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CHAPTER 1
INTRODUCTION



1.1. GENERAL BACKGROUND AND INTRODUCTION

Zeolites are cryddline microporous dlica based solids, which are used extensvey in
adsorption and catalytic processes.  The practica importance of these materids has led the
dudies focused on the syntheds characterizetion and applications of different types of
zeolites and rdated materids such that they form an important pat of materid science,
inorganic chemistry and of course catdysis™®

Treditiondly, zeolites (duminogdlicates) are dassfied as crydalline maerids in which S
and Al ae tetrahedrdly coordinated by oxygen aoms in a three-dimensond network. The
crystalographic unit cdl of the zeolites may be represented as

Myn[(AlIO2)x (SO2)] zH,0
where M is a charge compensating cation with valency ‘n’. The ratio Xy’ may have any
vaue ranging from zero to one. The number of waer molecules, which can be reversbly
adsorbed and desorbed in the zeolite pores, is represented by Z. The presence of trivaent Al
aoms in the lattice develops a unit negative charge per Al aom in the framework, which is
compensated by a cation such as proton (H ™) producing acidity in zeolites

However, a variety of trivdent (B, Ga, Fe, As etc)*? and tetravdent (Ti, Ge, V, Sn, Zr
etc)®® trangtion and nontranstion metd ions have been incorporated in a vaiety of
different zeolite dructures, MFI being the most prefered sructure for heteroatom
incorporetion.

Different architectural features of zeolites and related materids generating different types
of shepe-sdectivities (product, resctant and transition state)’®? and their rdatively high
gability towards thermd, hydrothermd and chemicd trestments have adso been wdl sudied
leading to ther use as cadyds for ail refining, petrochemistry and organic synthess in the
production of fine and specidty chemicds. Moreover, zeolites and rdaed molecular Seves

have earned the reputation of ‘green catdyss due to severd important environmenta factors
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eg. wade minimization, smple operaion, easy work-up, regenerdtion and reuse of the
catalysts for severa times etc.

However, the man redriction of microporous zeolitic materids is the Sze condrants of
ca. 075 nm and therefore not suiteéble for caaytic trandformations involving organic
molecules having kingtic diameters above 0.75 nm. The catdytic tranformation of molecules
with kingtic diameters larger than 0.75 nm, especidly important for the preparation of fine
chemicals, requires zeolitic materids with larger pore diameters. Hence, there has been an
ever-growing interest in expanding the pore Szes of the zeolitic materids from micropore to

mesopore region. In Table 1.1 different porous materids, dong with typicd examples ae

classfied.
Tablel.1
Pore-sizeregimes and representative poroussilica based materials
Type and pore Sze (nm) Examples Actud size range® (nm)
Microporous (<2) Zeolites 045x 045 (LTA,8MR),
054 x 056 (MFI, 10 MR),
0.74 x 0.74 (FAU, 12 MR)
0.75 x 1.0 (UTD-1, 14 MR)
Mesoporous (250) Aerogds >10
Pillared layer days 1,10°
M41S 210
Macroporous (> 50) Glasses >50

MR = membered ring opening.
®Bimodal pore-size distribution.

The synthess of mesoporous molecular Seves cdled M41S is one of the mogt exciting

discoveries in the fidd of materids synthesis in the last decade??* The MA41S family is
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classfied into three membes MCM-41 (hexagond), MCM-48 (cubic) and MCM-50
(landlar). These mesoporous dlicate and duminoslicate materids, with wel-defined pore
gzes of 210 nm, bresk past the pore Sze condrant of microporous zeolites. Very high
surface areas (>700 n¥g’) and the control of pore Szes are among the many desireble
properties that have made such materids the focus of great interest. The synthess of these
materids opens definitive new posshilities for preparing catdyss with uniform pores in the
mesoporous region, which will dlow the ingress and egress of rdatively large molecules in
their mesopores for cataytic transformations. Obvioudy, an exploson of research activity
has occurred within a few years (Figure 1.1). This includes new investigations on different
agpects such as syntheds procedures, synthess mechaniams, heteroaiom insertion, dtability,

physico-chemical characterization, adsorption, and catalytic applications etc.”>%
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Figure1.1 Number of publications on ordered mesoporous materias as found by Chemica
Abdgtracts on Compact Disks (CA on CD) of the American Chemica Society
usng different keywords (MCM-41 or FSM-16 or SBA-15 or mesoporous

materias or ordered mesoporous oxides or ordered mesoporous materids).
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1.2. SYNTHESISAND MECHANISMS FOR THE FORMATION

OF MESOPOROUSMATERIALS

A number of modds have been proposed in order to explain the mechaniam of formation
of mesoporous materids by various synthess routes. All these models are based on the
presence and the role of sufactants in solution to guide the formation of inorganic
mesodructures.  In solution, surfectants having two pats within the same molecule
(hydrophilic head group and long chain hydrophobic tal group) will aggregate and <Hf-
organize in such a way as to minimize contact between the incompatible ends. The type of
interaction between the surfactant and the inorganic precursor under different synthess

conditions needs careful atention and is a subject of much discussion.

1.2.1. Liquid Crystal Templating (LCT) Mechanism

In order to explain the synthess mechaniam, Mobil researchers proposed a liquid crysd
templating (LCT) mechanism, based on the amilarity beween liquid cyddline surfactant
asemblies (i.e. lyotropic phases) and M41S.%*% The mesostructure formation depends on the
hydrocarbon chain length of the surfactant tail group® the effect of variation of the
aurfactant concentration and the additiond organic swelling agents. The lowest concentration
a which surfactant molecules aggregate to form spherica isotropic micdles is cdled criticd
micdle concentration (CMC.). Further increese in the surfactant concentration initiates
agoregation of gohericd into cylindricd or rod-like micdles (CMC,). There are three main
liquid cryddline phases with hexagond, cubic and lamdlar dructures The hexagond phase
is the result of hexagond packing of cylindricd micdles the lamdlar phase correspords to
the formation of surfactant bilayers and the cubic phase may be regarded as a bicontinuous
dructure. Two mechanisic pathways were podulated for the formaion of M41S type

materias:
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(A)The dructure is defined by the organization of surfactant molecules into lyotropic liquid
cysa (LC) phase, which serves as template for the formation of the MCM-41 dructure.
The fird sep of the synthess is the formation of a micdlar rod around the surfectant
micdle which will produce a hexagond aray of rods, followed by incorporaion of an
inorganic array around the rod-like structures in the second step (Scheme 1.1).

(B)Highly sendtive liquid crysd dructures formed in surfactant solutions may dso interact
with the slicate species directly which results in the ordering of the subsequent Slicate

enclatherated surfactant micdles to form MCM-41 structure.

Hexagonal

Surfactant Micellar rod
Micelle rod

K‘ K‘ K‘ jsmcate MCM-41

Scheme 1.1 Liquid crystd templating mechanism proposed for the formation of MCM-41
(A) liquid crystd phaseinitiated and (B) silicate anion initated %

So, the negativey charged inorganic components preferentidly interacted with the
postively charged ammonium head groups of the surfactants and condensed into a solid.
However, it was clearly showrf* that pathway A (Scheme 1.1) did not take place because the
surfectant concentrations used were fa beow the criticd micele concentration (CMC))

required for hexagond LC formation.

1.2.2. Silicate Rod Assembly

Davis and co-workers™ by carying out in situ N NMR spectroscopy concluded that the

ligud crygdline phase is not present in the synthess medium during the formation of MCM-
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41, and consequently, this phase cannot be the dructure-directing agent for the synthess of

the mesoporous materids (Scheme 1.2).
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Scheme 1.2 Slicae rod assembly proposed for the formation of MCM-41: (1) and (2)
involve the random ordering of rodlike micdles and interaction with Slicate
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organic/inorganic composites™!
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1.2.3. Charge Density Matching and Folding Sheets

Both the ‘charge dendty matching and ‘folding sheets mechanistic modds are based on
the trandformation of lamdlar phase to hexagond one. The ‘charge dendty meatching modd
proposed by Monnier e d.2 and Stucky et d.* suggested that the condensation of initially
formed dlicate species by the dectrodatic atraction between the anionic dlicates and the

caionic surfactant head groups, reduces the charge dendty and therefore, curvature was
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introduced into the layers to mantan the charge dendty bdance with the surfactant heed
groups, which transformed the lamellar mesostructure into the hexagona one (Scheme 1.3A).
Similaly, Inageki e d.* proposed the ‘folding sheets mechanism’ and suggested that the
incorporation of surfactants by ion-exchange of interlayer Na ions into the highly flexible
sodium  dlicate sheats of kanemite resulted in folding of the dlicate sheats around the
surfactants which ultimately condensed into a hexagona mesodtructure (FSM-16) sSmilar to

MCM-41 (Scheme 1.3B).

B .

4
CrHzan+iNMes

K anemite Silicate- Organic M esopor ous
complex Materials

B SO, Reaction Co-ordinate ———

Scheme 1.3 Mechanisms proposed for the transformation of surfactant-glicate systems
from lamdlar to hexagond mesophases. (A) Hexagond mesophase obtained by
charge density matching®® and (B) folding of kanemite slicate sheets arounc
intercalated surfactant molecules formed the hexagona mesostructure.

1.2.4. Silicatropic Liquid Crystals

Firouzi and coworkers®*® showed that the properties and sructure of a particular system
were not determined by the longrange ordered organic arays but by the dynamic interplay
among ionpar inorganic and organic species The dlicate anions iontexchanged with the
aurfactant hdide counter ions formed the ‘Slicatropic liquid cystd’ (SLC) phase (Scheme

14), which exhibited very dmilar behavior to that of typicd lyotropic sysems and findly
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condensed irreversbly into MCM-41. The vaious dsages of synthess were monitored by

means of small angle neutron scattering (SANS).

