [FHg.
1.5d].

Several modd reactions viz. congtraint index [92], refined congtraint index [93], spacious index
[94], o-p index [95], DEB didribution in EB disproportionation [96] have been used to

determine the shgpe sdlectivity of the zeolites quantitetively.

1.3.3 Modifications :

The use of zedlites can further be enhanced by atering the properties. Properties of zeolites can
be modified ether by isomorphous subgtitution or by cation exchange, metd loading or

dedumination.
1.3.3.1 Isomor phous subgtitution:

Modification of zeolites by isomorphous subgtitution induces variation in acidic properties and
changes in unit cel volume, which may lead to interesting catalytic properties. Goldsmith [97]
was the very firgt to report isomorphous substitution of S* by Ge™ in the lattice. This was
followed by isomorphous substitution of S** or A" by elements such as B [98-102], Fe
[99,100], Ga [99,101], Ti [103], V [104], etc. It has been well established [105] that
isomorphous subgtitution of S and Al by P, Ge, B, Ga and Al modify the acid strength and
cadytic properties of various zeolites. This was followed by synthesis of a number of new

auminophosphate molecular Seves containing AP and P* in lattice. Further, the isomorphous



subgtitution of Co?*, Fe**, M¢f*, Zn**, Be**, B*, Ga**, Cr**, Ti**, Si* and Mo* in AIPO
gructure is adso well established [85,105].

Barrer [106] classfied four types of isomorphous subgtitution in zeolites namely, )
cation exchange, (i) framework subgtitution, (iii) isomorphous subgtitution of isotopes and (iv)
subdtitution of intracrysdline sdts and molecular water. 1somorphous subgtitution can be
achieved by direct hydrotherma synthesis or by post synthesis methods. Using characterization
techniques such as XRD, IR, MASNMR, ESR, UV-VIS, XPS and by cataytic test reactions,

the tetrahedral occupancy of the subgtituted meta cation can be verified.
1.3.3.2 Cation exchange:

The ion exchange capacity of a zedlite is degpendent upon the amount of duminum present in the
framework of zeolite. Mgority of the zeolites synthesized, are in their cationic forms, wherein,
positively charged cations neutrdize the charge created by the duminum tetrahedra on the
framework. These extra framework cations are exchangesble and the degree of cation

exchange depends on:

The type of cation being exchanged, its Sze aswell asits charge.

The nature, Sze and strength of any cation coordination complex.
The temperature of the ion-exchange treatment.

The thermd treatment of the parent zeolite before and after exchange.
The structura properties of the zeolites and its slicato duminaratio.
Thelocation of the cationsin the zeolite structure.

The concentration of the cation exchange solution

The prior trestment of the zeolite.
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1.3.3.3 Metal L oading:

In certain reactions, it is necessary to have additiond components in the catdys to perform the
tota or partid cadytic functions. Such components are mainly metals, their oxides or sulphides
amilar to those used in non-zeolite amorphous catdyst systems. Loading may be achieved by
ion exchange (solution), impregnation, adsorption from the gas phase (slynation) or co-mulling
during the catalyst formation of the solid metal component in its solution. Ni, Pt, Co, Pd, Ag, W

etc. are the metds, which are generdly loaded on a zeolite.
1.3.3.4 Dealumination or steaming:

Dedumination or seaming generdly involves removd of some surface and framework duminum
to make the zedlitic materid more stable. Dedlumination can be done by a number of techniques
for example steam trestment, acid trestment, EDTA trestment or chemica vapor deposition

(glylation). The dedlumination process is generdly represented as follows:

Ti

c|> , (|) S
S—O0—Al c|)—Ti—o + 3H,0 —> S —OH |_IHO—Si + AI(OH)4
OH
o |
| Si
Si

Due to this treatment the S/Al can be increased and a defect Ste (nest) can be formed in the
Zeolite framework. It helps to reduce the acidity of the catalyst and to increase the tability. The
main advantage of dedumination isthat the variaion in crystdlite 9ze does not take place, which

iscommon in the direct synthesis of zedlites with high and low slicaduminaratios.
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1.4 Physico-Chemical Characterization of zeolites:

X-ray powder diffraction and adsorption measurements are the important techniques employed
in the zeolite characterization. Infrared spectroscopy, Ultra violet spectroscopy, Nuclear
Magnetic Resonance spectroscopy and Electron spin resonance spectroscopy have also been

goplied in obtaining structura information about zeolites.
1.4.1 X-ray diffraction:

Among the various spectroscopic techniques employed for structural evauation of zeolites, x-
ray diffraction is one of the most important and useful technique to identify zeolite structure
[107], and determining phase purity, percent cryddlinity, unit cal parameters, crysalite sze
and further in understanding the kinetics of cryddlization. As the powder pattern is the finger

print of the individua zeolite structure, phase purity and percent crygdlinity of the synthesized
zeolite can be ascertained by comparing with the standard pattern for the zeolite under
investigation. Isomorphous subgtitution of a heteroatom in zeolitic framework results in changes
in the unit cdl parameters, unit cdl volume This is one way of confirming isomorphous
subgtitution [108].

1.4.2 Infrared spectr oscopy:

Infrared spectroscopy can yield information about the structura details of the materids. In
addition, it can be used to confirm acidic characteritics and isomorphous subgtitution as well as
ad in rdaing different zeolite materias by their common structura features. Hanigen [109] and

Ward [110] discussed IR studies in the hydroxyl group region. Maroni et a. [111] and Janin et

a. [112] have used different probe molecules to study the acidity of zeolites by diffuse
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reflectance and transmission techniques. The IR spectrum in the range 200 - 1300 e is used
to characterize and to differentiste various zeolite framework dsructures. The framework
vibrations can be classfied as Structure sengtive (vibrations related to the externd linkage of

TO, unitsin the structure) and structure insensitive (internd vibrations of framework TO,). No
distinction can be made between the SO, and AlO, tetrahedral vibrations because the masses
of the two T aoms ae the same. FHanigen [109] reported the generd zedlite infrared
assgnments for the structure insengtive (internd tetrahedra) and structure sendtive (externd

tetrahedra) vibrations, they are:

Internal tetrahedra:

Asymmetric stretch 1250 - 950 et
Symmetric stretch 720 -650 cm*
T— O bend 420 - 500 cm*

External linkages:

Doublering 650 - 500 cmi*
Pore opening 300 - 420 cmi*
Symmetric stretch 750 - 820 cmi*
Asymmetric stretch 300 - 420 cmi*

Shifts in the band posgitions in the symmetric and asymmetric sretching vibrating models can be
observed with change in dlica to dumina raio in the materid though no diginct band can be
assigned to either group.

Isomorphous subgtitution of the metd ions such as B, Fe, Ga, etc for Aluminum and Ti, Ge, V
etc. for Silicon, dso lead to a shift in band position or an gppearance of an additiona band at

960 cm™ (viz Ti or V substituted zeolites). The IR bandsaround 3600 - 3700 cmi* confirm
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the presence of the slanol groups [113,114] and or bridged hydroxyl groups in the zeolites.
Their Bronsted acidities can be compared. IR spectroscopy has aso been used to determine
the crystd purity of the samples of ZSM-5. Contamination with amorphous dlica can be
evaluated by comparing the optical density ratio of 550 and 450 cmi* bands. A ratio of 0.8 for

samples containing pure ZSM-5 materias has been suggested [115-117].

1.4.3 Nuclear M agnetic Resonance spectr oscopy:

Lipmaa et a.[118] were the first to demonstrate the use of S MAS-NMR (Magic Angle
Spinning Nucler Magnetic Resonance) spectra in determining the nature and chemica
environment of the atoms. Since then this technique was found to be very useful in understanding
the structurd and physcochemica properties of the zeolites. Nagy and Derouane [119]
reported the application of a number of NMR nuclel to study zeolites. Attention had been
focused mainly on S and Al MAS-NMR spectra which provided information on Si/Al
ordering [120],such as crystalographic equivaent and nonrequivdent S and Al ions in various
stes [121,122], framework slica to dumna ratio [123], coordination of S and Al [124,125],
gpectra corrdation with S—O—T bond angles[126] and S—O bond lengths [127].

Solid gate MAS-NMR spectroscopy for #Si and /Al can confirm tetrahedral coordinated
atoms in the zedlite lattice [120,121] and a0 indicate octahedrd duminum  which may be
present in the pores of the zeolites. Thirteen more NMR nucle have been utilized in obtaining

information on structurd features of zeolites [128,129].

1.4.4 Thermal Analysis:
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Generdly zeolites are thermdly stable, but hedting a devated temperatures may lead to
dructure breakdown and therefore decrease in crygalinity. Thermo andytical data obtained
from TG, DTA and DTG study are useful in evauating the therma properties of zeolites [130].
The shape and splitting of the endotherms (low temperature) helps to identify the location of
water molecules and dso hdps in sudying kinetics of dehydration of water molecules. Zeolites
are known to possess high therma gability, which increases with increase in dlica to dumina

ratio [131,132]. Ferrierite zeolite is found to be stable up to 1273 K.

1.4.5 Sorption and Diffusion properties:

As zeolites are microporous with channels and cavities they are able to sdectively sorb certain
molecules. Generdly in zedlites, intracrystaline surface areais higher and condtitutes to about 97
% of the totd surface area. Damour (1846) demonstrated that water could be reversibly

removed from a zeolite without atering its structure. Later on a number of reports on sorption of
gases and vapors by dehydrated zeolites started appearing [133,134]. Furthermore, Barrer and
his co-workers studied sorption d various gases and vapors on natura as well as synthetic
zeolites [135,136]. The sdective adsorption of molecules depends on molecular size of
adsorbate, polarizability and polarity of the adsorbate, organophilicity and hydrophilicity of the
host zeolite structure, degree of unsaturation of organic adsorbate and polarizing power of the
host cation. Sorption studies on zeolites can provide information about their void volumes, pore
gze, percentage crystdlinity, surface area, acidity, diffuson properties and pore blockage if any.

Low temperature (77 K) nitrogen sorption isotherms help in determining pore volume, pore Sze

digribution as wel as the surface area of zeolite under study [137,138]. Adsorption and
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diffuson properties of zeolite play an important role on the rate of chemicd reaction at the active
stes. Barrer et d [139] sudied in detall the diffuson processin zeolites. Diffuson in zeolites has

been categorized as Configurationd, Knudsen and Bulk diffusion.

1.4.6 Scanning Electron Microscopy

The crystd morphology of zeolite samples are investigated using Scanning Electron Microscopy
(SEM JEOL, JSM-5200). Cathode rays are bombarded on the sample and the scattered
Secondary Electrons are used to form image. A thin layer (~ 0.1 mm) of the sample was
mounted on a carrier made from alumina and was coated with afilm of Gold to prevent surface
charging and to protect the zeolite materid from therma damage by the dectron beam. The

mgor advantage of the SEM isthat bulk samples can be sudied by thistechnique.

1.4.7 Electron Spin Resonance spectr oscopy

Electron Spin Resonance is widdly used in catdyss to study paramagnetic species (species
having one or more unpared dectrons). This  technique is sendtive  and is used for
investigeting and characterizing low-abundance active Stes at catalyst surface. Anomaous
oxidation states have been observed and numerous hypothetical paramagnetic intermediates in
cataytic reactions have been detected and identified by means of ESR. It is mainly usgful inthe

trangtion metal containing heterogeneous catayst samples [140,141].

148 UV-Vis

UV-Vis spectroscopy alows the study of eectronic trangtions between orbitals or bandsin the

case of aoms, ions and molecules in gaseous, liquid or the solid state 142,143]. In metal
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subgtituted zeolites d-d trangtions give information on oxidation sates and co-ordinaion
of the metd species and thus used to find out the position of meta species in the zeolite

framework.

1.5 Catalysisover Zeolite

Zeolites offer advantages over conventiona catalysts in acid, acid-base, oxidation and reduction
reactions. The mgor properties such as well defined structure, uniform pores, high therma
gability, high surface area, easy regeneration, wel defined micro-pore system (enhances

selectivity), etc make zeolites unique  as heterogeneous catalysts.

1.5.1 Acidic reactions:

The cadytic Stesfor acid catayzed reactions in duminosilicate zeolites are mainly the Bronsted
acid centers associated with protons. The as-synthesized form of zeolite can be converted into
cadyticdly active protonic form (H form) by a number of techniques. The firg and the smplest
one being ion exchange of cations by protons from acidic solution. However, presence of acid
leads to dealumination and findly may result into structura collgpse, hence the above method is
not practiced for al zeolites. The second method involves the replacement of cations (e.g. Na)
by ammonium ions from a solution contaning ammonium sdts followed by thermd
decomposition of ammonium form to produce protonic form of the zeolite. The strength and the
concentration of the acidic Sites can aso be modified by isomorphous subgtitution of trivaent Al
and tetravdent S by other metd ions. All the dkylation [144-148] and Isomerization [149-152]

reaction carried out on zeolites are due to acidity of the zeolite. Zeolites are used as solid acids



in many conventiond acid cataysed reactions where hazardous and corrosve chemicals like

minerd acids, AlCl; are utilized in the reactions.

1.5.2 Oxidation reduction reactions :

The redox property of the zeolite is due to the modifications discussed earlier. The metd centers
are acting as active dtes for the specific reaction. The oxidizing or reducing behavior of the
meta depends upon the oxidation state of the substituted meta. In oxidation reaction the active
centers of the incorporated metal are supported by oxidizing agents such as HO, [153], N,O
[154], molecular Oxygen [155], TBHP etc. Zeolites have been used in reduction reactions with

H,S [156], C; [157] hydrocarbons as reducing agents.
1.5.3 Catalyticreactors:

For investigating the catalytic activity, specific reactions are studied. A reactor is chosen on the
basis of the reaction to be studied. Thus severd types of reactors are in use. In this sudy mainly

three typesof reactors are used.

Liquid Phase reactors: Liquid Phase reactionswere carried out at atmospheric pressurein a

50 ml thermogtated flask equipped with a condenser and a magnetic stirrer.

Liquid phase high pressure reactors: Liquid phase high pressure reactions were carried out

in pressurized and dtirred autoclaves. These are smilar to those used for the zeolite synthesis.