N Precursor solutions

Micelles and isolated cationic Inorganic silicate anions
surfactant molecules (for example D4R oligomers)

E lon exchangel
'\. e .:ﬁ Xb

sLC assembW
g g
§§ é{%ﬁ %Ejg Phase

@23 Sép transformation ‘S

Lamellar SLC Hexagonal SLC

Scheme 1.4 The modd (cooperdive organizetion) for the formation of dlicatropic liquic
aydd phase/slicae-surfactant mesophases. (A) represents the organic anc
inorganic precursor solutions, (B) represents the prdiminary interaction of the
two precursor solutions after mixing, and (C) represents the multidentate
interaction of the oligomeric slicate units with the surfactant molecules

1.2.5. Generalized Liquid Crystal Templating M echanism
1.2.5.1. Electrostatic I nteraction

A generdized mechanism for the formaion of mesodtructured materids based on the

gpecific type of dectrodtatic interaction between a given inorganic precursor | and surfactant
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head group S (smilar to that of Scheme 1.4) was proposed by Huo and coworkers>*® In
this way, cationic quaternary ammonium surfactants (S*) are used for the sructuring of
anionic inorganic silicate spedies (17), which could be categorized as the S'I” pathway. On the
other hand, anionic surfectants (S) are employed for Structuring cationic inorganic  species
(M) (S1" mesostructures). Organic-inorganic combinations with identicaly charged partners
ae dso possble but then the formation of the mesodtructure is mediated by the counter-
charged ions, which must be present in stoichiometric amounts (S™X1" (X is a counter anion)

and SM™1"(M" isametd cation) mesostructures).

1.2.5.2. Hydrogen Bonding | nteraction
Neutrad amine template surfactants (S% and hydroxylated TEOS (1% have been used by

Tanev and Pinnavaa®™*

to prepare hexagond mesoporous dlicas (HMS) that have thicker
pore wdls, high theemd dability and smdler cyddlite sze but, have higher amounts of
interparticle mesoporodty and lower degree of longrange ordering of pores than MCM-41
materids At high concentrations, the non-ionic head groups (N°) of polyethylene oxide® and
ethylene glycol hexadecyl ethe™ can dso act as structure directors like the amine head group

S9).
1.2.5.3. Covalent I nteractions

In a dfferent synthetic gpproach, Ying and co-workers have successfully synthesized
hexagondly packed mesoporous med oxide materids completdy dable to  surfactant
remova through a ligand-assisted templating (LAT) mechanism.** The surfactants were pre-
trested with the metd dkoxides precursor in the absence of water to form metal-ligated
asurfactants by nitrogenmetd bond formation between the surfectant head group and the
metd dkoxide precursor. The control of mesodructure phases was found possible by
adjusment of the meta/surfactant ratio. The exisence of covdent interaction is concluded by

NMR spectroscopic studies.
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1.3. METAL-SUBSTITUTED MESOPOROUSMOLECULAR

SIEVES

In order to generate potentia cataytic activities, the incorporaion of heteroatoms into the
inert framework or walls of pure dliceous mesoporous materials is an important route to
modify the naure of the framework and make them cadyticdly active. In generd, it is
obsarved that the incorporation of tetrahedrdly coordinated duminum on the wadls during the
synthesis decreases the order in the materid®™ and the degree of incorporation depends on the
duminum precursor®® and method of preparation.® The incorporation of trivdent metd ions
such as AlL®*® B* Ga® Fe™ ec. in the walls of slica network mesostructure produces

framework negative charges tha can be compensated by protons providing acid Stes and

therefore, such materids are important from the point of view of acid cadyss The
incorporation of transtion meta dements such as Ti, %> V. cr® Mn> Fe® Co*® s
Mo>® Zr® ec. is dso important to prepare mesoporous catdysts with redox catalytic

properties.

1.4. MESOPOROUS SILICATES AS SUPPORT/HOST

1.4.1. Immobilization of M etals/M etal Complexesin M esopor ous Silicates

The pogt-synthess immobilization of metads and organometdlic complexes on the surface
of mesoporous dlicaies dlows the preparation of multifunctiond molecular deves with
desred cadytic properties Mesoporosty and very high surface aea of  mesoporous
maerids (paticulaly MCM-41) have been lagdy used for the immobilization of different
metds as wedl as bulky organometdlic complexes. The processes for metd immobilization
indude wet impregnation® vapor depostion® treatment with (NHz) MFs (M = Si**, Ti*",

etc.)® and metd akoxides® ion exchange with metdl salts™® etc.

10
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The immohilization of metd complex is mosly done by ion exchange followed by the
complexation with ligand® and dso by direct incorporation of the metd complex in the

mesoporous hexagona channels of MCM-41.%

1.4.2. Covalently Anchored Organo-Functionalized M esopor ous Silicates

The advantages of inorganic-organic hybrid materids arise from the fact that inorganic
components can provide mechanicd, therma or sructurd gability, while the organic features
are more readily modified for specific applications in catayss, separation or sening.® The
presence of large amount of dlanol groups [(-O-)sSIOH] in MCM-41 and HMS materids
atracted the researchars primarily for anchoring the organic functiond groups using the
concept of organic functiondization in dlica gd and then those organic functiond groups or
ligands were used for anchoring different types of metd complexes with or without

modification of the parent functiona groups.

1.4.2.1. In Situ Synthetic Methods

Organicdly functiondized mesoporous slicas were prepared  conveniently & room
temperature® or a higher temperature® by the co-condensation of tetradlkoxyslane
(Si(OR)y) and organosloxanes (R- Si(OR)s) in the presence of surfactant (template) and
auxiliary chemicds Thus, a vaidey of inorganic-organic hybrid materids, where the organic
functiond groups are atached covdently with the slica surface of MCM-41 through S-C
bonds, are very important for their various potentid applications. An acidic solvent extraction
technique is genedly used to remove the surfactant from the product to yidd an organo-

functionalized ordered porous silica materia. ™

1.4.2.2. Post Synthetic Methods

Organo functiond groups were aso introduced to the pore surface of mesoporous dlica

as the termind groups for organic monolayers by post synthesis modification. The treatment

11



15. Contral of Crystal and Pore sizes

of meoporous dlica with  organosiloxane  precursors  produces  hybrid — inorganic-organic
materials by hydrolysis and finally condensation of organosiloxane groups. ™

Although the organic functiond groups have been introduced into mesoporous slica in
both ways, in situ and post synthetic methods, organometalic complexes atached covaently

to the pore surface are introduced only by post synthesis modifications.”> "

1.5. CONTROL OF CRYSTAL AND PORE SIZES

Extensve rescarch efforts have been undertaken to control the crystd dze, pore
dimensions and pore Szes. The control of crystd Sze and pore dimensons are dso important
factors, paticulaly for MCM-41 with unidirectiond channds  High qudity hexagond
mesoporous materids of good thermd ability and smdler aydd sSzes were obtained by
heating precursor gels in the microwave a 150 °C for 1 h or even less™ The disordered
mesoporous materid, KIT-1, interconnected in a threedimensond and fully disordered way
isaso of interest from the catalytic point of view.®

One of the mod interesting and useful features of M41S family is the flexibility to
gynthesze these maerids with different pore diameters (2-10 nm). This can be achieved in
three different ways (i) by vaying the chain length of hydrophobic adkyl group (8 to 22
cabon aoms) in the surfactant molecules® (i) by adding organic swelling agents such as
135-trimethylbenzene® dkanes of different chain length,® etc. which will incresse the
micdlar d9ze by solvation of the added hydrophobic molecules in the hydrophobic region of
the micdles and (i) by adiusting the compostion of the gd and the cryddlization
vaiables”’

In a different approach, Sun and Ying" were able to control pore sizes between 0.52 nm
by the use of short-chan dkylamines as supramolecular templates, dlowing for systemdic

bridging of the mesoporous and microporous regimes. The ligand-assisted templaing (LAT)

12
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technique was further modified by them to produce microporous NbTMS6 with the use of

a W-didkylamines®

1.6. CONTROL OF MORPHOLOGY

The morphology of origindly obtained MCM-41 type mesoporous maerids™? s
condsts of aggregates and loose agglomerates of smdl paticdes However, for many
goplicaions in cadyss, chemicd sensoring or as optical devices, wel-defined morphologies
ae required. The research has been focused to obtan thin films fibers spheres and
monoliths. Huo et a3 and Yang e d.% have used acid medium (S™X1") for the preparation
of a lage vaigty of differently curved and highly interesting morphologies. Thin films have
been prepared a the ar/wate® and oil/water® interface as freestanding films, on both the
mica® and the graphite® surfaces and by using dip- or sin-coating® techniques. While, the
preparations of fiber morphologies were caried out in ail-inwater emulsions® and in
agueous phase®® under acidic (S'X1) conditions the syntheses of hallow® as well as hard
spheres®” of mesoporous silicas were carried out by emulsion biphase chemistry. Monolithic
periodic mesoporous dlicas prepared by different sysems using ionic and nonrionic
surfactants™® are dso very important for severa gpplications An interesting morphology of

‘tubules-within-a-tubule’ hierachira order has been reported by Lin and Mou. ®

1.7. PHYSICO-CHEMICAL CHARACTERIZATION

A number of techniques have been used to characterize different types of microporous
and mesoporous zeolites and related molecular Seve materids. Each technique is unique by
itsdf and provides important information for the understanding of different Structurd features

of a paticular microporous or mesoporous materid. Among dl, the most commonly used

13
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gpectroscopic  (powder X-ray diffraction (XRD), energy dispersve X-ay andyss (EDX),
diffuse reflectance UV-Vis FTIR, solid stae magic angle spinning (MAS) NMR, and
electron paramagnetic resonance (EPR) efc), microscopic (scanning  electron  microscopy
(SEM), and transmisson €ectron microscopy (TEM) ec), volumetric (adsorption and
surface area andyss by BET method), and thermogravimetric (thermogravimetry-differentia
thermad andyss (TGDTA)) methods are essentid for thorough characterization of these

materias.