Fixed-bed atmospheric reactors : Catdytic sudies were carried out at atmospheric pressure,
in a fixed bed, down flow, integrd dlica reactor.[Fig.1.6] All heating and temperature

measurements were carried out using Aplab temperature controller and indicator. About 3.0 g.
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of catayst (10-20 mesh) was placed at the center of the silica reactor supported by porcelain

beads, which was placed verticd in the heating shell (Geomechanique, France). Liquid reactants

were fed with a syringe pump (Sage instruments, USA), and carrier gas was used at a desired

rate using a mass flow controller (Matheson, USA). Reaction products were condensed by

passing through cold water condenser and samples were collected a various intervals. Samples

were anadysed on gas chromatograph (Shimadzu, model GC 15A).
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Fig. 1.6 : Fixed-bed down flow reactor
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1.6 Applications of zeolites:

Zealites have been used within home appliances as moisture adsorbents, water and gas purifiers
due to the ion exchange capacity and porous structure [158].

Zeolite cataysts play an important role in the synthesis of organic intermediates and a number of
reviews have gppeared on the gpplication of zeolites as cataysts in organic synthesis [159-161].
The ussfulness of zedlites as catdyds in organic reactions like dkylaion [162-165],
isomerization [166-171], eectrophilic subgtitution of arenes [172,173], cyclization reactions
(induding heterocydic ring formation), nucleophilic subdtitution and addition [174] is well
documented.

Zeolites act as excdlent catdydts in petrochemica and petroleum converson processes
[175,176]. Processes like sdectoforming [177], M-forming [178], M-2 forming [179], Cylar
[180] and Aromax [181a] have been developed using zeolite catalysts and commercidized by
Mobil Oil Co. and British Petroleum Co. A list of commercid processes based on zedlites is
givenin Table 1.7.

Table 1.7 : Industrial processes based on shape selective zeolite catalyst [181b]:

Process Starting Material Zeolite Products
Catalytic cracking Crude ol Faujadite Gasoline, heating all
Hydrocracking Crudeail + H, Faujadite Kerosene
Dewaxing Middle didtillate ZSM-5, Mordenite Lubricants
Benzenealkylation  Benzene, ethene ZSM -5 Styrene

Toluene Toluene ZSM-5 Xylene , benzene
disproportionation



Xylene
isomerization

MTG
MTO

SCR process

mixed xylenes

Methanol
methanol

Power station flue
gases

ZSM-5

ZSM-5

ZSM-5

Mordenite

p-xylene
Gaoline
Olefins

NO free off-gas

1.7 Environmental Catalysis

The role of catdyds in environmentd improvement is crucid [182]. The term "Environmentd

Catalyss' encompasses a variety of different applications of modern catdysts. Very recently

Weitkamp has classified the environmenta catdyss into the following five categories [183].

1. Control of emissons of environmentaly unacceptable compounds, especidly in flue gases

and automobile exhaust gases.

2. Converson of solid or liquid waste into environmentally acceptable products.

3. Sdective manufecture of dternative products which can replace environmentaly harmful

compounds, such as some chlorofluorocarbons (CFCs)

4. Replacement of environmentdly hazardous catdysts in existing processes.

5. Deveopment of catdysts which enable new technologica routes to vauable chemicd

products without the formation of polluting by-products.




Zeolites are useful in many of these categories. The meta exchanged zeolites such  as
CuwZSM-5 are very much useful in controlling the flue gases and automobile  exhaudts [184].
Zeolites convert the hazardous CFCs into the less harmful products [185] and thus prevert
Ozone layer depletion. The use of X, Y zeolites as solid acids replacing corrosve AlCkL and
minerd acids in many dkylation, acylation reactions, is wel known [162]. Some modified
zeolites (F&/ZSM-5, Ga-FER) are useful in the replacement of hazardous and costly chemicd

processes by single step green technology [186].

1.8 Ferrierite:

1.8.1 Discovery

Ferrierite (FER) isanatura zeolite minera, which occurs near Kamloops Lakes, British
Columbia. Staples[187] in 1955 reported the unit cell composition as
(Na,K)s M g, (SizAlg)O72 (OH),. 18H,0

Vaughan [188] and Kerr [189] solved its crysta structure. Breck [190] classfied ferrierite

zeolite aong with mordenite, dachiardite, epidtilbite and bikatite.

Barer and Marshdl [191] demonsrated the fird synthess of ferierite under
hydrotherma conditions in 1964. This procedure involved the use of strontium as the inorganic
cation; the synthes's temperature was 613 K and the product crystalized after 10 days. Since
then a number of reports [192-196 | on synthesis of ferrierite gppeared. Most of them required

high crysdlization temperatures and FERs were of low SO,/AlLO; ratios. Winquist [197]



gynthesized ferrierite from gds containing NaPO, and KF, with SO,/Al,O; ratio of 11 in the
temperature range 448 - 483 K. These temperatures are significantly lower than those reported

ealier.

More than a decade ago Kibby et d [198] reported synthess of ferrierite usng
quaternary ammonium cations namely tetramethyl ammonium hydroxide. Since then a number of
N- containing molecules and aso oxygenated hydrocarbons have been used in FER synthesis.

Gies and Gunawardane [199]first syntheszed the dliceous form of ferrierite from
agueous medium. On the contrary a non agueous route in presence of fluoride ions has been
reported by Kuperman et d.[200]. Kim et a.[201]succeeded in syntheszing FER in the
absence of inorganic cations usng pyrrolidine, 1,4-diaminobutane and ethylene diamine as
dructure directing agents.

Number of studies reflect severa isomorphous subdtitutions in FER framework. Ga™*
has been successfully incorporated in the ferrierite structure [202,203] and recently Borade and
Cleafidd [204] described the synthess of iron ferrierite, while TS-FER titanoglicate system

has been reported by Ahedi and Kotasthane [205]

1.8.2 Structure

Synthetic ferrierite is a medium pore, high slica zeolite. The FER framework is based on the
chains of 5 rings, which are linked to form five membered {5%} polyhedra units [Fig. 1.7].
There are two types of perpendicular channds in the structure, which intersect one another. The
main channels are pardld to orthorhombic ‘c’ axis of crysta and are outlined by dliptica 10

membered rings (4.3 x 5.5 A); while the side channdls pardld to ‘b’ axes are formed by 8



membered rings (3.4 x 4.8 A). The ferrierite structure type is abbreviated to FER and its crystal
has orthorhombic (Fig.1.7) symmetry with a = 1.92, b=141and c=0.75nm

[188,206] as unit cell dimengons. The unit cell contains 36 T atoms [206].

8 Membered Ring
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Fig. 1.7 : Ferrierite Stucture

1.8.3 Uses

Ferrierite exhibits excdlent sdlectivity for the skeletd isomerization of 1-butene [207,208]. In
addition, cobat-exchanged ferrierite is reported to be active for the selective reduction of NO,
which remains a serious environmenta problem [209,210].

1.9 Conclusion:

As evident from the literature survey, it can be seen that zeolite science developed very rapidly
in the past decade. However, it can be observed that dthough a large number of zeolites are
synthesized, only few (NaY, ZSM-5, etc.) have been in the commercid use. Number of other
potentid zeolites and related molecular Seves are reported as sdlective cataysts in severd
resctions and are for future commercidization.

In subsequent chapters, systematic study on amodified medium pore zeolite Ferrierite (Ga- FER

and V-FER), has been described.



1.10 Aim of the present work:

Zeolite ferrierite (FER) beongs to high silica medium pore dass of zeolites. The slicato dumina
ratio isin the range 15 - 60. These zedlites are thermally stable and acid resistant. | somorphous
subgtitution of AP by Ga®* and Si** by V** modifies the physico-chemical as well as cataytic
properties of the FER. The am of the present work is to synthesze Ga and V anaogs of
ferrierite (FER) type zeolites by hydrothermd and organotherma methods followed by their
characterization and evauation of their cataytic properties. The present study includes:

Synthesis of Gdlium (Ga-FER) andogs of Ferrierite by hydrotherma route.

Synthesis of Vanadium ( V-FER) andogs of Ferrierite by organotherma synthetic route.

Detaled characterization of the above samples by XRD, TG/DTA, FT-IR, ESR, MAS-

NMR, SEM, UV-Visand Sorption techniques.

Tedting of Ga- FER for ethylation and hydroxylation reactions of benzene.

Testing of V-FER catdysts for oxidation of toluene, styrene epoxidation and Nitrobenzene

reduction reactions.
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2.1 Introduction :

Advances in the preparation of zeolite and zeolite like substances have led to know new
molecular sieve materials. These advances kept the basic identities of the modified
materials such as thermal stability, ion exchange nature, shape selectivity and many other
properties intact. The replacement of metal ions in the framework of the molecular sieve
with others, is one of such modifications. This is known as |somorphous substitution. In
the case of zeolites, there are methods of introducing the trivalent ion in place of Al*3
and tetravalent ion in place of S

Although there is a difference in the ionic radii of Al*® (0.53 ?) and Ga™ (0.61 ?), the
gallium substitution in place of aluminum is possible. The gallium analogs of many
zeoliteg1,2,3 ] including faujasite [2,4,5 ], ZSM-5 [6 ] have been already synthesized.
Sulikowsler [7] reported the gallium Ferrierite for the first time. Jacob et.al. [8] have aso
synthesized Galium substituted Ferrierite. As gallium is moderately acidic than
aluminum it will be a milder acid catalyst in acid catalysed reactiong9 ]. In the
synthesis of the gallosilicate, the interaction between gallium ions and the silicate gel
appears to be similar to the aluminum ion interactions with the gel [10 ]. In agueous
solution, however, the free gallate ions are more stable than aluminates [ 11]. Under the
alkaline conditions used in zeolite synthesis, sodium gallate solution is found to be
extremely stable. Thus a true solution of gallic acid can be formed, which is not true for
the aluminate acid, as it forms dimeric and polymeric species in solution [12 ]. The
presence of monomeric gallate ions in solution thus should not impede gallium's ability to
be incorporated into a crystalizing slicate structure, as dissolution of a secondary

galium oxide (hydroxide) phase does not occur. Irreversible formation of metal oxide
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(hydroxide) species, prohibiting incorporation into a silicate framework, occurs for other
elements with amphoteric hydroxides such as the transition metals, iron and chromium,
but it is not a factor in the galosilicate system.

2.2 Synthesisof Ga-FER :

The reagents used for the synthesis of gallium analog of ferrierite are listed in Table2.1

Table 2.1: Reagentsused in synthesis of Ga-FER.

Reactants Suppliers Analysis
Pyrrolidine SRL 99%

Sodium silicate - 28% SIO32; 9.0 % N&O
Galium sulphate Aldrich 99%

[Ga2(S04)3.16 H20]

Sulphuric acid BDH 98%

D.M.Water

In a typical synthesis, addition of a solution prepared by mixing 1.625 g. of Gap(SO4)3
[99%, Aldrich] in 30 g. of distilled water and 1.8 g. of concentrated H,SO, (98%
S.D.Fine Chemicas) in 10 g. of ditilled water to 52.5 g. of N&SO3 (28% SO», 9%
NaO) in 40 g. distilled water leads to the formation of a gel. Then, 10 g. of template
pyrrolidine was added to the gel mixture and the gel was stirred for approximately 1 h.
The finad gel pH was 11.5 + 0.2. The gd was transferred to a 300 ml stainless steel
autoclave (Parr 4861, 300 ml) and heated at 433 K for 40 hours. After this period, the
autoclave was quenched with cold water. The material was filtered, washed and dried at
373 K. Utmost care was taken to clean the autoclave to avoid any seeding effect from the
previous batches. The samples with different S O2/Ga03 ratios were synthesized by

varying the gel composition. The initial gel composition was :




27.18 Na;O : 32 Py : (30-100) SiOz : 1 Gay0Os3 : 4.97 H,SO4 : 1798 H,0
where Py = pyrrolidine.
The as synthesized Ga- FER samples were calcined at 773 K for 10-12 h. to convert them
into the sodium form and then into the ammonium form by multiple exchanges with 2M
ammonium nitrate solution at 363 K. The ammonium form was dried at 383 K and then
calcined in a step wise controlled way at 753 K to obtain the H* form.
Three different Ga-FER samples were prepared with Si/Ga input ratio varying from 15 to
50. The samples were analysed by XRF (Rigaku 3070 X-ray spectrometer ) technique to
determine the chemical composition of the Ga-FER. The chemical analysis of the input
gel and the fina products are shown in Table 2.2.

Table 2.2 : Physico chemical propertiesof Ga-FER samples

Sample Si/Ga Ga (wt %)
by XRF
Input Output
Sample 1 15 9.85 10.14
Sample 2 32 19.80 5.44
Sample 3 50 20.92 5.20

2.3 Characterization :

The GaFER samples were characterized by using various spectroscopic and
non spectroscopic techniques. The main aim of al the characterization was to find out the
gallium incorporation in the Ferrierite structure and its effect. For this purpose, following

characterization techniques have been used.
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2.3.1 X-Ray Diffraction (XRD):

XRD was carried out on Rigaku D max Il VC spectrometer. The main am of employing
this technique is to determine phase purity and percent crystallinity of the Ga-FER
samples. This aso gave information about the unit cell parameters of the Zeolite and
I somorphous substitution, which is revealed by the unit cell expansion. This expansion in
unit cell volume is due to replacement of bulkier gallium ions in place of auminum ionin

the Ferrierite structure. In Fig.2.1 XRD patterns of three different gallium containing

samples along with the Al-FER pattern were shown.
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The XRD patterns of the Ga-FER samples were similar to those of aluminum ferrierite.

The positions of the peaks were not changed by gallium incorporation which confirms

the phase purity after gallium incorporation. The incorporation of Ga™ ions into the

framework caused a unit cell volume expansion as expected [13]. In case of AI-FER the

unit cell volume was found as 1958.00 A3. After incorporation of gallium it was

increased to 1998.29 A3 2002.12 A® and 2026.40 A® in three GaFER samples

(Table 2.3). It can be seen that the unit cell volume increased with the gallium content in

the FER structure ( Fig. 2. 2).

Table 2.3 : Unit cell parameter data of various Ga-FER samples.

Sample Ga wt% ao bo Co unit cell volume
(Ga-FER) (XRF) A A A A3
Sample 1 10.14 18.99 14.19 7.52 2026.40
Sample 2 5.44 18.96 14.14 1.47 2002.12
Sample 3 5.20 18.97 14.11 147 1998.29

Al-FER -- 18.69 14.06 7.40 1958.00

2030 o
2025—-
2020—-
2015—-
2010—-

2005 o

Unit Cell Volume

2000 +

1995 +

Fig. 2.2 : Unit Cell Volume increase V

Gallium content

4 5 6 7

Wt. % Gallium

10 11
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The synthesis kinetics of the Ga-FER zeolite is shown in Fig. 2.3 . During synthesis of
GaFER, 4 different sets of experiments have been carried out using above mentioned
synthesis procedure. Each synthesis experiment was stopped after 10 hours of the
previous experiment. The four samples varied in crystalinity. The multiple plot of XRD
spectra are plotted in Fig 2.3. The graph of Time verses Highest peak intensity has been
drawn. An exact "Sigmoid" shape curve is observed which is characteristic of that of

zeolite synthesis [14,15,16].
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Synthesis Kinetics
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2.3.2 Surface area measurement :

An Omnisorp 100 CX (COULTIER, USA) analyzer was used for the measurement of

low pressure nitrogen adsorption to determine the surface area and micro-pore volume.