1.7.1. X-ray Diffraction

Powder X-ray diffraction is the mogt important and commonly used tool to identify and
messure the uniqueness of dructure, phase purity, degree of cryddlinity and unit cdl
parameters of cryddlite materids. Microporous solids show characteridic pesks in the 2q
range of 550° whereas the mesoporous materias exhibit characteristic pesks in the low angle
region between 15-10° (). Isomorphous subgtitution of a heterostom in the framework of
the molecular deves can be eadsly predicted by cdculating the changes in the unit cdl
parameters and unit cel volume. This is one of the indirect ways to confirm isomorphous
subgtitution. The unit cdl dimensons determined by XRD is dso used to cdculae the

framework wall thickness (FWT) of hexagond channdsin MCM-41 materids.

1.7.2. Adsorption Measurements

The ability to adsorb sdective molecules of comparable szes through the pores into the
channes of molecular seves made them interesting and useful in the fidd of heerogeneous
cadyds. The sorption propeties of molecular Seves provide informaion about the
hydrophobic/hydrophilic cheracter, pore sze didribution and pore volume as wel as surface

aea. The adsorption of nitrogen measured by Brunauer-Emmett-Teller (BET) equation at low

14
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pressure (10 Torr) and liquification temperature of N2 (77 K) is the standard method for the

determination of surface area, pore volumes and pore size digtribution of molecular sieves®

1.7.3. Diffuse Reflectance UV-Vis Spectr oscopy

The diffuse reflectance UV-Vis spectroscopy is known to be a very sendtive and useful
technique for the identification and characterization of the metd ion coordingtion and its
exigence in the framework or extra-framework postion of metd containing molecular Seves.
The pogtion of “ligandtto-metal charge transfer” (L® M) band depends on the ligand fidd
symmetry surrounding the metd center and the dectronic trandtions from ligand-to-meta
require higher energy for a tetracoordinaed metd ion than for a hexa-coordinated one. For
most of the isomorphoudy subgituted microporous and mesoporous metdlo-Slicae
(particularly Ti- and V-containing) molecular seves, trangtions in the UV region (200-400

nm) are of prime interest.

1.7.4. Fourier-Transform Infrared (FTIR) Spectr oscopy

The FTIR spectroscopy in the framework region (400-1300 cni?) provides additiond
information aout the dructurd deals induding isomorphous subdiitution in molecular
Seves, whereas the hydroxyl region (3000-4000 cmi®) contributes for the determination of
different (Bronsted and Lewis) acid sites” and slanol groups® The band & 960 cm™ in the
framework region is very important and generdly dtributed to the incorporation of meta
ions in the framework of slica marix paticularly for Ticontaining molecular sieves®
Acidic and basic properties as wdl as its srength in molecular Seves can dso be determined
by FTIR spectroscopy using CO, ammonia, pyridine triphenylphosphine etc. as the probe

molecules®
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1.7.5. Nuclear Magnetic resonance (NMR) Spectr oscopy

Nuclear magnetic resonance spectroscopy, both in the liquid and the solid date, is a very
important tool for understanding the sructure of zeolites and determining the active species
a the molecular levd during synthesis {n situ) and dso to characterize the loca environment
of framework meta ions in solids. Lippama et d.% showed that ®Si MAS NMR spectra are
very senstive to the nature and chemical environment of the atoms. MAS NMR of 2/Al, 2V,
etc. has ds0 been extensvely dudied to characterize the incorporation of heterostom in the
framework by determining the locd environment of Al, Ga V, €c. in corresponding metalo-
slicae molecular seves®® The ®C CP MAS NMR spectra of as-synthesized molecular
seves give us information about the incorporation of intact organic sructure directing agents

indde the channds of these materids.

1.7.6. Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron paramagnetic resonance spectroscopy  is the resonance aosorption of  the
eectromagnetic (microwave) redigion by magneticdly split dates of unpared dectrons. It is
a veay important tool for determining the oxidation sates and incorporation of paramegnetic
metal ions in the framework or extraframework postion in medloslicate molecular seves
This technique provides important information about the redox dtes and paramagnetic

charge-transfer complex.

1.7.7. Scanning Electron Microscopy (SEM)

This is another important tool for morphologica characterization of microporous and
mesoporous molecular Seve materiads. Different types of morphology of the syntheszed
materids as wdl as the presence of any amorphous phase in the samples can be characterized
using this technique. The mgor advantage of SEM s that bulk samples can dso be sudied

directly by this technique.
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1.7.8. Transmission Electron Microscopy (TEM)

The topogrgphic information obtained by TEM a near aomic resolution has been a key
method for the dructurd characterization and identification of the various phases of
mesoporous materids, i.e hexagond (MCM-41), cubic (MCM-48) and lamdlar (MCM-50)
phases. Both the cylindrical and the hexagona pore sructures with smilar XRD paitern as
that of MCM-41 maerids have been observed by high resolution TEM.® However, the
hexagond shgpe is enageticdly mogt favorable, dnce this the only way to mantan a

congtant wall thickness which in turn maximizes surfactant-silicate surface interaction. %

1.7.9. Thermal Analysis(TG-DTA)

The thermoandyticd technique has been widdy used to get information on the thermd
dability of microporous and mesoporous molecular Seves. Further, it provides information
about the temperature programmed desorption of physsorbed water, oxidative decompostion
of the occluded organic materids and dehydroxylation of SOH groups in the channds of
molecular Seves. Moreover, any phase transformations can aso be detected from differentia

thermd andysis (DTA).

1.8. CATALYTIC APPLICATIONS AND PROSPECT

The unique physicd properties (eg. high specific surface area, large pore sze etc.) of
MCM-41 have made these materids highly desrable hogts for the fixation of large active
complexes. Due to large void space the diffusona redtrictions of reactants/products are

abent and therefore, these materids ae quite suitable for catdytic applications involving
bulky molecules.

Initidly, the catdytic studies with mesoporous molecular seves focused manly on acid

cadyss and redox reections. Since then, a wide variety of gpplicatiions induding depogtion
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of heteroatom onto the surface of mesoporous walls have been established and the fidd is
dill expanding rapidy. More recently, ressarch has been devoted for the fixation of
cadyticdly active complexes onto the wdls of the MCM-41 porous framework to combine

the advantages of homogeneous catalysis with a heterogeneous catayst support.

1.8.1. Acid Catalysis

Although it has been thought that MCM-41 will extend the applications of zeolites for
bulky molecules whose diffuson is drongly impeded in zeodlites (eg. USY), the higher
intringc activity observed for USY (139 times) than MCM-41 in n-heptane (smal reactant)
cracking is not only due to larger amount of Bronged acid stes, but dso stronger acid sSites
present in the zeolite It has been established by now that most of the Brongted acid Stes in
Al-MCM-41 materids are of weak-medium drength and produces only mild acidity. Hence,
the AI-MCM-41 materids are found to be quite useful for carying out reactions such as
hydroisomerization, mild hydrocracking (MHC), hydrodesulfurization (HDS), hydrode-
nitrogenation (HDN), demetdization, olefin oligomerizetion etc, which reguire a caadyst
with mild adidity.’®

The advantages of mesoporous materids in the synthess of fine chemicas have got
paramount importance due to fast diffuson of large reactants as well as products through the
pores, which subgtantidly minimize the formation of unwanted secondary products. A good
example for the shepe dective dkylation of 24-d-tert-butylphenol with cinnamyl dcohal,
caried out on AFMCM-41, demondrates that unlike large pore HY zedlite, benzopyran is
the mgor product since there is no diffusiond problems in MCM-4L** The mild acidity
combined with the mesopores in MCM-41 materials made them useful catdysts especidly
for the preparaion of fine chemicds by carying out reactions such as
tetrahydropyranylation™ of bulky dcohols and phenols eg.  cholesterol  (protection of

hydroxyl ~functiondity in peptide, nudeotide cabohydae and deroid chemidry),
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acylaion'®  (synthetic fragrances and pharmaceuticals), acetdization™  (pharmaceuticals,
fragrances and detergents), Beckman rearrangements'® glycosidation® etc.

Cataytic gpplications of meta (Ni, Mo, Co, Pt, Pd, W ¢c.) supported MCM-41 materias
ae vay usful for cetan add cadyss. Examples incude gasoil hydrocracking by NiMo
AI-MCM-41"®  hydrogendtion and hydrocracking by  sulfided  CoMo-Al-MCM-41,%"
isomerization of l-hexane by PAI-MCM-41'%'® nbutane cracking by phosphotungstic

acid (HaPW120 a0)-moified MCM-41"° and Heck reactions by P-TMS11 material ™™ etc.

1.8.2. Redox Catalysis

Metdlo-slicate molecular deves paticulaly titano-slicates with MFI or MEL topologies
(eg. TS1 or TS2) have been extensivdy investigated for sdective oxidation reections™
(eg.  epoxidation,  hydroxyldion,  oxyfunctiondization of dkanes ~ ammoxidation,
aulfoxidation and various other types of oxidaions). However, very high catdytic activity
and Hedtivity of these molecular Seves have been efectivdly used only in the oxidaion of
smdl molecules due to smdl pore sze of these materids (0.53 x 0.55 nm). As a result of that
a condderable amount of research was dedicated for the preparation of large pore metdlo-
dlicate molecular seves (eg. Ti-beta with BEA dructure (0.76 x 0.64 nm)) in which bigger
molecules (eg. long chain diphatic olefins) can adso be accommodaied insde the pores for
selective oxidation reactions M4

Mesoporous Ti-MCM-41® and Ti-HMS* were used for the epoxidation of norbornene
with tert-butyl hydroperoxide (TBHP) and oxidetion of 2,6-di-tert-butylphenol (26:DTBP)
with agueous H,0,, respectively. Although the intrindc activity of Ti-MCM-41 is lower than
tha of TS1 and Ti-beta paticulaly for the epoxidaion of smal molecules with agueous
HoO,, it showed higher cadytic activity in the epoxidation of bulkier norbornene with

TBHP. Moreover, higher cataytic activity of Ti-HMS than Ti-MCM-41 in the liquid phese
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peroxide oxidetion of bulkier reectants eg. 2,6-DTBP is explaned on the bass of high

textura mesoporosity of Ti-HMS, which has less diffusond limitation than Ti-MCM-41.

Table 1.2

Oxidation catalysisreported over mesopor ous metallo-silicate molecular sieves

No Cadyss Reection Reference
1 V-MCM-41 Oxyfunctiondization of dkanes, hydroxylaion of 1- 2552
ngphthol and  epoxidation of cydooctene with H20., 117, 118
isobutyra dehyde/dioxygen (IBA/O,) and TBHP
2. V-HMS Oxiddion of 26-DTBP with H,O, and TBHP 119
3. Cr-MCM-41 Oxidation of 1-ngphthal, phendl and aniline with H202 53,120
4. MnMCM-41 Oxiddion of cycohexane and propeneto CO; 118,121
5. Fe-MCM-41  Oxidation of cydohexane 118
6. CoMCM-41  Oxidaion of cydohexane 118
7. S*MCM-41  Hydroyldion of pheno and 1-ngphthol with H202 and 122
epoxidation of norbornene with TBHP
8 SH+HMS L actide ring-opening palymerization 123
9. MoMCM-41  Oxidation of cyclohexanol and cycohexane with H202 118, 124
10. Zr-MCM-41 Oxidation of cholesterol and 1-naphthol with TBHP 125, 126
1L Ti-MCM-41*  Epoxidation of cis-cyclooctenewith TBHP 127
& Polymer embedded.

Moreover, the posshilites have been expanded by the incorporation of Ti into the

framework of AFMCM-41 to prepare a hifunctiond add-oxidation caays. It has been

shown that Ti-Al-MCM-41 was adle to cadyze multigep oxidation of lindool (epoxidation
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folowed by acid-cadyzed intramolecular ring opening of the epoxide) to cydic furan and
pyran hydroxy ethersin one pot and using TBHP as oxidant.?®

The cadytic activity of metd depostedimmobilizead on MCM-41 was evauated in
epoxidaion of propdene and sHective oxidation of propane to acetone and of isobutene to t-
butanol with a H,-O, mixture under flow (AWTi-MCM-41)!%® oxiddion of 26-d-tert-
butylphenol  (CWMCM-41)® oxidation of carbon monoxide (PYMCM-41)* reduction of
NOx by propene (P, Rh, and Co/MCM-41)** etc. Immobilized enzymes were used for
different stereosdective hydrolysis reactions ™ Whereas immobilized as well as anchored
organometalic complexes atached onto the wdls of MCM-41 have been used in the
sdective oxidation of 1-hexane and cyclohexane with TBHP and H,0,*" the epoxidation
of norbormene and hydroxylation of 1-ngphthol with TBHP*® enantiosdective epoxidation
of syrene and a-methylstyrene™  stereospecific propene polymerization,*® and asymmetric

borohydride reduction of ketones™**

1.9. SCOPE AND OBJECTIVESOF THE THESIS

In the present invedtigation, the synthess, characterizetion and catadytic gpplications of
MCM-41 type mesoporous materids (dl glica, Al, Ti, V and CeMCM-41) and organo
functiondized MCM-41 materids ae discussed in detal. For  compadive  purpose,
microporous TS-1 and TS2 have aso been synthesized, characterized and used for sdective
epoxidation reactions.

It has been observed that the addition of catdytic amount of promoter oxyanions to the
gynthess precursor mixture of zeolites and slica based microporous materids reduces the
aysdlization time consderably. > This motivated us to check whether the addition of
cadytic anount of promoter oxyanions can decrease the synthess time in the case of MCM-

41 type materids or not. The results obtained with MCM-41 materids show that the effect is
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quite generd and is gpplicable not only to SSMCM-41 but dso to AFMCM-41, Ti-MCM-41
and V-M CM-41 materials '™

The incorporation of various heteroatoms into the framework or the wdls of MCM-41
has been sysemaicdly dudied, characterized and also used as catdyds to show ther
cadytic activity. However, the reports on the incorporation of cerium in mesoporous
molecular Seves are, a best scanty. Recently, a brief report about cerium dlicate andogues
of MFI, BEA and MTW is published.™ It is expected that the size incompatibility between
ce™ and S* ions will produce longer =Si-O-Ce= bonds causing large bond angle drain in
Ce-aubdtituted slica nework and therefore, the incorporation of Ce in microporous metalo-
dlicate molecular seves is expected to be raher difficult. However, the incorporation of Ce
in the framework of MCM-41 is more likdy because of the greater flexibility of the slica
network. Further, the incorporation of Ce an early member of lanthanides, in the MCM-41
dlica network is expected to impart dud cadytic activity in heterogeneous acid as well as in
redox caidyds. Hence it was thought intereting to study in detail the incorporation of Ce in
MCM-41 and to evauate its cataytic activity in acid catalyzed and redox reections. 1

The organo-functiondized MCM-41 type materids can be used as solid ligands for metd
ions, forming anchored metad complex onto the wadls of MCM-41. Wheress hifunctiond
organo-functiondized MCM-41 can be potentidly used to prepare a dass of mixedmeta
complexes in a dngle inet marix with dedred catdytic properties. In fact, usng organc
functiondized MCM-41 as support, a very high degree of regiosdectivity and enantiomeric
excess was observed in the dlylic aminaion of cinnamyl acetate with benzylamine™
Further, a novd use of these mesoporous organo-inorganic compostes was  recently
demondrated for dze sdective entrgoment and dabilization of gold nanoparticles from a
mixture of gold and siver colloidd nanopartides in soluion™® These advantages attracted

our atention for the functiondization and anchoring of metd complexes onto the wadls of
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MCM-41 with the am to exploit the heterogeneity of these materids as a subditute of
homogeneous systems. ***

Although the titano-glicste molecular Seves ae efficient caidyds for various sdective
oxidation reections usng agueous hydrogen peroxide as oxidant, in the epoxidation of
vaious odefinic compounds the epoxide sdectivity is reduced due to the formation of
isomerized andlor cleaved secondary products as the oxirane ring is quite prone to acid
catadyzed isomerization and hydrolyss in the presence of water (coming from agueous
H,0,). In order to circumvent this problem anhydrous source of hydrogen peroxide namey
ureahydrogenperoxide adduct (UHP), which dowly releases anhydrous HO, into
oluion™ has been used for the epoxidation of a variety of olefinic compounds in the
presence of TEIMCM-41, TS1 and TS-2 as redox catdysts producing excdlent epoxide
yidds'*1%*1% The addition of urea in agueous HO, (U+HP, urea and aqueous HO, added
separately for the in situ formation of UHP) dso shows sgnificant effect on the sdectivity of
epoxides. This motivated us to cary out epoxidation of syrene with agueous H202 in the
presence of varying amount of urea separately added to the reaction mixture!®?

Since UHP releases anhydrous H,O,, it may provide interesting information on the nature
of the active gtes in Ti-MCM-41, TS'1 and TS-2 usng diffuse reflectance UV-Vis and EPR
techniques, which could not be observed usng agueous hydrogen peroxide™ % This
motivated us to use anhydrous urea-hydrogen peroxide (UHP) adduct as the source of HO»
in which the abisence of water molecules will not increase and/or equdize the coordination
number of different Ti-species during the formation of Ti-superoxo compounds. Direct
spectroscopic evidences for the formation of different Ti-superoxo complexes by the solid
solid interaction between Ti-MCM-4U/TS-UTS-2 and ureahydrogen peroxide adduct were

obtained from the characteridic continuous absorption band in the UV-Vis region (300-500
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nm) and the anisotropic EPR spectra for the superoxide radica atached to Ti(IV) centers on

Ti-MCM-41, TS-1 and TS-2. 25213

1.10.OUTLINE OF THE THESIS

The thesis has been divided into five chapters.

Chapter 1 presents the generd introduction and literature review about various chemica
agpects of porous (both microporous and mesoporous) molecular Seve materids. Different
gynthess paamees and mechanidic aspects of the micdlar mediated synthess
characterization techniques and catdytic gpplications of ordered mesoporous materids are
discussed in brief. The scope and objectives of the present invedtigation is outlined a the end
of this chepter.