The sample was activated a 673 K for 2 h. in a high vacuum (10°° Torr ). After the

treatment, the anhydrous weight of the sample was taken at room temperature. The

samples were then cooled to 78 K using liquid nitrogen. After that, the samples were

allowed to adsorb nitrogen gas. The BET surface area was calculated. Fig 2.4 shows the

comparative graph (adsorption isotherms) of nitrogen adsorbed on the Al-FER and it's

galium analog Ga-FER.
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Surface area and micro-pore volume were calculated by using BET equation from the
above isotherms and the values are given in Table 2.4 .

Table2.4: Surface area and Micropore volume of Ga-FER sample.

Sample Surface Area nf/g. Micropore Volume ml/g.
Ga FER (Sample 2) 148.4 0.07
Al-FER 351.3 0.14

It can be seen that due to incorporation of gallium in the Ferrierite framework, the
surface area and micro-pore volume decreased significantly. It is surprising that even
though there is an increase in unit cell parameters with galium incorporation, the
adsorption of N2 is decreased. Thisis due to the extraframework gallium oxide occupying
the zeolite pores and decreasing the adsorption capacity.

2.3.3 Thermal analysisand structural stability :

Figure 2.5 represents thermo-analytical curves of samples 2 and 3 in their as-synthesized
forms. The TG curves indicate continued weight loss (~ 2.0 wt %) mainly due to the
dehydration occurring from the FER zeolite cavity in the low temperature range up to 573
K. The DTA curves obtained in air for the as-synthesized products of varying SIO2/Ga,O3
ratios, reveal significant changes, which are mainly due to oxidative decomposition of
the occluded pyrrolidine template. The curves exhibit two characteristic exotherms at
Tmax 622 K and 775 K. The existence of two exothermic peaks in case of other high silica
zeolites e.g. ZSM-5 [17], Silicdite [18], EU-1[19], have been reported in the literature.
According to Parker et al.[18] these low temperature peaks (622K) arise mainly due to
templating species (R = pyrrolidine) which are not adjacent to an auminum ion

(° SIOR defect groups) and weakly bonded to the frame work. These favour early



decomposition. On the other hand strongly bonded species near the aluminum site acting
as charge compensating (AlO4 tetrahedra) ion decompose at higher temperature
(Tmax 775 K). There are no major changes or transformations observed in the temperature
range 775 - 1273 K which indicates that the Ga-FER samples maintain structural integrity

upto 1273K (1000°C).
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2.3.4 Framework IR spectra:

These spectra were recorded in the framework region 1300-400 crit with Nujol mull.

Figure 2.6 shows the framework region infrared spectra of gallium ferrierite  and

Al-ferrierite samples.

[ 43
| i
1]
.| :
A |
|
|
|.T )’
HEY
|
Y . Iln'\.
| I. \'\-I II
i ]
P
[ Y
"'i.v'h"lﬁ-m

G- FER
SAMPLE 7

Al-FER

h\l
IIII \\I.
; k3
|
I|II ] |
I|
I\\_ I.'
.--‘-I ..\H'-\.
776 -
'\-;H..- -
‘a5
+
_n'
. ;
piss 7
o A
= r
\\ o
e
|10k
*
b I:I ]
woo 300 lzec nbo o coo
-1
il

Do

FIG.2.6:FRAMEWORK FTIR OF G-FER AND AL-FER

i

57




GaFER spectrum shows two characteristic absorption bands around 1226 cm' and

694 cmi. These bands can be attributed to the vibrations within the ferrierite framework
[20]. The absorbance around 588 cm* confirms the presence of distorted five membered
double ring (DDR-5) present in the high silica ferrierite framework. The IR spectra shows
strongest band at ~1089 crrit due to asymmetric stretching of internal SFO-Ga vibrations.
The decrease in this band position from 1101 cmi' was due to introduction of heavier
atom in the Ferrierite framework [ 21].

Table 2.5 shows the framework region vibrational frequencies for FER system.

Table25: Framework vibration frequencies for Gallium ferrierite (Ga-FER)

zeolite.
Wave number (cm?) Assignment
457.1 S ¥ O bending.
543.9, 588.2 Distorted double five membered rings (5-DDR).

694.3 Internal tetrahedral symmetrical stretch.

727 External link symmetric stretch.
1089.7 Internal tetrahedral asymmetric stretch.
1226.6 Internal asymmetric stretching.

When compared with Al-FER spectrum the bands at 813.9 and 758 cni® (from A-FER)
were found to be shifted to 796.5 and 727.1 cmi! (GaFER) resp.. This is due to the
replacement of heavier gallium ion in place of auminum ion in the Ferrierite framework

and thus increasing the reduced mass which reflected in decreasing the frequency [22 ].



2.3.5 Acidity measurements using IR spectroscopy :

Pyridine is largely used as a probe molecule to study the acid sites but this can't fully
penetrate the channels of 8 and 10 membered rings of Ferrierite [23 ]. Nitrile has a
promising functional group and is of low basicity. It is possible to determine the acidity
from the wave number shift of this molecule. Acid site distribution of Ga-FER sample
was studied by using ds-acetonitrile as a probe molecule. The concentration of Bronsted
and Lewis acid sites was calculated by wsing the reported extinction coefficients [23 ].
FTIR spectra of Ferrierite samples were recorded on wafers of thickness ca. 10 mg/cnt.
The Nicolet Magne-550 FTIR spectrometer was used with a DTGS KBr detector and a
vacuum cell with CaF, windows attached to the vacuum arrangement and dosing system
for acetonitrile. The sample was activated at 670 K and adsorption of & acetonitrile
(Aldrich) (13 mbar) on evacuated zeolite was carried out at 298 K for 30 min. followed
by further evacuation at 298 K for 10 min. Spectra were recorded at ambient temperature
with 2 cm? resolution by collecting 200 scans for a single spectrum. IR spectra are
normalized on a sample thickness of 10 mg/cn?. IR bands of adsorbed ds-acetonitrile was
deconvoluted using a procedure corsisting of identification of a band position in a second
derivative mode of the spectrum and the least square minimization routine approximating
the band by a guassian profile. Extinction coefficients of Bronsted and Lewis acid sites of
Al-Ferrieirte were used for calculating acid sites Pelmenschikov [23a] have suggested
following species of trivalent and tetravalent metal ions after CD;CN adsorption. Bands
at 2278 cm-1, 2300 cm-1, 2332-2323 cm-1 correspond to the terminal silianol group,
Bronsted acid site (bridging OH) and Lewis alumina site respectively. This is shown in

Fig. 2.7.
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Peak Position Species
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I
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Fig. 2.7 : Different species after CDsCN adsorption



Fig.2.8 shows the cumulative spectra of ds-acetonitrile adsorbed on the Ga-FER sample.
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The deconvolution procedure yields bands at 2320 cm* and 2297 cmi* corresponding to
Lewis sites and Bronsted sites resp. (Table 2.6 ). In Ga-FER the amount of Lewis acid
sites are little more than AI-FER but that of Bronsted sites are much less than AI-FER.

The total acidity is less than AFFER. This confirms that Ga-FER is moderately acidic.
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Table 2.6 : ds-Acetonitrile Adsorption (cm?)

Sample Position Area Position

Area Conc.
(cm?) (cm?) (mmol/g)
L-dte L-dte B-ste B-dte L-sSte B-dte
Al-FER 2323 85 2296 114 0.24 0.55
GaFER 2320 10.3 2297 7.9 0.28 0.39

(Sample 1)

2.3.6 Scanning Electron Microscopy :

Fig 2.9 displays the scanning electron micrographs of Ga-FER (Sample 2).The crystal

sze of the Ga-FER material is ~2-3 nm and is of rectangular plate type morphology.

The shape and size of the crystals are not uniform. The size varies from 1 nm to 5 nm.

The rectangular plate shape of Ga-FER sample is similar to that of AI-FER sample.
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Fig. 2.9: SEM photographs of Ga-FER (sample 2)



2.3.7 Nuclear M agnetic Resonance Spectroscopy :

Fig 2.10 shows the "*Ga MAS NMR spectra of Ga-FER samples (Sample 1, 2 and 3).
The sharp peak at 150 ppm in all the three samples indicates the presence of tetrahedrally
coordinated framework Ga™ species [24-27]. The peak at -87 ppm was absent in al the

three spectra, which is attributed for the Ga* in octahedrally coordinated form.
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The Fig 2.11 shows the S MAS NMR of the Ga-FER samples. All the three samples
are showing 2 peaks. The signal at -109 ppm is due to the Si (0 Ga 4 Si) coordinated
Qs SilicorlV species in the Ferrierite framework. The signa at -102 ppm can be assigned

to the Si (1 Ga 3 Si) coordination [28] which is Qs silicon species with one heteroatom
(Ga™) in it's vicinity.

g g
I |
|'rll'
II I-.I.
b
|
|
-’\"'Jl £ II.
.I.. .II'
-I I. I'. SAaMILE 3
__r_,_.-'-' | '| ‘M.R_ _ e
-~ et e T | |
|
II[ |
| \
III II. ! III
__.-’I .'I I| |
F N T
S I g
o [, §F ™= SAMPLE 2
————n S e | | - L
| ".
|-I| |
e |
_.-; II'.
,,/'j S ] SAMPLE |
PeM  —80 : -0 ' —ikn ' ko : o '
FIG.2.11: S MAS NMR SPECTRA OF GoaFER SAMPLES




Both these MAS NMR results confirm the Ga incorporation in to the ferrierite framework
which is aso confirmed by unit cell expansion. The computational study of GaFER
(Sample 3) gives quantitatively the amount of Q4 (73.5%) and Qs (26.4%)species in the

295 MASNMR (Fig. 2.12 ). Thus from the results, the calculated Si/Garatio is 15. From

XRF analysis the ratio was 20.

iy

] ".
i [ ':. ':'|'.+ =i PER
Ve

-
—80 — ik e 120 AP

FIG. 212: COMPUTATIONAL STUDY OF Si MAS NMR

SPECTRUM DF Ga-FER (SAMPLE -3

Q3 Species Q4 Species
iO\ '/OGa\ /SIO\S-/OSI\
/SI\ - - |\ -

>TO oi< /Tio os\\




2.4 Catalysis:

The GaFER catalyst is having gallium in the framework of Ferrierite zeolite in place of
aluminum. Due to this replacement, Ga-FER is mildly acidic than Al-FER. Gallium can
show two different valence states (i.e. Ga™ and Ga* ) which contribute to oxidation
reduction behavior [28a]. In order to investigate these properties of Ga-FER a single step
Benzene Hydroxylation and Benzene Ethylation reactions were studied.

2.4.1 Benzene Hydroxylation :

Benzene hydroxylation or partial oxidation of benzene and its derivatives to phenol and
phenolic compounds is welknown.. Due to the commercial importance of phenal, in the
synthesis of various organic chemicals, in the production of Phenolic resins (used as
adhesives in plywood industry), Bisphenol A ( used as engineering thermoplastics),
Aniline, Alkyl phenols, DPO and Polycarbonates etc., several studies have been carried
out and the results are available. Holderich et.al. [30] reported liquid phase synthesis of
phenol using HO- in the presence of TS-1. lwamoto et. a. [31] followed the gas phase
synthesis of phenol using N;O in presence of a V,0s/SO, catalyst. Several researchers
have carried out gas phase synthesis of phenol using NbO as oxidant and analogs of
ZSM-5 zeolite as catalysts [32-51]. The most commonly used and economically
competent processis the multi step cumene process [29]. In this first cumene is produced
by the catalytic alkylation of benzene with propylene, followed by cumene oxidation to
peroxide and finally its cleavage to phenol and acetone. A schematic diagram of cumene

process is shown below :
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2.4.1.1 Cumene Process

(Alkylation)
Benzene + Propene » Cumene + Higher Alkylates
(Oxidation) _
Cumene — » Cumene Hydroperoxide
(H2S04)

Cumene Hydroperoxide =~ ——p Phenol + Acetone

The economy of the process is due to its byproduct acetone. Even though, direct
hydroxylation/partial oxidation of benzene leads to the formation of phenol , the
conversions and selectivities obtained do not permit a commercialy viable aternative to
the cumene route. Reports on the conversion of benzene to phenol using a zeolite catalyst
of MFI type and gaseous nitrous oxide as an oxidant , indicate low selectivities caused
by the high exothermicity.

The worldwide phenol production (1999) was 5174x10° t/yr. and that in India was
61x10° t/yr. Herdillia Chemicals (Mumbai) and Hindustan Organic Chemicals (Cochin)
are the main manufacturers of phenol in India. Ga-FER is smilar to MFI type zeodlite,
except an eight membered ring in place of one ten memebered ring. Further the acidity
associated with is less than the ZSM-5 , the reaction of benzene with gaseous nitrous
oxide may be high in respect of the utilisation of nitrous oxide. In the gas phase reaction
benzene was passed over Ga-FER catalyst at high temperature along with nitrous oxide
gas (N20). The reaction can be shown as

OH

Ga-FER / N,O
- + N2
300 - 500 C




In the cumene process atotal of seven steps are involved, starting with the production of
cumene. During this process, corrosive and environmentally polluting catalysts like
solid phosphoric acid, and HSO,4 are used. The handling of these materias is very
hazardous and create disposal problems.

Direct hydroxylation of benzene is a single step process . Heterogeneous catalysts play
an important role in this. Further byproducts like nitrous oxide produced in the adipic
acid plants, fertilizer plants, causing atmospheric pollution can be utilized.

2.4.1.2 Utilization of N2O :

Nitrous oxide (N2O) is known as "Laughing Gas'. Though it is useful for Medica
Professionals as arestiating agent, it plays an important role in Ozone layer depletion
(which is causing Global warming) in the stratosphere of the Earth. It is a very stable
gas and it's atmospheric life is 150 years. It is mainly produced in the reactions where
Nitric acid is used as a reagent. The worldwide production of this gasis 4.7 - 7 million
tones /yr (in 1999). The fragmentation of N>O generation is shown in Fig. 2.13.

Fig. 2.13: Sources of N>O generation
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As a preventive measure, many researchers are trying to reduce N,O by various

heterogeneous catalysts like oxides, hydrotalcites, metal exchanged zeolites etc.

Our main am to use Ga-FER catalyst for this reaction was

» To develop asingle step eco-friendly synthetic route for pherol and

> To utilize a hazardous "Green house gas' N0, in the cause of chemical synthesis and
thus developing a"Green Technology".

The gas phase hydroxylation of benzene was carried out using the above synthesized

GaFER catalysts. Penov et.a [40,41] have suggested the following reaction mechanism :

N IO R T —— (1)
I (¢) SR (eX= o ) Em— (2)
(CeHsOH) ® CeHsOH  —emmemmemmemee (3)

* Speciesin parenthesis are the active species.

The a-oxygen (O) species are acting as oxidants in the above reaction.. The (O) species
are generated on the tetrahedral gallium ions of Ga-FER by the (O) obtained from the
decomposition of nitrous oxide.. These sites are essential for the hydroxylation reaction
[41] and hence only the catalyst with a-sites are active for this reaction. The reaction is
highly exothermic. The reaction is studied as a function of temperature, space velocity
and benzene to nitrous oxide mole ratio. The stability of the ctalyst was studied by
extending the reaction time to long hours of duration and monitoring the conversion at
regular intervals of time.

2.4.1.3 Effect of temperature:

The reaction was studied at a space velocity of one and benzene to nitrous oxide mole

ratio one. The reaction temperature was varied from 300°C to 500°C.The product was
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collected at fixed intervals of time a each temperature and analyzed by gas
chromatograph (FAPS packed column). Phenol is the only liquid product, in addition to
unconverted benzene.. At high temperatures (> 450°C) oxides of carbon are observed in
the gas phase along with benzene. Nitrous oxide was not detected in the gas phase. The
conversions are calculated on the basis of analysis of the liquid and gaseous products at
each temperature. The data is presented in a graphical form in Fig.2.14a.The conversion
was low in the temperature range 300 — 440°C (5-7 %), and suddenly increased to 19 %
at 500°C.This may be due to the diffusivity of phenol at high temperature. The utilization
of nitrous oxide to the desired product phenol is 30-40% under these experimental
conditions. However benzene selectivity to phenol is more than 99.5%. Further rise in
temperature above 550°C lead to lower phenol selectivity. The conversion however
increased steeply. The catalyst was deactivating slowly. This is due to the coke

formation. The catalyst was regenerated in air and nitrogen for further experimentation.
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Fig. 2 .14
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2.4.1.4 Effect of W.H.S\V.:

To further increase the utilization of nitrous oxide, influence of contact time and the
variation of the amount of nitrous oxide in the feed by changing benzene to nitrous oxide
mole ratio were studied. The results on the benzene conversion with contact time is
included in Fig-2.15a.The other conditions are the temperature is 450°C, benzene to
nitrous oxide mole ratio one. As expected at low contact time (high W.H.S.V.=3) the
conversion of benzeneislow (2 %) and at a W.H.S.V. of 0.7 conversion is 21%. Thisis
purely due to the residence time of nitrous oxide. Even at high contact time no other
compound than benzene and phenol were observed in the liquid product. The selectivity

of phenol is very high. Unconverted nitrous oxide gas is not observed in the product.
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2.4.1.5 Effect of Benzene/ N>O moleratio:

Effect of Benzene / N,O mole ratio is shown in Fig 2.15b. At 450°C and one W.H.S.V .,
the conversion of benzene is 3.7% at a benzene to nitrous oxide mole ratio 0.25. When
the nitrous oxide was decreased in the feed and the ratio maintained at 1.67,the
conversion increased to 12%. This is mainly due to the higher residence time of N;O.
However, when the mole ratio was further increased (2.0) ,the conversion of benzene
was only 3%.The diffusion effects play an important role at these rates. A mole ratio of

Bz/N,O = 0.67, is optimum under these conditions.
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2.4.1.6 Effect of Gallium content :

Fig 2.16a shows the effect of Ga content on the benzene conversion. The conversion of
benzene is higher over sample 1 than sample 2. The Gallium content of the Sample 2
(10.14 %) was more than that of Sample 1 (5.44 %). The high activity of Sample 1 than
that of 2 is due to the better dispersion of tetrahedral Ga™ species acting as an active a -
species. This was dready shown in the MAS-NMR studies of Ga-FER wherein more
amount of Gaisin tetrahedral framework in sample 1. Reaction was carried out at 450°C
, W.H.S.V .=1.0 and benzene to nitrous oxide mole ratio one.

2.4.1.7 Timeon stream study :

The stability of the catalyst was investigated by carrying out the reaction for longer
duration with the analysis of the products at regular intervals of time. Effect of Time is
shown in Fig 2.14b.The conversion of benzene decreased from 9.2% in the first hour to
2.35 % in 7 hours. The catalyst deactivation was very rapid. After the reaction the
catalyst was examined. The coke content was very high which was responsible for the
loss of activity. The coke formed on the catalyst surface was further examined and was
found to be high boiling polymeric material, which strongly adsorbed on the catalyst,
blocking the active centers for the reaction . The reaction was carried out at 450°C and at
space velocity and benzene to nitrous oxide gas ratio one.

2.4.1.8 Comparison between different Ferrierites:

Fig2.16 gives the comparison between the Ga-FER, Ga impregnated A-FER, Fe-FER
and Al-FER. Reactions were carried out at 450°C, W.H.S.V.=1.0 and benzene to nitrous
oxide mole ratio one. Initially the activity of Ga-FER was more (9.2%) as compared to

AI-FER (5.8 %), Ga impregnated Al-FER (5.6%) and Fe-FER (8.0%). It is due to the
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presence of a greater number of active a-species in GaFER (Sample 1) than in the same
quantity of Gallium impregnated (5.44% Ga) AFER and pure AIl-FER. The rate of
deactivation of Ga-FER was higher as compared to that of Al-FER, and Fe-FER.

However, the activity in terms of conversion of benzene was high at 450°C for Ga-FER.
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2.4.1.9 Kinetic study of Benzene Hydr oxylation reaction :

For the Kinetic study, the reactiors were carried out at different temperatures and
different contact times (W.H.S.V.). Two type of graphs are plotted [Fig.2.17]; one to
calculate rate of reaction at constant temperature by varying contact time (W.H.S.V.) and

the other Arrhenius plot to calculate Energy of activation (Ea). The energy of activation
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for the benzene hydroxylation on Ferrierite is calculated 5.5 K.cal / mole. This seems to
be dlightly less than that of other bimolecular reactions [51a]. But in this case the

possibility of the reaction becoming pseudounimolecular which results into reduction in

activation energy.

Fig. 2.17: Kinetics of
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2.4.2 Benzene alkylation :

Ethyl benzene is an important petrochemical intermediate for the production of styrene.
It is produced mainly by the alkylation of benzene with ethylene. Several catalysts
ranging from aluminium trichloride to solid phosphoric acid are employed. Due to the

corrosive and polluting nature of these substances, recent manufacturing processes
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employ solid acid catalysts like zeolites. Initially potonated or rare earth exchanged
faujasites were used in akylation of benzene [52]. Other molecular sieves also have had
beneficial effects in akylation reactions as catalysts, for example, mordenite in the
alkylation of benzene with CyHs [53] and H-ZSM-5[54] with ethanol. However, the
Mobil-Badger process employing a ZSM-5 zeolite catalyst has replaced many of the
earlier processes. In some parts of the world ,due to non availability of ethylene from
petrocrackers ,ethylene is generated from ethanol .The Albene technology demonstrates
the use of ethyl alcohol as an akylating agent in place of ethylene.

The ethylation of benzene with ethanol has been proved to be particularly useful for
probing the catalytic properties of zeolites including hydrothermal stability and acidity
[55,56]. The high electron density associated with benzene renders it susceptible to
electrophilic attack by positive ion species or by positive end of a dipole or induced
dipole [57]. It is now accepted generadly that alkylation reactions proceed via a
carbocation intermediate [58]. Both kinetic and mechanistic studies support a Rideal type
mechanism [58; 59,60] in which the alkylating agent, which is strongly adsorbed at acid
site, reacts with free or weakly adsorbed benzene molecule in rate determining step.

As GaFER catayst is acidic in nature, the akylation of benzene with ethanol was
studied over this catalyst to investigate the product pattern due to the milder acidity
inherent with Ga-FER. The activity is compared with its iron and aluminium anal ogs.
The reaction was carried out on the Hform of the Ga-FER catayst in down flow glass
reactor system shown in Fig. 1.6 . The products were analyzed by using capillary column.
The main products of the reaction are ethyl benzene and diethyl benzene. However the

formation of toluene, xylene and cumene in small quantities was observed. The reaction



mechanism is shown below. During the reaction diethyl benzene is formed by the
successive akylation of the product ethylbenzene. Toluene, xylene and cumene are

formed by the secondary reactions.

C,Hg C,H,
1ststep 2nd step
© EtOH
Ga-FER

GH,  CH,
Nl . CH,
CH,
+ +

The catalytic activity of some of these modified FER zeolites and iron, gallium silicates
are investigated in the benzene ethylation reaction. The Bronsted and Lewis acidity of
these three ferrierite analoges are given in Table-2.7

Table2.7 : Bronsted and Lewis acidity of the catalysts used for thereaction

Catayst S/M L-Acidity B-Acidity Total Acidity
Ga-FER 9.85 0.28 0.39 0.57
Al-FER 17 0.24 0.55 0.79
Fe-FER 18.5 0.19 0.50 0.69

The reaction was studied as a function of  temperature, space velocity, benzene to

ethanol mole ratio.
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2.4.2.1 Effect of Temperature :

Figure 2.18 illustrates the effect of temperature on the conversion of benzene and
selectivity of ehylbenzene in the reaction over H/Ga-FER catalyst (Sample 1 ). As
expected, the conversion increased with the increase in reaction temperature. The
formation of ethylbenzene was maximum at 723 K. Further increase of temperature lead
to a fall in sdedivity of both EB and DEB. At high temperatures reactions like
dealkylation , disproportionation and isomerisations usually occur on acidic catalysts.
Products like toluene, xylene, cumene and other methylethylbenzenes observed are by
the later reactions of EB. In case of H-ZSM-5 [54] and H-Mordenite [61] these secondary
reaction products are noticed even at a temperature of 673 K. As compared to zeolite beta
and faujasites, the selectivity was found to be more for mono akylated (EB) products in
case of frrierite zeolite, which is attributed to its structure. Similar type of selectivity

pattern was observed in the case of HZSM-5 [54].
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Fig.2.18: Effect of Temperature
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2.4.2.2 Timeon stream study :

When the reaction was carried out at 723 K (450°C) to study the deactivation of the
catalysts (Fig. 2.19), it was found that the conversion was decreasing with time. After

34 hour the ethyl benzene formation remained constant and a gradual fall in the activity
was observed. The bi-products also decreased with time. Thisis due to the passivation of
surface sites  which are to some extent responsible for the secondary reactions. These

results suggest agradual deactivation of Ferrierite catalyst.

Fig.2.19: Timeon Stream Study
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2.4.2.3 Influence of Benzeneto Ethanol molar ratio:

The influence of mole ratio of Benzene to Ethanol (in the feed) on the conversion and
product selectivity over H-Ga-FER is shown in Figure 2.20. The conversion was found to
increase with the increase in mole ratio reaching amaximaat 10 : 1. Selectivity for EB
also increased with increase in mole ratio (i.e. increase in benzene). The byproducts are
remaining almost constant at al molar ratios. Reaction was carried out at 723 K and at

Feed flow rate 4ml/h.. The products were collected at 3h.

Fig.2.20: Effect of BZ/EtOH
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2.4.2.4 Effect of flow rate (contact time) :

Influence of contact time on EB conversion over HGaFER is shown in Figure 2.21.
Conversion with respect to benzene was found to decrease with increase in flow rate
(decrease in contact time). Selectivity for Ethyl benzene increased with the increase in
flow rate and is 90% at the maximum flow rate of 10 mi/h. At lower flow rate more
toluene and cumene are observed. Selectivity to of DEB  is dmost constant over the

range of flow rates studied.

Fig.2.21: Effect of Flow Rate (Contact Time)
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2.4.2.5 Comparision of Al-FER, Fe-FER and Ga-FER:

In case of Fe-FER and AI-FER the benzene conversion showed similar behavior as that
of H/Ga-FER [Fig.2.22]. The conversion with respect to benzene, increased with increase
in temperature and at very high temperatures (viz. 773 K) toluene and other impurities
were observed. However, in case of Fe-FER secondary alkylation viz. DEB formation
was higher than AFFER and Ga-FER. As compared to all the three catalysts toluene
formation was maximum in case of H/AI-FER due to its higher acidity. All the three
catalysts are selective to ethylbenzene d& high mole ratios. Among the three catalysts,
studied conversion decreased in the order AI-FER > Fe-FER > Ga-FER. This is due to
the acidity, as total acidity is in the order; AI-FER > Fe-FER > Ga-FER. While the
selectivity for ethylbenzene decreased in he order GaFER > Fe-FER > AI-FER.
Substitution of tetrahedral aluminum in a zeolite framework by Fe** or Ga®* is known to
reduce the acidity [62]. A-FER is more acidic hence it favors cracking while Ga-FER is

moderately acidic it favors selective ethylbenzene formation.

Fig.2.22: Effect of metal substituted

FER on benzene ethylation
Reaction conditions: Catalyst-3.0g; Temp-723K;
Flow rate-4ml/h; Bz/EtOH-4:1
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CONCLUSIONS:

The GaFER catalysts were synthesized by using hydrothermal synthesis route using
pyrrolidine as a template. Ga* ion is introduced in place of Al*® ion in the Ferrierite
framework. The incorporation of bulkier Ga™ ion is revealed by the unit cell volume
expansion in the Ga-FER samples. The tetrahedral position of the Ga™ ion in the
framework is confirmed by "*Ga MSA-NMR spectroscopy. The acidity of the GaFER
catalyst was found by CDsCN adsorption followed by FTIR spectroscopy on the GaFER
sample.

The Ga-FER catayst is mildly acidic than AFFER. The ethylation of benzene was
studied on AI-FER, Fe-FER and GaFER samples. Ga-FER catalyst is also active in the
hydroxylation of benzene. The preserce of special type of a-surface species generated
due to the tetrahedral Ga*® ion in the framework is responsible for the catalysis. This

reaction suggest an aternative, simpler, eco-friendly route for phenol.
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3.1 Introduction :

Zeolites are crystalline, porous materials containing aluminum and silicon metals.