Chapter 2 describes the synthesis of various molecular Seve materids prepared during
thisinvestigation. Thisindudes:

1 Synthess of S-MCM-41, A-MCM-41l, TiMCM-4l1 ad V-MCM-41l type
mesoporous materids in the presence and in the absence of promoter by varying
different synthetic parameters and promoter concentration.

2 Synthess of CeMCM-41 type mesoporous maerids by vaying different
synthetic parameters.

3 Yynthess of different organo-functiondized MCM-41 materids by in situ and
post synthetic methods.

4. Synthesisof TS1and TS-2.

This chapter ds0 indudes a detalled discusson on the results obtained for the promoter-
induced synthesis of SSMCM -41 using different promoters and promoter concentrations.

Chapter 3 deds with the discusson of expeimenta results of physco-chemicd

characterizetion of dl the above-mentioned samples by spectroscopic (XRD, EDX, DR-UV-
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Vis, FTIR, MAS NMR, and EPR etc), microscopic (SEM, and TEM etc.), volumetric
(surface area measurements), and thermogravimetric (TG DTA) methods.
Chapter 4 gives an account of sdective cataytic gpplications of the molecular Seve
materids synthesized during this investigation. Thisincludes :
1 Acid catayzed reactions
(i) 1sopropylation of naphthalene over AI-M CM-41 samples.
(i) Dehydration of cyclohexanol over Ce-M CM-41 samples.
(i) Chemosdective acylation of acohols, amines, phenols and thiols over Ce
MCM-41 samples.
2 Oxiddionresctions
() Hydroxylaion of 1-ngohthol catdyzed by V-MCM-41, Ti-MCM-41 and Ce
MCM-41.
(i) Epoxidation of cyclohexene over TETMCM -41 and V-MCM-41.
(iif) Epoxidaion of avariety of olefinic compoundsover TS1and TS-2.
Chapter 5 summarizes and condudes the results obtained and the bedsc finding of the

present work.
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CHAPTER 2
SYNTHESIS



2. SYNTHESS

Different synthess routes and mechanisms proposed for the formation of mesoporous
meaterias are reviewed in Chapter 1. These are mainly based on the fact that the surfactant
molecules will sdf-organize and interact with the dlicae species to yidd mesoporous
materids. It is therefore logicd to say that any synthetic parameter, which will assst and/or
nucleate the sdf-organization of surfactant molecules (eg. addition of cataytic amount of
promoter in the precursor synthess mixture) for the formation of mesoporous maerids, will
certainly decrease the synthesis time considerably.

The present chepter deds with the detailed description for synthess of mesoporous
dlicate, metdlo-silicate’ and organo-silicate materids™® obtained in the presence andior the
absence of promoters based on the procedures as described in the literature. It dso indudes a
brief description for the synthess of microporous medium pore TST® and TS-2/

incorporated in the present thesis mainly for comparative purpose.

2.1. EXPERIMENTAL

2.1.1. Materials

Materids used for the synthess of mesoporous and microporous slicate, metdlo-slicate,
and organo-slicate materids are tabulated in Appendix A (Table A.1). The chemicas were

used as received without any further purification if not mentioned specificaly.

2.1.2. Synthesis of MCM-41 Type Mesoporous Materials

Generdly, the synthess of mesoporous materids are carried out hydrothermdly in an
autoclave under autogeneous pressure usng a surfactant  like  cetyltrimethylammonium

hdide’hydroxide as template and sodium hydroxide andlor tetramethylammonium  hydroxide
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2.1. BExperimental : Snthesis of S-MCM-41

a minerdizer. Moreover, MCM-41 type mesoporous materids can dso be syntheszed by
refluxing the gel mixture a atmospheric pressure under tirring.

During the present work, pureslicate (SFMCM-41), duminoslicate (AFMCM-41),
titano-dlicate (Ti-MCM-41) and vanedo-dlicate (V-MCM-41) type mesoporous materids
were synthesized in the presence as well as in the absence of promoter. The synthess of &
MCM-41 was dudied in detall to invedigae the effect of different promoters, promoter
concentration and other synthetic parameters mainly in the presence of phosphate (PO4%) as
promoter.

Hydrotherma syntheses of various CeMCM-41 samples were carried out by different
methods. The synthess of Ceimpregnated MCM-41 (S/Ce = 40), Ceexchanged MCM-41
(S/Ce = 40) and phydcd mixture of amorphous dlica-ceria (S/Ce = 40) samples were dso
caried out for comparison of their activity with Ce-MCM-41 samples.

Organo-functiondized MCM-41 samples were dso syntheszed by in stu method using
tetraalkoxysilane (Si(OR)s) and organcsiloxane (R™- Si(OR)) as the two silica sources. In the
cae of pos synthetic method, S-MCM-41 was trested with organosiloxane to get the

organo-functionalized MCM-41.

2.1.2.1. Synthesis of Si-M CM-41

The syntheses of S-MCM-41 samples were caried out usng NaSO3; and SO» in a
molar ratio Ng;SiO3/SO, = 0.124 : 1 as different Slica sources. In a typicd prepartion, the
two different dlica sources, Na&eSIO3 and SOz were sugpended in an agueous solution of
TMAOH and subsequently combined with an agueous solution of CTABr. Findly, an
aqueous solution of NaH PO, was added as promoter to the synthess mixture. The typicad
molar gd compostion of SSMCM-41-P (‘P corresponds to promoter) sample was 1 SO> :
0.11 NgO : 0.08 TMAOH : 0.21 CTABr : 125 HO : 0.1 NaHPO,. For the synthess of

dandard S-MCM-41-S (‘S corresponds to standard procedure) sample in the absence of
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2.1. Experimental : Syrthesis of AI-MCM-41

promoter, an agueous solution of NaCl ingead of NaH2POs was added to the synthesis
mixture to maintain the same Na'/SO, molar ratio as in the case of SSMCM-41-P sample. A
standard SFMCM -41-Sp sample was aso prepared in the absence of both promoter and NaCl,
kegping othewise the same gd compostion. The molar gd compostion of different S
MCM-41 samples is presented in Table 21. The S-MCM-41-S, S-MCM-41-S and Sk
MCM-41-P samples were gyntheszed by refluxing the gd mixtures a amospheric
pressure under girring a a constant temperature of 373 K for a period of 816 h. Different S
MCM-41 samples were dso prepared by varying the synthesis time, Na'/SO, ratio, promoter
concentrations etc. and dso by usng sodium sdts of different sources of phosphate promoter
(e.g. NaHPO,, NaPO,) and different promoter oxyanions (eg. NOs, AsO,>, SO.%, BrO3
and 103) etc. The solid products thus obtained were washed thoroughly firs with deionized

water and then with acetone, dried at 353 K and cacined in flowing air at 813 K for 8 h.

2.1.2.2. Synthesis of AI-MCM41

The syntheses of Al-MCM-41 samples were carried out usng NaAlO2 as the duminum
source. For the synthess of A-MCM-41-P sample an agueous solution of NaAlO, was
added to the mixture of NaSO3; SO, (N&SO4SO; (mo/mal) = 0124 : 1) and agueous
TMAOH under tirring. Then, agueous solutions of CTABr and NaHPO4 were added to the
gynthess mixture and dirred for 15 minutes after each addition. The find molar gd
compogtion of AFMCM-41-P sample was 1 SO, : 0.01 ALO3: 0.12 NgO : 0.08 TMAOH :
0.21 CTABr : 125 HO : 0.1 NaH2POa4 For the synthess of sandard AI-MCM-41-S sample
in the absence of promoter, an agueous solution of NaCl ingtead of NaH,PO, was added to
the synthesis mixture to maintain the same Na'/SO, molar ratio as in the case of AI-MCM-
41-P sample. The find ge mixtures were refluxed under girring for a period of 12-24 h as
shown in Table 21. The solid products were collected by filtration, washed thoroughly with

deionized water and acetone, dried a 353 K and cdcined in flowing ar a 813 K for 8 h.
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2.1. BExperimental : Synthesisof Ti and V\AMCM-41

Table2.1
Chemical compositionsof the synthesisgel mixtures(Si/M = 50)% and effect of promoter
in the synthesistime of Si-, Al-, Ti- and V-M CM -41 samples

Molar ge compogition
Synthesis

[=X

Sampe®  CTABr NaO° TMAOH H.O0 P Nacl P tme(h)

S-MCM-41-& 021 011 0.08 125 - - 11.2

S-MCM-41-S 021 011 0.08 125 - 0.1 11.2

S-MCM-41-P 021 011 0.08 125 01 - 10.9 B
Al-MCM-41-S 021 012 0.08 125 - 0.1 11.2 24
Al-MCM-41-P 021 0.12 0.08 125 01 - 11.2 12
Ti-MCM-41-S 021 - 04 125 - - 11.2 16
Ti-MCM-41-P 021 - 0.4 125 01 - 111 B8
V-MCM-41-S 021 - 04 125 - - 11.2 16
V-MCM-41-P 021 - 04 125 01 - 111 B8

M : Metd; Al for AI-MCM-41, Ti for Ti-MCM-41 and V for V-MCM-41.

P S, S and P denote samples synthesized in the absence of both promoter & NaCl, in the
presence of NaCl only (standard condition) and in the presence of promoter, repectively.

€Includes Na coming from NaS O3 and NaAlO».

ip. Promoter; NaH2PO4 usad for S and AI-MCM-41; H3PO4 used for T+ and V -M CM-41.

2.1.2.3. Synthesis of Ti-and V-MCM-41
For the synthesis of Ti and V-MCM-41 materials, TBOT and VOSO48H 0 were used as

the metal ion sources, whereass H3PO4 and fumed SO2 were used as promoter and dlica
source, respectively. Since, in the synthesis of T+ and V-MCM-41-P samples, HPO,4, an add

was used as promoter; excess TMAOH was used to maintain the pH of the ga mixtures. In a
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2.1. Experimental : Snthesis of Cecontaining MCM-41

typicd prepaation of TIMCM-41-P sample, TBOT in dry isopropanol wes added very
dowly to the mixture of fumed SO, and TMAOH. Then, agueous solutions of CTABr and
H3PO, were added to the synthess mixture. The find molar ge compostion of THMCM -41-
P sample was 1 SOz : 002 TiO2 : 0.4 TMAOH : 0.21 CTABr : 125 H0 : 0.1 HsPO4 The
gandard Ti-MCM-41-S sample was prepared in the absence of promoter using the gd
compogtion asgivenin Table 2.1.

The synthesis of two \V\AMCM-41 (V-MCM-41-P and V-MCM-41-5) samples were aso
caried out, both in the presence and in the absence of promoter, in the same way as that of
Ti-MCM-41 samples except that an agueous solution VOS0,4-3H O was added in place of an

dcoholic solution of TBOT.

2.1.2.4. Synthesis of Ce-containing MCM-41 Type Mesoporous Materials
2.1.2.4.1. Synthesisof Ce-MCM 41

The hydrothermd syrntheses of CeMCM-41 samples were mainly caried out under
reflux condition a amospheric pressure. However, the syntheses were dso caried out in
autoclave under autogeneous pressure in dirring as wel as in gatic conditions. The molar gd
compogtions of the synthess gds were 1 SO, : x CeO, : 0.30 TMAOH : 0.25 CTABr : 125
H20, where x = 0, 0.00625, 0.0125, 0.025 and 0.05.

In a typicd synthess of CeMCM-41 sample, 3.0 g of fumed dlica was dowly added to
547 g of TMAOH in 10.0 g water under vigorous girring. Subsequently, an agueous solution
of ceric sulfate (0.505 g dissolved in 10.0 g water) was added followed by the addition of
455 g of CTABr dissolved in 30.0 g water. The remaining 58.4 g of water was added and the
dirring was continued for 15 minutes. Findly, the synthess gd was taken in a glass flask
(250 ml capacity) and refluxed for 48 h under dirring. The materids thus obtained were
filtered, washed thoroughly firg with deionized water and then with acetone and dried a 353

K. All the samples were cdcined a 813 K for 8 h in presence of ar. While, CeMCM-41
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2.1. Experimental : Smthesis of Organo-functionalized MCM-41

samples with S/Ce ratios of 160, 80, 40 and 20 were prepared under reflux condition, the Ce
MCM-41 samples with S/Ce = 40 were dso prepared in autoclave under autogeneous
pressure in datic condition as wel as in girring condition (Parr reactor) a 200 rpm both a

373K for 48 h, for comparison purpose. All the samples resembled alight yelow color.

2.1.2.4.2. Synthesis of Ce-impregnated MCM -41

20 g of cddned S-MCM-41 sample was added to a solution of 0.336 g CeS0O,44H,0
dissolved in 100 g waer to prepare Ceimpregnated MCM-41 with S/Ce = 20. The mixture
was then mixed thoroughly and hested on a water beth to dryness The dried impregnated

samplewasthen cdcined a 773K for 6 h.

2.1.2.4.3. Synthesis of Ce-exchanged MCM 41

10 g of cdcned S-MCM-41 sample was added to a solution of 0.126 g CeSO,;4H,0
dissolved in 250 g water to prepare Ceexchanged MCM-41. The mixture was dirred at

room temperature for 24 h and then the exchanged materid was filtered, washed thoroughly

with deionized water, dried at 373 K and cacined a 773 K for 6 h.

2.1.2.4.4. Synthesis of amorphous silica-ceria

Amorphous slicaceria (S/Ce = 20) sample was prepared for comparison of its cataytic
activity with CeMCM-41 samples. The synthess of amorphous slica-ceria (S/Ce = 20) was
caried out by adding 0.28 g cerium (IV) oxide and 20 g fumed dlica in 100 g water. Then
the mixture was dirred a room temperature for 15 min. and hested on a waer bah to

dryness. The dried amorphous silica-ceria sample was calcined a 773 K for 6 h.

2.1.2.5. Synthesis of Organo-Functionalized MCM-41
The syntheses of various organo-functiondized MCM-41 materids were caried out by in
dtu as wdl as post synthetic methods. For in Stu synthess of 3-aminopropyl- and 3

mercaptopropyl-functiondizedM CM-41  materids,  3-X-propyltrimethoxysilane  (XPTS)  was
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2.1. Experimental : Smthesis of Organo-functionalized MCM-41

used dong with TEOS in a1 : 25 molar raio as the dlica sources (X = NHz or SH). The gd
composition was 1.0 XPTS : 25 TEOS : 042 CTABr : 0.96 NaOH : 272 H,O : 66 MeOH.
Methanol was usad in the initid gd mixture to reduce and control the fast hydrolyss of
XPTS. Smilaly, viny-MCM-41 was aso prepared usng the g compostion as 1.0 TEOS :
0.1 VTES : 015 CTABr : 038 NaOH : 125 H,O (VTES = vinyltriethoxyslane). The
bifunctiond HSHN-MCM-41 and HSAIMCM-41 were prepared in a same way as the
corresponding  monofunctiond MCM-41 materids, usng the gd compodtion as given in
Table 2.2. For the SH-AI-MCM-41 sample SO, : AlO3 molar ratio was 1 : 0.025. All the
synthesis gd mixtures were firgt dirred a room temperature for 12 h to remove methanol and
then heated in autoclave a 368 K for 36 h under datic condition. The products obtained were

filtered, washed severd times with didilled water and acetone, and then dried a ambient

Table2.2
Chemical composition of the synthesis gel mixture of organo-functionalized
MCM -41 samples

Molar Gel Compositior?

Sample TEOS APTS MPTS VTES CTA NaOH HXO MeOH
A :HSMCM-41 2.5 - 1.0 - 042 0.96 272 66
B:HN-MCM-41 2.5 1.0 - - 042 0.96 272 66
C:HSH:N-MCM-41 1.0 0125 0125 - 0.17 0.38 109 26
D : HSAI-MCM-41 1.0 - 0.1 - 017 0.38 109 26
E: Viny-MCM-41 1.0 - - 01 015 0.38 125 -

& TEOS, tetraethyl orthosilicate; APTS, 3-aminopropyltrimethoxysilane MPTS, 3-mercapto-
pyltimethoxyslane VTES, vinyltrigthoxyslanes CTA, cayltrimethylammonium  bromide;
MeOH, methanal.
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2.1. Experimental : Synthesisof TS1 and TS2

temperature under vacuum. From dl organo-functiondized MCM-41 samples, surfactant was
removed by solvent edraction containing methanol, water and HCl. In a typicd extraction
process, 85 g of methanol and 3.25 g of HCl (35.4 wt.%) were used for 24 h under reflux for
the removd of surfactant from 1.0 g of the solid product.

HN-MCM-41 and HSMCM-41 were aso syntheszed by post synthess modification. In
a typicd synthesis of HoN-MCM-41 or HSMCM-41 sample, 1.0 g of activated S-MCM-41
was teken in 25 ml dry toluene and to this tirred suspension, 0.60 g of APTS or 0.66 g of
MPTS diluted in 25 ml of dry touene was added very dowly through a syringe under N
amosphere at room temperature (298 K). After complete addition of APTS or MPTS, the
mixture was refluxed a 353 K for 24 h in N, amosphere. The functiondized HN-MCM-41
or HSMCM-41 was filtered and washed with dry toluene followed by acetone and dried a

ambient temperature under vacuum.

2.1.3. Synthesisof TS-1and TS-2

Titanium-dlicate molecular deves, TS1 and TS-2, were prepared by employing the
concept of promoter-induced synthesis of zedlitic meterids In the synthess of TS-1 and TS
2, TEOS, TBOT and H3POs were used as dlica source, titanium source and promoter,

respectively.

2.1.3.1. Synthesisof TS-1

In a typicd preparation of TS1 sample, 20.8 g of TEOS was dowly added to 50.8 g of
TPAOH under vigorous girring for 2 h. Next, a solution containing 113 g of TBOT
disolved in 57 g dry isopropanol (IPA) was added dowly to the above cdear solution of
TPA -dlicate under vigorous girring. The gl mixture was further irred for 30 min. and then
an agueous solution of 0.77 g H3PO4 diluted by 44 g water was added very dowly under

vigorous dirring, which was continued for one more hour. The find molar gd compostion
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for the TS-1 sample was 1 TEOS : 0.5 TPAOH : 0.033 TBOT : 0.067 HsPO4 : 25 HO. The
od mixture was heated in a danless sed autoclave a 433 K for 6 h under autogeneous
pressure and agitation (60-65 rpm). After crysdlization, the solid product was collected by
centrifugetion, washed thoroughly fird with deonized waer and dilute add sSolution
(containing 2 wt.% H,S0O4 and 5 wt.% Hx0,) and then with deionized weter, dried a 393 K

for 4 hand cdcined a 813 K in ar for 12 h.