They can impart acidity along with the molecular sieving nature. Zeolites can act as
bifuctional catalystsin different types of reactions by suitable nodifications.

One of them is the incorporation of metal ions. Vanadium is a transition metal having
various oxidation states, -1 in {V(CO)}", 0 in {V(CO)g}, I in {V(bipy)s}*, Il in
{V(CN)G}"‘, [in {VCl} ", IV in {VCk} and VO, V in VOCk and VFs . Some of
the oxidation states are easily interchangeable with temperature, pH, air oxidation
etc.. Due to that vanadium containing compounds and complexes are known for their
redox properties [1 ] which make them as catalysts.

Modified zeolites, particularly those containing Vanadium are well known for their
excellent catalytic properties in selective synthesis of various fine chemicalg2,3 ].
Maros et.a. [ 4] have patented the first report of zeolite containing Vanadium. Xu
et.al. [5] have reported the presence of three different oxidation states  (l11, 1V, V) of
vanadium in zeolites. Several reports have dealt with the synthesis, characterization
and catalytic properties of vanadium containing zeolites for example ZSM-5[6,]
ZSM-11[7] ZSM-48[8,] ZSM-12[9,] NCL-1[10] Beta/11]and MCM-41[12]. The
Vanadium analog of Ferrierite Zeolite (V-FER) was reported for the first time in our
recent publication [13]. The synthesis, characterization and catalytic properties of the
V-FER are included in this chapter. We also tried to investigate the various vanadium
species present in the zeolite and their activity in different redox reactions.

3.2 Synthesis:

Vanadium is normally present in tetravalent state. While isomorphically substituting
in Ferrierite framework it was found difficult to substitute VV* in place of AR in

aqueous medium. For the synthesis of V-FER the non-aqueous organothermal route of



S-FER[14] was followed. Teflon autoclaves are employed due to HF. The following
chemicals are used .

Table3.1: Chemical used for the V-FER synthesis

Chemical Used As/For Sour ce
SO, (Fumed Silica) Silicon Source Fluka, USA
VOSO4, 5H0 Vanadium Source Loba, Chemie
Propyl Amine Structural Directing Template E.Merck
Pyridine Organic medium SQ, Qualigens
HF in Pyiridine Fluride medium for better 70% Aldrich

disolution of monomeric
species
Distilled water (H,0) Dissolution of Vanadium salt
The organothermal synthesis of vanadium ferrierite was carried out using gels of the
following composition:

S0 (0.1-0.001)VO,: 5.45 Propyl amine: 10.78 pyridine : 2.67 H,0 : 1.AHF
75.5g (0.955moles) of pyridine and 31.5g (0.533 moles) of propylamine were mixed
under stirring. A clear blue solution of vanadyl sulfate (0.506g, 0.002 moles) in 4.8g
(0.267moles) of deionised water was slowly added to the above organic solution
followed by a careful addition of 3.6g (0.018moles) of HF in Pyridine. Finaly 6.0g
(0.1mole) of Cab-O-Sil was slowly dissolved in the above gel under vigorous stirring.
The resulting solution had a pH of 11.0 £ 0.2. This liquid was then transferred to a
PTFE lined autoclave (Fig. 1.4 ) for crystallizing at 170° C for 5 to 7 days under static
conditions. The crystalline V-FER was filtered, washed with water followed by
acetone and dried at 100°C. The X-ray (Rigaku D max Il VC) powder diffraction
pattern confirmed the phase purity of the V-FER. Then thiswas calcined at 550°C for
12 h. to decompose the organic compounds. The product yield was 80% by wit.

(5.0 g.).This sample was treated with 1 M ammonium acetate solution at room



temperature for 18 h. to remove any possible non-framework vanadium species.
Vanadium silicates with four different Si:V ratios were prepared and the chemical
properties are shown in Table 3.2.

Table 3.2 : Physico chemical propertiesof V-FER samples

Sample SV V (wt %) Color of the
by XRF sample
Input Output
Sample 1 10 7.0 4,99 Dark Yellow
Sample 2 20 18 218 Dark Yellow
Sample 3 50 120 0.70 Pale Yellow
Sample 4 100 180 047 Pale Yellow

The color of the samples are actually due to the hydration of the V -FER samples. The
intensity of the color depends upon the vanadium concentration in the sample.

3.3 Characterization :

The V-FER samples were characterized by using various spectroscopic and
non spectroscopic techniques. The main aim of the characterization was to find out
the exact location of Vanadium Speciesin the V-FER zeolite.

3.3.1 X-Ray Diffraction :

XRD was carried out on Rigaku D max Il VC spectrometer to determine phase purity
and percent crystallinity of the V-FER zeolites samples. Detailed analysis of the XRD
patterns gave information about the Unit cell parameters of the Zeolite and possibility
of Isomorphous substitution as reflected by the unit cell expansion. Three XRD
patterns of different vanadium containing samples along with the Si-FER spectrum
were shown in Fig3.1. The XRD patterns of the V-FER samples were similar to those
of siliceous ferrierite. With the increase of the amount of vanadium, slight changesin
the intensities of different peaks were seen. The positions of the peaks were not

changed after vanadium incorporation , which confirms the phase purity.
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As expected, the incorporation of V* ions into the framework caused an expansion in
the unit cell volume [3]. In case of siliceous FER the unit cell volume was 1947.21A3,
After the incorporation, it was increased to 1959.54 A%, 1973.59 A3 and 1987.12 A2

for the three V-FER samples (Table 3.3). The unit cell volume increased with the

increase in vanadium content (Fig. 3.2).



Table 3.3 : Unit cell parametersof various V-FER and S-FER samples.

Sample V wt% ao bo Co unit cell volume
(V-FER) (XRF) A A A A3
Sample 2 2.18 18.89 14.12 7.45 1987.12
Sample 3 0.70 18.83 14.10 7.44 1973.59
Sample 4 0.47 18.75 14.08 7.43 1959.54

S-FER -- 18.69 14.06 741 1947.21

Fig. 3.2 : Unit cell volume V vanadium guantity
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The synthesis kinetics of the V-FER zeolite is shown in the Fig. 3.3. During the
synthesis, four different sets of experiments were carried out using the synthesis
procedure already described. Each synthesis experiment was stopped after 24 hours of
the previous experiment. Four samples with different crystallinity were obtained. The
multiple plot of XRD spectra are plotted in Fig 3.3. The graph of time verses highest
peak intensity is aso drawn. An exact "Sigmoid" shape curve is observed which is

characteristic of zeolite synthesis [15,16,17].
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3.3.2 Surface area measurement :
An Omnisorp 100 CX (COULTIER, USA) analyser was used for the measurement
of low pressure nitrogen adsorption to determine the surface area. The sample was

activated at 673 K for 2 h. in high vacuum (10°® Torr). After the treatment, the



anhydrous weight of the sample was taken at room temperature. The sample was then
cooled to 78 K using liquid nitrogen and then was alowed to adsorb very pure
Nitrogen gas. From the amount of absorbed nitrogen, the BET surface area was
calculated. Fig 3.4 shows the comparative graph of nitrogen adsorbed on S-FER and
it's vanadium analog V-FER. Surface area and micro-pore volume were calculated by

using BET equation in the above plotted curve and the values are given in Table 3.4 .

Table3.4 : Surface area and Micro-pore volume of V-FER sample.

Sample Surface Area Micro-pore Volume
/g, mi/g.
V-FER (Sample 3) 366.4 0.15
Si-FER 211.0 0.08

It is observed that due to incorporation of vanadium in the ferrierite framework, the
surface area and micro-pore volume increased significantly. The incorporation of

vanadium is complimentary to the XRD results (unit cell expansion).
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3.3.3 Thermal analysisand structural stability :

Fig. 3.5 show the TG/DTA data on the as synthesized samples of V-FER and Si-FER

respectively. TG shows ~13 % weight loss in V-FER sample during the calcination.

DTA reveded two exotherms at Tnax = ~375 and 525 °C (648 and 798 K resp.),

indicating the oxidative decomposition of the organic moieties. The thermoanalytical

studies on V-FER samples revealed that the decomposition of occluded organic

completesat 600°C (873 K) and maintains structural integrity till 1000°C (1273 K).
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3.3.4Framework IR spctra:

FTIR spectra of Ferrierite samples were recorded on wafers of thickness ca. 10
mg/cnt. The Nicolet Magne-550 FTIR spectrometer was used with a DTGS KBr
detector and a vacuum cell with CaF, windows attached to the vacuum system and a

dosing arrangement for acetonitrile. The spectra were recorded in the framework

region 1300-400 cm? as Nujol mull. Figure 3.6 shows the framework region

infrared spectraof  V-FER (sample 3) and AFFER samples.
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V-FER spectrum shows two characteristic absorption bands around 1226 crrit and
682 cmil. These two bands can be attributed to the vibrations within the ferrierite
framework [18]. The absorbance around 596 cnmi? confirms the presence of distorted
five membered double ring (DDR-5) present in the high silica ferrierite framework.
The IR spectra shows strongest band at ~1085 cn1! due to asymmetric stretching of
internal  Si-O-V vibrations. The decrease in this band position from 1101 cmi* was
due to the introduction of heavier atom in the Ferrierite framework [19]. Table 3.5
shows the framework region vibration frequencies for V-FER system.

Table3.5: Framework vibration frequencies for vanadium ferrierite (V-FER)

zeolite.
Wave number (cni?) Assignment
435.9 S 3, O bending.
538.1, 596 Distorted double five membered rings (5-DDR).

682.8 Internal tetrahedral symmetrical strech.

758 Externa link symmetric stretch.
1085.8 Internal tetrahedral asymmetric stretch.
1226.6 Internal asymmetric streaching.

3.3.5 Acidity measurements using | R spectroscopy :

Pyridine is largely used as a probe molecule to study the acid sites but due to its size it
can't fully penetrate the channels of 8 and 10 membered rings of Ferrierite [20 ].

Nitrile has a promising functional group and is of low basicity. It is possible to

determine the acidity from the wave number shift of this molecule. Acid site
distribution of V-FER sample was studied by using ds-acetonitrile as a probe
molecule. The concentration of Bronsted and Lewis acid sites was calculated by using
the reported extinction coefficients [20 ]. The sample was activated at 670 K and
adsorption of d; acetonitrile (Aldrich) (13 mbar) on evacuated zeolite was carried out

at 298 K for 30 min., followed by evacuation for 10 min. Spectra was recorded at



ambient temperature with 2 cmi® resolution by collecting 200 scars for single
spectrum. IR spectra was normalized on a sample thickness of 10 mg/cn?. IR bands
of adsorbed d;-acetonitrile was deconvoluted using identification of a band position in
a second derivative mode of the spectrum and the least square minimizatio n routine
approximating the band by a guassian profile. Extinction coefficients of Bronsted and
Lewis acid sites of AFFER were used for calculating acid sites. Fig. 3.7 shows the
FTIR spectrain the hydroxyl stretching region (4000-2800 cmi?). The intensity of the
2 bands at 3740 and 3603 cm?! are very low in \AFER as compared with Al-FER
catalyst. The 3740 cmit band can be ascribed to isolated silanol groups present in the
channels and at the external surface. The second band at 3603 cm* can be assigned to
Bronsted sites associated with framework . With SFFER sample it is not possible to

observe any of the above mentioned bands.
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Fig.3.8 shows the spectra of ds-acetonitrile adsorbed on the V-FER sample. The bands
at 2322 cm* and 2296 cm’ correspond to Lewis sites and Bronsted sites resp. (Table
3.6). In V-FER the amount of Lewis and Bronsted acid sites are comparable to A}
FER in spite of low concentration of the Vanadium. The concentration of OH" is very
less. This may be explained by reversible disruption of the VVOH-Si bridge after
evacuation and it's reconstruction in the acetonitrile. S-FER didn't show any d-

Acetonitrile adsorption.
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Table 3.6 : d3-Acetonitrile Adsorption (cm™)

Sample Position Area Position Area Conc.
(cm?) (cmt) (mmol/g)
L-ste L-dte B-sSte B-gte L-gte B-dSte

AlI-FER 2323 8.5 2296 114 0.24 0.55

V-FER 2322 7.7 2296 9.3 0.21 0.45

100



3.3.6 Scanning Electron Micrographs:
Fig. 3.9 displays the scanning electron micrographs of V-FER sample 3. The crystals
are large in size (~ 30 to 40 um), exhibiting rectangular plate type morphology. The

large size is due to the synthesis in fluoride medium . The isolated particles are of the

Sze10 pm x 50 um. These particles form a bunch of rectangular plates.

b o -

Fig. 3.9: SEM photographs of V-FER (sample 3)
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3.3.7 UV-VIS spectroscopy :

Diffuse reflectance UV-VIS is an efficient technique to evaluate qualitatively the
presence of vanadium species in the Ferrierite framework [6]. The UV-VIS spectrum
(Shimadzu UV-VIS spectrophotometer 2101Pc) of calcined V-FER catalyst shows
high intense charge transfer bands in the range 225-250 nm due to V-O bonding (Fig
3.10). The absorption band at 386nm can be assigned to V"> species having V=0
bond [6 ] ( Sample 3, SiI/V = 120, Fig. 3.10[a]). The 336nm band indicates
presence of V*® species in tetrahedral environment (Sample 4, Si/V = 180 , Fig.
3.10[b] ). It was observed that as Si/V ratio increased (decrease in vanadium quantity)

, the number of vanadium ions in the tetrahedral environment also increased.
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3.3.8 Electron Spin Resonance spectr oscopy :

In the characterization of vanadium species, ESR spectroscopy plays a very important
role in determining it's exact oxidation state and position [6]. In zeolite framework
vanadium can exist in 3 different oxidation states (eg. 11, IV, V). Out of that only V'V
is paramagnetic and ESR active, The other 2 states are inactive. The "g" values of the
vanadium species are changing according to it's co-ordination which helps to locate
the exact position of the vanadium species Fig. 3.11 shows three different ESR
spectraof V-FER ( Sample 3, 4 ) and vanadium impregnated S-FER (Bruker EMX

EPR).

[ A b samplLE 3

Intensity

n i 1 L J
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G
FIG. 311: EPR SPECTRA OF v-FER AS SYNTHESIZED
SAMPLES & SAMPLE L ,Sijv =180, ESAMPLE 3,Siv=120 AND
=) ,W-Si-FER IMPRGONATED Si/v=120
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The spectra of as-synthesized V-FER ( Fig. 3.11; a, b ) consists, an anisotropic signal
with eight equally spaced hyperfine splittings indicating the presence of paramagnetic
atomically dispersed and immobile V" ions [6,21,22]. The absence of superimposed
broad singlet indicates absence of clusters of extraframework vanadium species. The
‘g’ values and hyperfine splitting constants are given in Table 3.7

Table3.7: ‘g values and hyperfine splitting constants of the V-FER samples.