2.1.3.2. Synthesisof TS-2

The TS-2 sanple was dso prepared smilaly usng TBAOH as the organic templating
agent. In a typicd preparation, 20.8 g of TEOS was added to a solution of 150 g TBAOH
diluted with 15.0 g water under vigorous girring for 1 h. The mixture was girred for another
1 h. To the above clear solution of TBA-glicae, a solution of 1.13 g of TBOT dislved in
5.7 g dry isopropanol (IPA) was added dowly under vigorous girring. Stirring was continued
for another 1 h and then a solution of 7.7 g TBAOH diluted with 50 g wae was added
dowly under vigorous dirring. Fndly, an agueous solution of 0.77 g H3POa4 diluted by 114
g water was added very dowly and dirring was continued for one more hour. The find molar
gel compogtion for the TS-2 sample was 1 TEOS : 0.35 TBAOH : 0.033 TBOT : 0.067
H3POs : 25 H2O. The cryddlization of the sample was caried out in a danless sed
autodave a& 433 K for 6 h under agitation (60-65 rpm). After cryddlization the solid product
was collected by filtration and thoroughly washed. The TS-2 sample then dried a 393 K for 4

hand cdcined a 813K inair for 12 h.



2.2. Resultsand Discussion : Effect of time

2.2. RESULTSAND DISCUSSION

2.2.1. Synthesis of S-MCM-41
The effects of different promoter oxyanions and their corresponding oxyacids of group

IV, V, VI and VII dements affecting the synthess mechanism has been examined by

preparing different samplesin the presence and the absence of promoters.

2.2.1.1. Effect of time

It has been reported that the diffraction pattern of the hexagond mesosStructure was
detected within 1 h3° However, the maerid with find degree of long-range ordering and
thermd gability was atained only after severd hours (3 16 h). In the preparation of Sk
MCM-41-P sample, we have dso observed that the mesostructure was formed within 1 h of
the hydrotherma trestment as shown by XRD profile in Figure 2.1. However, the broad pesk
becomes narrower and dipo vaue shifted to higher vaue with increese in the synthesis time.
The regularity of the products with narrower pore Sze didribution and the solid yidd dso
increesed with increesng synthess time. Well-ordered S-MCM-41 in the absence of
promoter (SFMCM-41-S) is obtained after 16 h whereas the same in the presence of
promoter (S-MCM-41-P) isobtained in 8 h only (Table 2.2).

Similar observations were made from the ®Si MAS NMR spectra of as-synthesized S+
MCM-41-S and S-MCM-41-P samples messured a different time interval. It is observed
that the intengty of more condensed (SO)4S (Q4) Species observed a ca. -110 ppm increases
a the expense of less condensed (SO):SIOH (Q3) and (SO):SI(OH) (Q2) species observed
a ca. -100 and -90 ppm, respectively. The Qs/Q4 rdio, which is generdly used to determine
the degree of condensation of solid glicate product, decreases with increasing synthess time
due to condensation of Q@ to Q4 species (Figure 2.2). Since, MCM-41 is an ordered array of

amorphous slicate materid and therefore, it contains subgtantid amount of defect Stes (Qs
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!

8h

Intendity (A. U.)

6 h

4h

2q (degrees)

Figure2.1 Change of X-ray diffraction pattern with time (h) in hydrothermd synthess of
as-syntheszed S-M CM-41-P prepared in the presence of promoter (NaH,PO,).

species) even in the find product in accordance with the reports of ealier workers™™
Nevertheless, the Q4Q4 ratio for SAtMCM-41-P samples is dways lower than that of S
MCM-41-S samples both in assynthesized and in cacined form (Figure 2.2). The i MAS

NMR spectra of cdcined SSMCM-41-S and S-MCM-41-P samples show substantia
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2.2. Resultsand Discussion : Effect of different promoters

condensation of Q@ to Q4 species during cacinaion. The Q : Qu ratios of S-tMCM-41-S (16
h) sample was measured as 56 : 44 (1.27) and 23 :77 (0.30) before and after cacination,
respectively. The corresponding vaues of Qs/Qq ratio of S-MCM-41-P sample were 43 : 57

(0.75) and 14 : 86 (0.16) before and after calcination.

Without Promoter With Promoter

Calcined

50 <70  -90 -110 -130 -150 -50  -70  -90 -110 -130  -150
Chemical Shift (ppm) Chemical Shift (ppm)

Figure2.2 S MAS NMR spectra of as-synthesized SstMCM-41-S (without promoter) and
S-MCM-41-P (with promoter) samples measured at different time interva (h)
and corresponding cdcined (end) samples Q2 @ Qs : Qg ratios of different
samples were cdculated using Jandd Scientific PeskFit deconvolution program.
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2.2. Resultsand Discussion : Effect of different promoters

2.2.1.2. Effect of different promoters

The effect of different promoters in the synthess of S-MCM-41 maeids is shown in
Figure 23. It is obsarved that the synthess of SMCM-41 maerids in the presence of
promoter is fager (< 16 h) than in its aosence for obtaining ordered MCM-41 materids. It is
dso obsaved that a same promoters concentrations, the synthesis time to obtan wel-
ordered MCM-41 materid decreases with increase in the chargelradius (Z/r) ratio of the

centrd cation of the corresponding promoter oxyanion, as it has been observed in the case of

zeolites>®
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Figure 2.3 Correlation between the synthesis time and the chargefradius (ZIr, A raio of
the central cation of the promoter in the synthesis of SSMCM-41.

Thus, a same promoter concentration, e effect of different promoters in the synthesis of
MCM-41 maerids depends on the polarizing ability of promoter oxyanion. Higher polarizing

ability of the promoter centrd cation leads to shorter synthesis time. However, the decrease in
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2.2. Resultsand Discussion : Effect of promoter concentrations

the synthesis time is proportiond to the increese in the Z/r vaue of the centrd caion of
promoter up to a certain limit. Further increese in the Z/r vdue of the centrd cation of
promoter (as in the case of NO; and SO,%) did not decresse the synthesis time

propartionately and practicdly it reschesto alimiting vaue (Figure 2.3).

2.2.1.3. Effect of promoter concentrations

The graphica cordation between promoter concentration (NaH>PO,4) and synthesis time
is given in Figure 24. It is observed that with an increase in phosphate (PO4*) concentration
in the synthesis gd, the synthesis time decreases and reaches a limiting vdue a PIS = 0.15.
No sgnificant change is observed upon further increesing the promoter concentretion. This

indicates that an optimum range of promoter concentration is required for the promoter-

18

S N ~ &
| ! | &

Synthesistime (h)

)
1

T T T T T T
0.0 0.1 0.2 0.3
Promoter concentration (P/Si)

Figure 2.4 Effect of promoter (NaH2PO4) concentration on the synthess time of S-MCM-
41-P.
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2.2. Resultsand Discussion : Effect of different sources of phasphate (PO,%) promoter

induced synthess of S-MCM-41 materids. Smilar results were obtained for S-MCM-41

with NagHPO4 and dsofor Al-, Ti- and V -M CM-41 with NaH JPO..

2.2.1.4. Effect of different sources of phosphate (PO,) promoter
To determine the effect of different sources of phosphate (PO4*) promoter (Table 2.3),
three different sodium sdts of phosphate (NaH.PO,4, NagHPO, and NagPO,4) were used for the
gynthess of S-MCM-41-P materids and compared with the S-MCM-41-S samples prepared
in its absence. The N&/SO- ratio was maintained by adding appropriate amount of NaCl in
Table2.3

Effect of NaCl and different sources of phosphate (PO4>) promoter in the pH, synthesis
time, and solid yield of different Si-M CM -41 samples

Sample? NaClor  N&a'/s0, pH Synthesis  Solid yidd
Promoter time (h) (%)
PHinitia PHfira
S-MCM-41-S NaCl 0.1 11.2 11.0 16 85
S-MCM-41-S¢ NaCl 0.2 11.2 110 16 83
S-MCM-41-S& NaCl 0.3 11.2 11.0 16 82
S-MCM-41-P NaH2PO4 0.1 109 10.8 03] 0
S-MCM-41-P¢ NaHPO, 0.2 11.2 11.0 03] Q0
S-MCM-41-P® NaPO4 0.3 11.2 110 03} 92

&S symbols (S P 1 equivalentt of NaCl, Stp 2 equivdent of NaCl and Stb 3 equivaent of
NeCl) and P symbols (P, NaH,PO4; P¢ NaHPO,; and P& NaPO,) denote samples
gyntheszed in the presence of NaCl only (dandard condition) and in the presence of

promoter, repectively.
® Based on SO taken in the gel mixture.

50



2.2. Resultsand Discussion : Effect of different sources of phasphate (PO,%) promoter

later cae. The pH of the three syntheses gels containing three promoters, under otherwise
same reaction conditions, is dightly different due to difference in basicity of the three sdts as
given in Table 2.3. The range of pH vdue for dl the samples was 11 £ 0.2 However, the
same synthesis time and comparable solid yidd of S-MCM-41-P, S-MCM-41-P¢ and Sk
MCM-41-P& samples syntheszed in the presence of these promoters (athough a dightly
different pHs) clearly indicate that the fast syntheses of these materids are soldly due to the
presence of promoter. The dight difference in pH does not have any dgnificant contributing
effect. It is dso important to note that the solid yidd of SSMCM-41-P samples (prepared in

the presence of promoter) is higher than that of SFMCM-41-S samples (without promoter)

prepared under same synthesis conditions.
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3. CHARACTERIZATION

In this chapter the experimentd details and the results of different spectroscopic (powder
X-ray diffraction (XRD), energy dispersve X-ray andyss (EDX), diffuse reflectance UV-
Vis, FTIR, solid dae magic angle spinning (MAS) NMR, and dectron paramagnetic
reonance (EPR)), microscopic  (scanning  eectron microscopy  (SEM), and  transmisson
electron microscopy (TEM)), volumetric (adsorption and surface area andyss by BET
method), and thermogravimetric (thermogravimetry-differentid therma analysis (TGDTA))
Characterization of various mesoporous and microporous materias, syntheszed as described

in Chapter 2, are presented and discussed.