Sample (V-FER) S g, On .+, G Ax (G)
120 1.938 2.000 197.7 69.7
180 1935 1975 186.8 76

These values are characteristic of vanadyl VO™ species [6,21,22].It indicates that the
V** species in the zeolite may be present in distorted octahedral environment. The

spectrum of vanadium impregnated Si-FER (Fig.3.11, c) is totally different from the
two V-FER spectra, indicating the extraframework clusters of vanadium species.

3.3.9 Nuclear M agnetic Resonance spectr oscopy :

NMR spectroscopy gives exact idea about dl the metal nuclei present in the matter.
In the present study, it has been used to identify the nature of the Vanadium and
Silicon species in the V-FER zeolite. The spectra for both the elements were recorded
with magic angle spinning (MAS) by Bruker MSL-300 NMR spectrometer. The solid
state MAS 5V NMR spectra of calcined V-FER samples were recorded. The samples
show two different peak positions, one at ~ -300 ppm, which corresponds to V*° in
sguare pyramidal environment [6,22] and the second peak at ~ -530 ppm corresponds
to V™ species in tetrahedral position. InFig. 3.12, the spectra of samples 3 and 4 are
shown. Sample with high vanadium content (Sample 3, SI/V = 120, Fig. 3.12[d] )
reveals the V" species present in the structure are mostly in the square pyramidal

environment along with small amount in tetrahedral environment. When the
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vanadium content was low ( Sample 4, Si/V= 180, Fig. 3.12[b]), al the V"> species
were present in tetrahedral environment. This confirms that as the vanadium content
in FER was reduced, the probability of vanadium ion in tetrahedral co-ordination in
the framework is increased. These results are complementary to those obtained from

UV studies.
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25 MAS NMR of sample 1 and 2 are shown in the Fig.3.13. The doublet at -116 ppm
corresponds to Q, species and the sharp single peak at -112 ppm corresponds to Q
species. It was observed that the intensity of Qs species band in the sample 4
(Si/V =180) was more than that of Sample 3 ( Si/V = 120). This was due to increased

vanadium (tetrahedral or square pyramidal) content in case of sample 3 than 4.
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From all these characterization studies, the presence of vanadium in the framework
was confirmed ( XRD ® unit cell expansion; UV ® tetrahedral vanadium species

and NMR ® square pyramidal vanadium species ). Moudrakovski et.al.[22 ]and
Kornatowski et.al. [23 ] have suggested one 'V=0O' species which are in the framework
in distorted octahedral form but not exactly in the tetrahedral form. However, in the
impregnated sample the extraframework vanadium species are totally different (ESR
spectra).

3.4 Catalysis:

Vanadium Zeolites are welknown for their redox properties. It is due to the reversible
change in the oxidation states of vanadium species in the zeolites. The liquid phase
oxidation of various organic molecules such as the oxyfunctionalization of nalkanes
and cyclohexane, hydroxylation of benzene and phenol, oxidation of toluene, aniline
have been reported over VS 2 catalyst [7,24,25,26 ]. V-Mordenite is highly active in
the oxidation of H,S to sulfur dioxide [27 ]. Different Vanadium zeolites are active in
propane oxidation with molecular Oxygen [28 ]. VS-1 has been utilized in oxidative
dehydrogenation of ethanol [29 ], selective ammoxidation of xylenes & propane
[30,31] and oxidation of butadieneto furan [32].

We have studied 3 different reactions using V-FER as a catalyst.

In the first reaction toluene oxidation was carried out to investigate the oxidative
property of the V-FER catalyst. The oxidative property along with the shape
selectivity of the V-FER catalyst was tested by the styrene epoxidation reaction. As
already mentioned, the vanadium species are redox in nature in the vanadium zeolites.
The reducing property of V\FER catalyst was evaluated in gas phase nitrobenzene

reduction.
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3.4.1 Toluene Oxidation reaction :

o)
a Y%
CH, CH,OH / c/
C\H “SoH
0,/TBHP . .
V-FER

Catalytic oxidation of hydrocarbons by heterogeneous catalysts are preferred over
conventional routes [33 ]. Important intermediates, like benzaldehyde and benzoic
acid, used in perfumery, pharmaceutica and food industries are obtained by the
partial oxidation of toluene. Severa catalysts, homogeneous and heterogeneous are
reported. Due to the high exothermicity of the reaction some times complete oxidation
of the products and reactants occur leading to low selectivities and high conversions.
The use of vanadium ferrierite as catalyst with an initiator like TBHP and molecular
oxygen from air is described in this study.

3.4.1.1 Experimental :

The experiments were carried out in a batch process containing a stainless steel
autoclave. In atypica experimenta run, 0.1g of solid catalyst(V-FER) was added to
2.0 ml of toluene (AR grade, S.D.Fine chemicals, India) in 5.0 ml of suitable solvent
(e.g. acetone). Then this mixture was placed in a steel autoclave ( Parr 4842, 300 ml
Fig. 1.4) and about 0.5ml of TBHP [Tertiary butyl hydro peroxide (AR, 70%,
S.d.Fine, India)] was added. The autoclave after closing and pressurizing with air to
200 psi was placed in a heater and heated to the desired temperature slowly. The
reaction was studied by keeping the autoclave at this temperature for a period of 1.0 h
After the reaction was over, the vessel was cooled, depressurized and then the product
was separated by centrifuging it from the solid catalyst. The liquid product was

analyzed separately and the catalyst was reused.
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3.4.1.2 Product analysis:

The product of the oxidation reaction was analyzed by a gas chromatograph
(Shimadzu GC-15A) equipped with packed column (SE-30). The identity of the
products was further confirmed by GC-M S (Shimadzu QCM C-QP 2000A)

3.4.1.3 Results and Discussion :

The V-FER samples were catalytically active in the oxidation of toluene. The
chemical analysis before and after the reaction of the catalyst showed that there was
no leaching of the VVanadium from the framework of the Ferrierite.

Table 3.8 : Chemical compositions of the catalysts before and after thereaction.

Catayst Si/V beforereaction  Si/V after reaction. (By
(By XRF) XRF)
V-FER [ Sample 3] 120 122
V-FER [ Sample 4] 180 183
V-impregnated S-FER 120 124

During the reaction benzaldehyde, benzyl alcohol, and benzoic acid were formed. The
results at different reaction conditions are summarized in Table 3.9 .

3.4.1.4 Effect of Temperature:

As the temperature of the reaction was increased from 60 to 90 °C the conversion
increased from 1.4 % to 7.9 %. Further rise in temperature lead to a decrease of
conversion (5.2%). At low temperatures (up to 90°C) almost 50% of the product
contained compounds other than benzyl acohol, benzaldehyde and benzoic acid. At
temperatures around 110° C the products other than these three are only 29%. This
decrease in selectivity of the other products at high temperature is due to complete
oxidation to oxides of carbon. The primary product in the oxidation is benzyl acohol

which on further oxidation converts to benzaldehyde. The benzaldehyde on further
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reaction forms benzoic acid. However depending on the experimental conditions and
the availability of the oxidant, toluene oxidizes to carbon dioxide and carbon
monoxide if the exothermicity is not controlled.

3.4.1.5 Effect of Solvents:

The influence of polar and nor polar solvents on the activity of the catalyst is studied.

The activity (conversion of toluene) in polar solvent like acetone was higher as
compared to the non -polar solvents. In acetonitrile, the high boiling products are less.
But even with solvents like hexane also high concentration of products other than the
three are observed. At a temperature of 90°C and in presence of acetonitrile as
solvent, the selectivity of partialy oxidized productsis high. The selectivity to benzyl
alcohol and benzaldehydeis about 65%.

The conversion as well as the product distribution varies with the quantity of TBHP.
At high TBHP containt, the conversion was 3 folds. The secondary oxidation product
Benzoic acid was norein that case.

3.4.1.6 Effect of the amount of vanadium :

The conversion also varies with the amount of vanadium present in the catalyst. The
vanadium impregnated sample [V-Si-FER (Si/V=120)] has lesser activity as
compared to the sample containing same quantity of vanadium in the zeolite
framework [sample 3]. The high activity with vanado silicates may be due to the oxy
functionalization of toluene only by those vanadium species which are in the
framework position. Similar results have been observed in the case of titanosilicates

and Vanadosilicates by Tatsmul et.al.[23]and Rao et.al.[25] resp.
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3.4.2 Styrene Epoxidation reaction :

The epoxidation of akenes constitutes one of the most useful reactions in organic
synthesis, & the epoxide group is an active intermediate, which can be readily
transformed to required functiondity in a stereo specific manner. Styrene oxide
(obtained by epoxidation of styrene) is commercially important material used for
UV-absorbers, drugs, perfumes, sweeteners, etc. Moreover it can also be used as one
of the epoxy resin reactive diluents as chain terminating agents to reduce cross- linking
density. A number of reports [35-43] on the preparation of styrene oxide using
various metal complexes and encapsulated zeolites as catalysts in homogeneous
medium are cited in the literature. However, the selectivity towards styrene oxide is
lower (5-35%) and the major product is benzaldehyde. High conversion of styrene
was reported on TS-1 catalyst [41], a metallosilicate. V-FER being a metallosilicate,
with different structure than TS-1; we explore the oxidative properties, epoxidation of
styrene using molecular oxygen as oxidant and TBHP as initiator. Styrene oxidation
over the V- FER towards styrene epoxide shows higher selectivity than that of
homogeneous complexes and encapsulated zeolites.

3.4.2.1 Experimental

The experiments were carried out in the stirred autoclave (Sec. 1.). The catalyst used
for the present study was activated in aflow of air at 573 K for 3-5h. Typical reaction
procedure include addition of acetone (6.96g, 0.12moles) to styrene (0.502g, 5mmol)
followed by addition of TBHP (0.05g, 70% s.d fine chemicals Ltd.). Finally activated
V-FER catayst (0.059) was added to the solution. The tota mass was then
transferred into a closed high-pressure stirred autoclave [(Parr 4842, USA) Fig. 1.4].
The autoclave was pressurized to 200 PSI by air and the content of the autoclave is

heated from ambient to the desired temperature (time taken to reach the desired
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temperature was approximately 15-20 min.) and maintained for 30 min. Finaly, the
autoclave was quenched with cold water. The contents of the autoclave were
subjected to product analysis after separation of the catalyst. Similar procedure was
followed for all the other runs.

3.4.2.2 Product analysis:

The product was analyzed by GC (Shimadzu GC-15 A, packed column SE30 and
FID as detector). The components of the product were confirmed by GC-MS (
Shimadzu GCMS-QP 2000A, SC-52 column) and GC-FTIR (Perkin Elmer, FTIR
spectrometer spectrum 2000).

3.4.2.3 Results and Discussion

In the case of V-FER, there was no indication of VVanadium leaching from the catalyst
as confirmed by XRF analysis (Table3.10).

Table 3.10 : Chemical compositions of the catalysts under study.

Catalyst Si/M beforereaction  SI/M After reaction.
(By XRF) (By XRF)
V-FER(HR) [ Sample 3] 120 122
V-FER(LR) [ Sample 2] 18 19
TS-FER [44 ] 114 115
TS 1[41]
Fe-FER[45] 16 17

V-impregnated Si-FER

The primary products of the reaction were styrene oxide and benzaldehyde. Under our

reaction conditions it is believed that part of styrene oxide formed was isomerized to

phenylacetaldehyde. The formation of benzoic acid was due to the successive
oxidation of benzaldehyde. The higher regioselectivity towards phenylacetaldehyde
than acetophenone during the isomerization of styrene oxide is due to the formation of

more stable a cation adjacent to phenyl ring [46].
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3.4.2.4 Effect of solvent to styreneratio

Fig. 3.14 highlights the influence of acetone to styrene molar ratio on the conversion
and the selectivity for styrene epoxide. Solvent dilution was found to have a profound
effect on the reaction. When acetone to styrene molar ratio was increased to 25, the
conversion increased significantly along with increase in selectivity for styrene
epoxide with decrease in formation of benzaldehyde. However, further increase in
acetone to styrene molar ratio did not exhibit any significant change both in styrene
conversion and selectivity for styrene oxide. Dilution reduces the polymerization of

styrene monomer favoring the epoxidation.

Fig.3.14: Effect of Solvent to Styrene ratio
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3.4.2.5 Effect of solvent polarity

Table 3.11 summarizes the effect of solvent polarity on the styrene epoxidation
reaction. It was observed that with the increase in solvent polarity the conversion and
selectivity for epoxide increased. Non-polar solvent like cyclohexane showed lower
conversion and selectivity as compared to polar solvent such as acetone. Furthermore,
it is known [41] that aprotic solvent like acetone, acetonitrile, etc. favors this reaction.

Table3.11 : Effect of solventson styrene epoxidation.

Solvent Styrene Product Distribution
Conv. Selectivity (%)
% B S.O P.A B.A o*
Cyclohexane 57.0 45.44 48.07 4.74 1.23 0.52
Acetonitrile 58.0 38.62 51.38 3.03 217 4.80
Acetone 75.3 24.57 59.18 2.92 4.72 8.61

Reaction Conditions. Time = 30 min; Styrene / TBHP (mole ratio)= 12; Solvent/Styrene (mole ratio)=
25;

Catalyst (V-FER) = 0.05g (Si/V=18); Temperature = 373K, Pressure = 200 psi

B = Benzaldehyde; S.O = Styrene Oxide; P.A = Phenylacetaldehyde; B.A = Benzoic acid; O = Other

unidentified high boilers and polymers.

3.4.2.6 Effect of Temperature and pressure on Styrene epoxidation

Table 3.12 describes the effect of temperature on styrene epoxidation. As expected the
conversion increased with the increase in temperature, however, the increase in
selectivity of styrene epoxide was not linear. When the temperature was increased
from 353 K to 373 K (at 200 psi), selectivity of styrene oxide increased, but on further
increase of temperature (i.e. to 393 K) the sdectivity for benzaldehyde and
phenyal acetaldehyde increased at the expense of styrene oxide. According to Reddy
et al.[46] at lower temperature cleavage of olefinic (C = C) was higher while at higher

temperature formation of epoxide seemsto be favored.

115



Table 3.12 : Effect of temperature on styrene epoxidation

Temperature Styrene Product Distribution
Sdlectivity (%)
c Conv. (%) B Ye) PA B.A 0
353 63.9 30.05 49.14 5.01 141 14.30
373 75.3 2457 50.18 2.92 472 8.61
393 82.1 43.01 33.01 5.85 9.78 8.35

Reaction Conditions: Pressure = 200 psi; Time = 30 min; Styrene/ TBHP (mole ratio) = 12;
Solvent/Styrene (mole ratio) = 25; Catalyst (\-\FER) = 0.05g (Si/V=18); (Solvent = Acetone)

B = Benzaldehyde; S.O = Styrene Oxide; P.A = Phenylacetaldehyde; B.A = Benzoic acid and
O = Other unidentified high boilers and polymers.

Figure 3.15 displays the influence of pressure at 373 K. The conversion increased
with the increase in pressure. When the pressure was increased from 100 to 300 psi
the selectivity for styrene oxide remained nearly constant however, selectivity for

phenylacetaldehyde as well as others increased and that for benzaldehyde decreased.

At high pressure the styrene oxide formed may be rapidly isomerizing to

phenyacetal dehyde.
Fig.3.15 : Effect of Pressure
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3.4.2.7 Effect of different transition metal substituted molecular sieves on styrene
epoxidation :

Table 3.13 summarizes the effect of different metals and their amount in the
substituted metallosilicate molecular sieves for styrene epoxidation. Vanadosilicates
with two different Si/V ratio were investigated. The conversion of styrene increased
with the increase in Si/V ratio. This may be due to well-dispersed vanadium ions in
FER structure, in the case of V-FER (HR). Even though V-FER (HR) with
Si02/V,05 = 120 was found to give higher conversion, Ti-FER (SO,/TiO, = 114)
exhibited higher selectivity for styrene oxide. Under similar reaction conditions, TS-1
was found to give benzaldehyde as major product adong with low styrene oxide,
however, Ti-FER exhibited better selectivity for styrene oxide. This may be related to
structural differences of FER and TS-1 type molecular sieves. In the case of
Vanadium impregnated sample, increase in conversion was observed, however, the
selectivity for styrene oxide decreased significantly, yielding higher amount of low
and high boilers including polymers. This indicates that surface vanadium is not
selective. Fe-FER showed higher conversion but poor selectivity for styrene oxide and
the major product being benzaldehyde, high boilers and polymers, indicating Fe-FER
is active but not selective for epoxidation. It is known that styrene epoxidation with
molecular oxygen alone gives 50% conversion with selectivity ratio for benzal dehyde
and styrene oxide as 1:1 [47]. When the reaction was carried out in nitrogen
atmosphere with TBHP as oxidant the conversion was about 60% with lower boilers
as major congtituent (~34 %). The above results indicate that molecular oxygen plays
an important role in this reaction. Further when the above reaction was carried out in
the absence of a catalyst the conversion decreased (~ 23 %) and benzaldehyde and

polymers are the mgjor products. The reaction is also carried out in the presence of
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air and in the absence of catalyst (373 K, 200 psi). In this case conversion is almost
complete with 50% as polymeric material . This shows that the presence of catalyst
increases the selectivity for styrene oxide and reduces polymeric materials.

Table 3.13 : Effect of different transition metal substituted metallosilicate
molecular sieve zeolitesfor styrene epoxidation

cadys " ity 0
B SO P.A B.A o)

V-FER(LR) 75.3 2457  59.18 292 472 252
V-FER(HR) 85.5 2775  52.43 9.32 3.57 2.4
Ti-FER 76.5 2431  57.42 7.97 2.48 1.83
TS1 84.7 3802 2456  27.86 3.78 248
V-impregnated 94.7 45.13 7.39 7.91 543  29.992
S-FER
Fe-FER 87.0 3379 1725 1346 7.64 20.85
V-FERP 60.0 375 10.17 35 7.83 36.672
C 23.3 40.77 3.61 343 9.58 41.46
D 99.2 26.21 3.33 0.71 12.1 50.32
Reaction Conditions:

Temperature = 373 K; Pressure = 200 psi; Time = 30 min; Styrene/ TBHP (mole ratio)= 12;

Acetone /Styrene (moleratio) = 25; Catalyst = 0.059g

B = Benzaldehyde; S.O = Styrene Oxide; P.A = Phenylacetaldehyde; B.A = Benzoic acid and O =
Other unidentified high boilers and polymers.

a = lower boilers benzene, toluene. ; b = Reaction carried out in the presence of N> atm and catalyst.

C = Reaction carried out in the absence of catalyst and in presence of N2atm.

D = Reaction carriedout in the absence of catalyst and in presence of air.

3.4.3 Hydrogenation of Nitrobenzene :
Hydrogenation of Nitrobenzene is a well-known reaction for testing the reducing
property of the catalyst. This reaction had been reported on various Homogeneous [ 48

] and Heterogeneous catalysts [49 ]. The gas phase hydrogenation of Nitrobenzene

118



has been studied on V-FER catalysts. Four major products are forming. The product
contains aniline, nitrosobenzene, azobenzene and azoxybenzene. During the reaction
the catalyst was first reduced to lower oxidation state of Vanadium by hydrogen
treatment and then reacted with Nitrobenzene.

3.4.3.1 Experimental :

Catalytic studies were carried out at atmospheric pressure, in a fixed bed, down flow,
integral silica reactor.[Fig.1.6] About 3.0 g. of V-FER catayst (10-20 mesh, Sample
3, Si/V = 120) was placed at the center of the silica reactor, which was placed vertica
in the electric furnace (Geomechanique, France). Hydrogen gas was passed through
the reactor a 400 °C at the rate of 20 ml/min to reduce the catalyst for 3 hours. The
temperature was brought to the desired reaction temperature in presence of hydrogen
flow. Nitrobenzene at the rate of 3 ml per hour was then fed with a syringe pump
(Sage instruments, USA). Hydrogen flow was adjusted in such a way that the
hydrogen to nitrobenzene mole ratio is three to four. Reaction products were
condensed by passing through cold water and samples were collected at various
intervals of time. Reaction parameters such as feed flow rate, time, temperature of the
reaction were varied and the data was collected.

3.4.3.2 Product analysis:

The product was analyzed by GC (Shimadzu GC-15 A, packed column SE 30 and
FID as detector). The products were aso confirmed by GC-MS ( Shimadzu GCMS-
QP 2000A, SC-52 column) and GC-FTIR (Perkin Elmer, FTIR spectrometer spectrum

2000).
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3.4.3.3 Results and Discussion :

Four major products were identified in the reaction. Nitrosobenzene and aniline are
the primary hydrogenation products while azobenzene and azoxybenzene the
secondary products. The possible reaction mechanism is shown in Fig. 3.16 .

Fig.3.16: Mechanism of Nitrobenzene hydrogenation.

Azoxybenzene

NO, NO /\ NHOH NH,

Aniline
Nitrobenzene Nitrosobenzene

\ /T NN/

Azobenzene

3.4.3.4 Effect of Temperature:

The reaction was studied in between the temperature range 350 to 450°C. The
conversion of nitrobenzene was increasing with the increase of temperature. Four
compound were observed in the product in addition to unconverted nitrobenzene. At
low temperatures (below 400 C) the formation of nitrosobenzene and azobenzene are
less. However, the aniline selectivity was around 80 % at 375 C. Further increase in
temperature led to the formation of more nitrosobenzene and more azobenzene.

However, azoxybenzene selectivity is in between 15-20 percent at al temperatures.
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The effect of temperature is shown in Fig. 3.17 . The other reaction conditions are as

follows : Time =1.0h.; W.H.S.V.= 1.0; H,/nitrobenzene = 4.0

Fig. 3.17: Effect of Temperature
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3.4.35Timeon stream study :

When the reaction is carried out for longer time the conversion goes on decreasing,
indicating the deactivation of the catalyst. The aniline formation also decreased.
However, the formation of azobenzene and azoxybenzene has a marginal increase.
For the formation of aniline, hydrogenation activity of the catalyst isimportant where
as azobenzene and azoxybenzene are formed by the reaction of aniline and
nitrosobenzene on any acidic catalyst. When the reaction took place for the longer

hours, the hydrogenation activity was reduced due to the strong adsorption of the
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formed products on the active sites. This is represented in Fig. 3.18. The other

reaction conditions ae as follows : Temp =450°C; W.H.SV.= 10;

Ho/nitrobenzene = 4.0

Fig.3.18: Effect of Time
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3.4.3.6 Effect of W.H.S.V.:

At very low W.H.SV. the conversion of nitrobenzene was very high. The
nitrosobenzene formation was amost same at al space velocities. At higher space
velocities, aniline concentration in the product is less. This is due to the formation of
azoxybenzere as a secondary reaction. The primary product of the reaction was
nitrosobenzene which converts to N-phenyl hydroxylamine and subsequently to

aniline depending the concentration of hydrogen and the active sites. However, the
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secondary reactions in which the formation of azoxybenzene and azobenzene can take
place between final product aniline and the intermediate products which needs an
acidic sites. Since this zeolite is acidic, these products are formed in large quantities.
This is explained in Fig 3.19. The other reaction conditions are as follows : Time

=1.0h.; Temp=450°C; H,/nitrobenzene = 4.0

Fig.3.19: Effect of W.H.S.V.
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3.5 ESR spectroscopy of the redox behavior of vanadium speciesin V-FER :

It has been demonstrated that vanadium in the ferrierite structure V-FER is present in
a distorted octahedral geometry (3.3.8 ). It is well known that vanadium as vanadyl
ion "VO*™" acts as a redox catalyst. The V-FER catalyst oxidizes toluene to benzyl
alcohol, benzaldehyde and benzoic acid (3.4.1) using molecular oxygen as an oxidant
and a small amount of tetra butyl hydrogen peroxide (TBHP) as an initiator. It is aso
shown that V-FER catayses the hydrogenation reaction of Nitrobenzene to
Nitrosobenzene, Aniline, Azobenzene and Azoxybenzene (3.4.3). In the later reaction,
the catalyst was initially treated with a flow of hydrogen gas (20 ml / min. at 450 C
for 2h.). ESR spectroscopy is used to investigate the active vanadium species in the
redox reactions.

Calcined sample of V-FER were yellow and showed a broad asymmetric ESR signal

with g, = 1.932 and g, =1.968 (Fig.321).
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Unlike those of as synthesized samples (Fig.3.11), the calcined V-FER did not show

hyperfine coupling features due to vanadium. During the process of calcinations

dinuclear vanadium species of the type VV---V'" and V!'V---V'V are formed [50,51]. As
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aconsequence of a spin-spin interactions within the dimmer species, ESR signals are
broad. During the oxidation reaction with O,/ TBHP the signals due to VV---V'"" and
VIVo--V!V' disappeared, instead a weak signal due to V'V ion showing resolved
hyperfine features [g, = 1.991] along with a sharp signal at g = 2.0014. The later
signa is assigned to a super oxide radica ion [O,] formed during the process of

oxidation reaction as described below[51].

+4 +5 -
[V(f) Oz] + 0, %4® [V(f) .02]+ .05

The signal a g = 1.991 is attiributed to oxidized form of the vanadium species

[VV---viY].
\VASSRVALL O,/ TBHP
3/,3/, 3
& /43/43/43® VV___le
|V |V = /4 /4 /4
V-V Toluene

The signa at g = 2.23 is a Fe*® impurity in V-FER samples which does not take part
in the redox reaction [52].

Reaction with hydrogen showed a spectrum with resolved vanadium hyperfine
featuresin both parallel and perpendicular regions [Fig. 3.22 A]. The ESR parameters

[gW = 1932, g. = 1.997 and hyperfine splitting constants A%/: 195.74G,

2 2

A, = 78.94G] of the reduced samples corresponds to that of monomeric vanadyl ions

with a octahedral geometry. Before hydrogen treatment these species are probably
present as VV ions. Upon treating the reduced catalyst with Nitrobenzene, the
intensity of the signals have decreased. Also the formation of a radical species a g =

2.002 was observed. The reduction in the intensity of VVV signal is due to their re-

oxidation to VV ions after participating in the hydrogenation reaction. The dinuclear

species originally present in the V-FER catalyst [VV---V"" and VV---V!V ] got reduced
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to an inactive  V''---v"' species which do not participate in the hydrogenation

reaction.
AFTER ;;EDTREAC'_"
J-i
I
]
e SN U LN |I ||
I
s o i
9,_=2:.Gnm - = !"Iﬂlrllll{ 3,:1.993
!."32:] 9i=1.298
| . An=12 BTy
N AL-TT.9
T B |:‘-..-r DIST. Ol-i]
E | v-FER CATALYST AFTER H2'
TREATMENT A™ND BEFORE
N REDT REACT
s
[ ‘ ‘
T ]
[ |
o A
w e fl'kmﬂ | IHl s AR
+3 2 (,-’v =
[FEJ ‘ ” I'Lﬂ A - 9,=i932
E"L=I.9‘9'."
Ay =lOn Th
| EYREL Y-
. -
|} Lu CIST. OH |
1000 2000 3000 000 5000 6000
G
FIG. 322-EFFECT OF REDUCTION REACTIOWN ON THE ESR
SPECTRUM OF V-FER (SAMPLE 33

All the above study confirms the presence of three different vanadium species in the

samples.

1] V** in the framework position
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2] Dimer like VV---V"" ORV"V---\!V and

3] V* in distorted octahedral coordination.

The ESR studies of the reactions revealed that the di nuclear vanadium centers which
are present probably in extraframework locations participate in the oxidation reaction
while the dispersed vanadium species in the framework structure are responsible for
the hydrogenation reaction.

3.6 Conclusion :

A novel medium pore vanadium silicate with FER structure has been synthesized for
the first time. Unit cell volume and XRD pattern confirmed the phase purity and
incorporation of vanadium in the framework. ESR technique confirmed that some of
the V" are present in distorted octahedral position in Ferrierite framework. UV-vis
and NMR confirmed the presence of V*° (tetrahedral) species in the framework.

It was also observed that as vanadium content in the catalyst increased the non
tetrahedral framework species increased. All these spectroscopic information
indicated the presence of isolated, well-dispersed vanadium ions are stabilized within
the zeolitic lattice.

V-FER acts as good oxidation catalyst in Toluene Oxidation reactions . The activity
of the catalyst was found to be better in polar solvents like acetone. The vanadium
guantity affect the product formation and the vanadium species in the catalyst affect
the selectivity of the product. The oxidation reaction occurred due to the
V(V)---V(lI1) OR V(IV)---V(IV) dimmer vanadium species present in the catalyst.
V-FER is a highly selective catalyst in styrene epoxidation reaction to synthesize

important styrene oxide.

128



Nitrobenzene Hydrogenation reaction was carried out on V-FER to test the reducing
property of the catalyst. The well dispersed V(IV) species in distorted octahedral

environment acted as reducing agent in this reaction.

129



References :

1

2.
3.

o0~

10.
11.
12.

13.
14.

15.
16.
17.

18.

19.
20.

21.
22.

23.

24.

25.
26.

27.
28.
29.
30.
31

32.

33.
34.

35.

F.A.Cotton and G.Wilkinson in " Advanced Inorganic Chemistry ", Wielly
Estern; 1972, 818.

A.Thangarg), S.Sivasankar and P.Ratnasamy ; J.Catal., 1991, 131, 294.
P.R.H.Prasad Rao, A.V.Ramaswamy and P.Ratnasamy ; J.Catal., 1992, 137,
225.

C.Marosi, J.Sttaberow, M .Schwarzmann; Ger. Pat. 2831631, 1978.

R.Xu and W.Pang ; stud. Surf. Sci. Catal.; 24, 1985, 27.

G.Centi, S.Perathoner, F.Trifiro, A.Aboukais, C.F. Aiss and M.Guelton ;
J.Phys. Chem., 1992, 96, 2617.

P.RH.Prasad Rao, A.A.Behekar, SG.Hegde, A.V.Ramaswamy and
P.Rathasamy; J.Catal., 1993, 141, 595.

A.Tuel and Y .Ben Taarit; Zeolites; 1994, 14, 18.

K.M.Reddy, I.Moudrakovski and Sayari, J.C.S.Chem. Comm., 1994, 1491.
K.R.Reddy, A.V.Ramaswamy, and P.Ratanasamy; J.Catal., 1993, 143, 275.
Chen Shu-Hua, Ho, Jan-Cheng, Mon, Shine-Su; Zeolites, 1997, 18(2/3) , 182.
Chao K.J.,, Wu C.N., Chang. H., Lee L.J, Hu., Shufen.; J.Phys. Chem., 1997,
101, 6341.

Siddhesh Shevade and B.S.Rao; J.Mater. Chem.; 9, 1999, 2459.

A.Kuperman, S.Nadami, S.Oliver, G.A.Qzin, JM.Graces and M.M.Olken,
Nature, 1993, 365, 239.

A.JAvrami ; J.Chem.Phys. ; 9, 1941, 177

C.R.Erofeev ; Acad. Sci. U.SSR.; 52, 1945, 511.

A.N.Kotasthane, V.P.Shiralkar, S.G.Hegde and S.B.Kulkarni; Zeolites ; 6, 1986,
233.

R.Szostak, "Handbook of Molecular Sieves'; Van Nastrand, New York, 1884,
201.

A.J.Chandawadkar, R.N.Bha and P.Rathasamy; Zeolites; 11, 1991, 42.
B.Wichterlova, Z.Tvaruzkova, Z.Sobalik, P.Sarv; Microporous and Mesoporous
Mater.; 24, 1998, 223.

M.Narayana and L.Kevan ; J.Phys.C: Solid state Phys., 1983, 16, |-863.
I.L.Moudrakovski, A.Sayari, C.L.Ratcliffe, JA.Ripmeester and K.F.Preston ;
J.Phys. Chem., 1994, 98, 10895.

T.Tatsmul, M. Nakamura, SNegishi and H.Tominaga, J.Chem.Soc.,Chem
Commun, 1990, 476.

J.Kornatowski, B.Wichterlova, M.Rozwdouski and W.H.Baur; Stud. Surf. Sci.
Catal.; 1994, 84, 117.

P.R.H.Prasad Rao, A.V.Ramaswamy, P.Ratnasamy ; J.Catal.; 141(2), 1993, 604.
P.R.H.Prasad Rao, A.V.Ramaswamy, P.Ratnasamy ; Appl. Cata. A.; 93(2),
1993, 123.

R.H.Hass, R.C.Hansford, H.Henning; U.S.Pat. 4,088,743 , 1978.

G.Centi and F.Trifiro; Appl. Catal. A; 143(1), 1996, 3.

S.Kannan, T.Sen, S.Shivashankar ; J.Cata.; 170(2), 1997, 304.

F.Cavani, F.Trifiro, K.Habersbergen, Z. Tvaruzkova ; Zeolites, 8, 1988 , 12.
A.Miyamoto, T.lwamoto, H.Matsuka, T. Inui ; Stud. Surf. Sci. Catal. ; 49B,
1989, 1233.

Z.Tvaruzkova, G.Centi, P.Jiru, F.Trifiro ; Appl. Catal. ; 19, 1985, 307

M.Suzuki, K. Tautsumi, H.Takahashi and Y .Saito ; Zeolites ; 8(5), 1988, 387.
P.R.H.P.Rao and A.V.Ramaswamy; J.Chem. Soc. Chem. Commun., 1992, 1245.
Park,Y uchul; Kim,Seong Su. Bull. Korean Chem. Soc. 13(5), (1992) 458.

130



36.
37.

38.
39.
40.
41.
42.
43.
45,
46.
47.
48.
49,
50.
51

52.

Shum, Wilfred P.; Kedling, Haven S., Jr. US Patent 5103027 (1992).

Varkey, Sgji P.; Ratnasamy, Chandra; Ratnasamy, Paul J. Mol. Catal. A: Chem.,
135(3), 295-306 1998

Kanai, Hiroyoshi; Hayashi, Hirokatsu; Koike, Tatsuya; Ohsuga, Makoto;
Matsumoto, Masakatsu J. Catal., 138(2), 611-16 1992.

Xu, Cheng-Hua; Lu, Shao-Jie; Qiu, Fa-Li Hecheng Huaxue, 6(3), 283-286 1998.
Neri, C. and Buonomo, F., Eur Pat. 102, 097 (1984).

Sujit B. Kumar, S.P.Mirgjkar, Godwin C.G. Pais, Pradeep Kumar , Rajiv Kumar
J Catal. 156, (1995) 163.

Suprun, Wladimir Chem. Tech 49(2), (1997) 67.

Hata,Eiiichiro ; Takahashi, Katsuya; |sauama, Shigem Jpn. Pat. 05025149
(1993).

R.K.Ahedi and A.N.Kotasthane J.Mater.Chem., 8 (1998) 1685.

S.S.Shevde, R.K.Ahedi and A.N.Kotasthane Catalysis Lett. 49 (1997) 69.
Reddy, J.S., Khire,U.R. Ratnasamy.P and Mitra,R.B., J.Chem.Soc.
Chem.Commun. (1992) 1234 .

Rueffer,Ljudmila; Hoeft, Eugan. Chem. Tech 43(9) (1991) 300.

T.Banerjee, T.Mondal, C.R.Saha; Chem. Ind.; 6 (1979) 212

N.J.Jebarathinam, M.Eswaramoorthy and V.Krishnasamy, Stud. Surf. Sci.
Catal.; 113, 1998, 1039.

B.l.Whittington and J.R.Anderson ; J.Phys. Chem.; 97, 1993, 1032.

P.Fges, |.Marg, | .Kiricsi, JHalasz, I.Hannus, A.Rockenbauer, GTasi, L.Korecz
and G.Schobel; in " Zeolite Chemistry and Catalysis " Eds. P.A.Jacobs., 1991,
173.

A.Bruckner, P.Luck, W.Wieker, B.Fahlke and H.Mehner ; Zeolites, 12 1992,
380.

131



CHAPTER IV

SUMMARY



- SUMMARY :

Natural and synthetic forms of ferrierite zeolite contain framework structure comprising
of auminum (AI"®) and silicon (Si**) ions in the tetrahedral coordination. During
synthesis of gallium ferrierite (Ga-FER) by hydrothermal route, substitution of Ga™ ion

in place of Al*3

, in the framework position, is achieved. Vanadium ferrierite (V-FER)
contains some vanadium ions in place of silicon ions.  For the incorporation of V™ ions
in place of framework Si** ions, the non-agueous synthetic route; i.e. organothermal
synthesis similar to silicon ferrierite, was followed. The synthesis of the silicon analog of

ferrierite is not reported in agueous medium. The details of the synthesis, characterization

and catalytic applications of these gallium and vanadium modified zeolites, are described
4.1 Gallium ferrierite( Ga-FER) :

41.1SYNTHESIS

The GaFER was synthesized by using pyrrolidine as a template in hydrothermal
synthesis route. The molar composition used is:

27.18 Na,O : 32 Py : (30-100) SiO, : 1 GayOs : 4.97 H,SO, : 1798 H,0

where : Py is pyrrolidine.

Three Ga-FER samples were synthesized with three different Si/Ga molar input ratios.
Precautions were taken in autoclave cleanliness and maintenance of pH during the

synthesis. Otherwise ferrierite phase may change into a-Quartz or ZSM-5 etc. The

synthesis kinetics followed the sigmoid curve.



4.1.2 CHARACTERIZATION:

The main objective of the characterization was to locate the exact position of
incorporated Ga' ion.

The phase purity of the modified ferrierite is detected by XRD technique. The
incorporation of bulkier Ga'™ ion in ferrierite framework results in the increase of unit
cell volume, as evidenced by the XRD pattern of the Ga-FER samples.

The tetrahedral position of the Ga™ ion in the framework is further confirmed by "‘Ga
MAS-NMR spectroscopy which indicates a single peak at ~ 150 ppm. These results were
supported by 2°Si MAS NMR. All the 3 samples show 2 peaks in ?°Si NMR which are
assigned to @ and @ silicon species. It means that the concentration of Q species
corresponds to the Ga' tetrahedral ions bound with Si** ions. This quantitative analysis
isaso comparable with the chemical analysis.

The acidity of the GaFER catalyst was found by CDsCN adsorption on the sample
followed by FTIR spectroscopic measurements. It was found that Ga-FER is moderately
acidic compared to AIFER and Fe-FER. The acidity trend is in the order :
Al-FER > Fe-FER > Ga-FER.

The GaFER sampleis highly stable till 1000°C, accordingto Thermal Analysis.

SEM results revea the morphology of the GaFER samples. The photographs indicate
plate like shape having non-uniform crystals of size 2-5 nm.

413 CATALYTIC REACTIONS:

GaFER catalyst is active and highly selective n the hydroxylation of benzene using
nitrous oxide as an oxidant. The main objective in doing this reaction is to find an

aternative route for the production of phenol by a single step process by avoiding the



present multi step cumene route utilizing corrosive and polluting catalytic systems. The
utilization of the hazardous "Green House Gas " N,O for this will be an eco-benign and
economically viable process. The activity of the catalyst is due to the presence of special
type of a-surface species generated by the tetrahedral Ga™ ions in the zeolite framework.
GaFER catalysts deactivate very fast in both the above mentioned reactions. This may
be due to the pore blocking by the reactants and products in the small ‘8 MR’ channels of
the medium pore ferrierite zeolite restricting the molecular traffic control phenomenon
observed in the medium pore zeolites.

The Ga-FER catalyst is less acidic than AIFER. It istested in the akylation reaction of
benzene with ethanol. The conversion of ethanaol is around 90% ,but secondary products
contributing to lower selectivity are more as compared to ZSM-5. Loss in activity is
noticed with time. The activity in terms of conversion increases with increase of
temperature. However, the byproducts like toluene, xylene cumene and other higher
aromatics are more at higher reaction temperatures.These are mainly due to the structura
differences between ZSM-5 and ferrierite,the former ,contributing to the molecular traffic
control. Due to lower ethanol conversions and high by product formation it can’'t be

considered as an alternative to ZSM- 5.
4.2 Vanadium ferrierite ( V-FER) :

421 SYNTHESIS:
A novel medium pore vanadium silicate with FER structure has been synthesized for the
first time. The synthesis was carried out in nonagueous pyridine medium with HF as

dissolving agent, which increases solubility of V** ion in the system and thus supporting



the zeolite nucleation. Four V-FER samples with different Si/V ratio have been
synthesized.

422 CHARACTERIZATION:

XRD patterns confirmed the phase purity, unit cell volume information confirms
incorporation of vanadium in the framework. The unit cell volume increases with
increase in the vanadium content in the zeolite but not exactly proportional.

ESR technique (at ¢=1.935, g = 1.975 and A, =186.8 , A« = 76 G ) confirmed that
some of the V™ ion are present in distorted octahedral position in ferrierite framework.
UV-VIS (pesk at 336 nm) and >V MAS NMR (peak at -530 ppm )confirmed the
presence of V' (tetrahedral) species in the framework . °Si MAS NMR (peak at -112
ppm) supports the presence of heteroatom attached with the Si** ion in the V-FER
framework.

It was also observed that as vanadium content in the catalyst increased the non tetrahedral
framework species increased. The spectroscopic information indicated the presence of
isolated, well-dispersed vanadium ions, stabilized within the zealitic lattice.

The crystal size of the V-FER catalyst is much more than norma AFFER. The
morphology is plate like and crystallites varied in size between 20-50 nm. The large size
is due to the effect of synthesis medium HF.

423 CATALYSIS:

V-FER acts as good catalyst in toluene oxidation reaction . The activity of the catalyst
was found to be better in polar solvents like acetone. The quantity of vanadium influence
the product formation and the vanadium species in the catalyst affect the selectivity of the

product.



V-FER is a highly selective oxidizing agent for the epoxidation of styrene to styrene
oxide reaction. In this case it was more active than the conventional homogeneous and
heterogeneous catalysts like TS-1 etc.

Nitrobenzene hydrogenation reaction was carried out on V-FER to investigate the
reducing property of the catalyst.

When the catalysts(V-FER) after the oxidation and reduction reactions were examined
by ESR spectroscopy, surprising results were observed. Three types of vanadium species
were present in the samples.

1] V** in the framework position

2] Dimer like V¥---V!" OR VV---V"V ad

3] V** in distorted octahedral coordination.

Out of these 3 species the oxidation reaction occurred only due to the
VV---V! OR V!V---\"Y dimer vanadium species.

The well dispersed V'V species in distorted octahedral environment was responsible for
the reducing action.

This study indicated that the VVV(Td) in the framework is not contributing to the redox
nature of the V-FER catalyst.

The detailed studies on the gallium and vanadium ferrierites are included in the chapters
two and three respectively. Introductory chapter contains the general methods of zeolite
synthesis, characterization techniques and the application of zeolites. Also the available
data on ferrierite, both patented and published in open literature is included in this
chapter. Chapter one also includes theaim and objectives of this work.

This summary of the work is presented in the last chapter.
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