3.1. EXPERIMENTAL

3.1.1. X-ray Diffraction

The powder X-ray diffractograms of as-syntheszed and cacined samples were recorded
ether on a Rigeku D MAX Ill VC or Rigaku Miniflex diffractometer usng a Ni-filtered
monochromatic Cu K, radiaion (I = 15406 A). The microporous materids were scanned
between 5-50° (20) whereas the spectra of mesoporous materids wee recorded in the 2q
range 1.5-10°. The scanning rate was 1°/min in al cases. The samples were prepared as thin

layers on glass'duminum dides, prior to scanning.

3.1.2. Chemical Analyses

The chemicd compogtions of as-syntheszed and cdcined samples were determined
mainly by microanadyss of organic groupsmolecules (C, H, N and S) and EDX andyss of
different metd aoms (S, Al, Ti, V, and Ce etc.). The dementd (C, H, N and S) andyses

were caried out on a Carlo Erba EA1108 dementa andyzer. The EDX andyses of cacined
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3.1. BExperimental : Characterization techniques

samples were recorded on a Kevex equipment atached with Jeol JSM-5200 scanning

microscope.

3.1.3. Adsorption M easurements

The specific surface area, pore Sze and pore volume of cacined samples were determined
by BET method from N2 adsorption isotherms usng a commercid volumetric adsorption
gopaatus (Omnisorb 100 CX, Coulter Corporation, USA). Approximately, 150-200 mg
cacined sample was first degassed a 673 K for 5 h a 10° Torr and then dowly cooled to
room temperature under vacuum and the anhydrous weight of the sample was taken. Findly,
the sample was cooled to 77 K using liquid nitrogen and the adsorption of nitrogen was

caried out a different equilibrium pressures.

3.1.4. Diffuse Reflectance UV-Vis Spectr oscopy

The diffuse reflectance UV-Vis spectra were recorded in the range 200-600 nm with a
Shimadzu UV-2101 PC spectrometer equipped with a diffuse reflectance attachment using
solid sample holder. The base line correction was made using barium sulfate as the reference

sandard.

3.1.5. Fourier-Transform Infrared (FTIR) Spectroscopy

The FTIR spectra were recorded in the 400-4000 cmi* range on a Shimadzu FTIR-8201
PC in Nujol on KBr disc. To avoid the bands of hydrocarbon coming from nujol, FTIR
gpectra of organo-functiondized MCM-41 samples were recorded in the diffuse reflectance

mode as KBr pdllets.

3.1.6. Pyridine and Ammonia Sor ption

FTIR spectra of adsorbed pyridine and of ammonia were recorded usng a specidly

designed dl dlica in stu controlled environment cdl. The spectra were recorded using

Y



3.1. BExperimental : Characterization techniques

Nicolet 60 SXB or Shimadzu 8300 spectrometer with a resolution of 2 cmi® averaging over
500 scans. In Nicolet 60 SXB spectrometer, the samples were activated under vacuum (10°
Torr) a 673 K for 3 h and then cooled to 373 K before recording the spectra Then the
samples were dlowed to adsorb pyridine a an equilibrium pressure of 20 mm of Hg for 30
min. Excess and physisorbed pyridine was removed by evacudion for 1 h before recording
the spectra of chemisorbed pyridine a 373 K. In this way, the samples were heeted to 423,
473, 523, 573 and 673 K successvely under vacuum for 1 h a esch temperature before
recording the spectra Similaly, ammonia gas (10 vol.% in heium) was passed through the
samples loaded on Shimadzu 8300 spectrometer at 373 K and the spectrum was recorded.
Then excess and physsorbed ammonia was removed by purging nitrogen for 1 h before
recording the spectra of chemisorbed ammonia The samples were further heated to 423, 473

and 523 K successvdy under flowing nitragen for 1 h a each temperaiure before recording

the spectra.

3.1.7. Nuclear M agnetic Resonance (NMR) Spectr oscopy

The solid-state MAS and CP MAS NMR spectra were recorded on Bruker MSL 300 or
DRX 500 NMR spectrometers. The finedly powdered samples were placed n 7.0 mm zrconia

rotor and spun a 2535 kHz (MSL 300) or 7-8 kHz (DRX 500). The chemical shifts were
referred with respect to adamantane CH carbon (d = 28.7 ppm from TMS), Al(H-0)¢** (d =
0.0 ppm), tetraethyl orthoslicate (d = -824 ppm from TMS) and VOCk (d = 0.0 ppm) for

Be, Al S and >V, respectively.

3.1.8. Electron Paramagnetic Resonance (EPR) Spectroscopy

The EPR spectra of the samples were recorded on a Bruker EMX spectrometer operating
a X-band frequency and 100 kHz fidd modulation. EPR measurements were done on Tk

MCM-41, TS1 and TS2 and samples (50 mg) reacted with solid ureahydrogen peroxide
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(UHP; 100 mg) or 45 wt.% agueous hydrogen peroxide (HP; 100 mg). The low temperature
measurements were carried out & 77 K using a Bruker BVT 3000 variable temperature set
up. The spin Hamiltonian parameters were determined by sSmulating the EPR spectra usng

the Smfonia software package.

3.1.9. Scanning Electron Microscopy (SEM)

The SEM micrographs of the samples were determined either on a JEOL JSM-5200 or
Leica Stereoscan 440 scanning eectron microscope. The samples were loaded on stubs and
sputtered with thin gold film to prevent surface charging and dso to protect from thermd

damage from the eectron beam, prior to scanning.

3.1.10. Transmission Electron Microscopy (TEM)

The TEM images were scanned on a JEOL JEM-1200EX indrument with 100 kV of
acceleration voltage. The samples were dispersed on Cu-grid coated with thin polymeric film.
The dispersed samples were then coated with carbon to avoid vaporization of the samples

under high vacuum and in the presence of high-energy el ectron beam.

3.1.11. Thermal Analysis(TG-DTA)

The thermogravimetry and differentid therma anayses (TG-DTA) of the assynthesized
samples were caried out on a Setaram TGDTA 92 instrument under a flow of ar (25
liter/n) with a hegting rate of 10 K/min. between 298 and 1000 K. The base line correction

was made using inert a -aluminaas the reference sample.
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3.2. RESULTS AND DISCUSSION

3.2.1. MCM-41 Type M esopor ous Materials
3.2.1.1. Si-MCM-41

The physica properties of SSMCM-41 samples prepared in the presence and absence of
promoter are smilar. The synthess time, S/M molar ratio and XRD data of well-ordered S
MCM-41, AFMCM 41, Ti-rMCM-41 and V-MCM-41 samples are given in Tables 3.1 and

32

Table3.1
Effect of promoter in the synthesistime and results of elemental analysis, dipn Spacing
and unit cell parameter agof M-MCM -41 (M = Si, Al, Ti and V) samples

Sample® ynthesstime () (SM)g  (SMkia diw(A)  ao(A)°
S-MCM-41-S, 16 - - 382 441
S-MCM-41-S 16 - - 382 4.1
S-MCM-41-P B - - 379 438
Al-MCM-41-S (50) 2 50 48 379 438
Al-MCM-41-P (50) 12 50 49 375 433
Ti-MCM-41-S (50) 16 50 51 394 455
Ti-MCM-41-P (50) B 50 52 394 455
V-MCM-41-S (50) 16 50 66 394 455
V-MCM-41-P (50) B 50 64 301 451

8 S, S and P denote samples synthesized (i) in the absence of both promoter and NaCl (Sg),
(i) in the presence of NaCl only (standard condition) (S), and (iii) in the presence of
promoter (P), respectively.

P Calculated by the eguation, ap = 2 d10y/CB.
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Table 3.2
Effect of NaCl and different sources of phosphate (PO4%) promoter on the physico-
chemical properties of different Si-M CM -41 samples

Sample® dioo (A) BET surface area(n?gl) Pore diameter (A)
S-MCM-41-S 38.2 129% 276
S-MCM-41-S¢ 381 1252 274
S-MCM-41-Sa¢ 38.1 1202 271
S-MCM-41-P 379 1480 270
S-MCM-41-P¢ 38.1 1376 271
S-MCM-41-P& 38.0 1167 26.7

aS symbols (S P 1 equivdent of NaCl, St 2 equivaent of NaCl and Stb 3 equivdent of
NeCl) and P symbols (P, NaH,PO4 P¢ NaHPO4 and P& NaPO,) denote samples
gyntheszed in the presence of NaCl only (dandard condition) and in the presence of
promoter, respectively.

The BET surface area dso increases with an increase in the synthesis time. The inflection
in the N, isotheem around P/Py = 0.25-0.4 becomes sharper indicating narrower and uniform
pore sze digribution.’ Typicd N adsorption isotherm dong with the pore size distribution
(inst) is shown in Fgure 3.1 for the S-MCM-41-P sample. In generd, the BET surface area
of M-MCM-41-P samples is higher than M-MCM-41-S samples (Table 3.2 and 3.3). The
paticle sze of the samples synthesized in the presence of promoter (M-MCM-41-P) is less
than that of those syntheszed in its absence (M-MCM-41-S), as confirmed by the scanning
eectron micrographs of various M-MCM-41-S and M-MCM-41-P samples (Table 3.3). The

absence of promoter (eg. phosphorous) in thoroughly washed S-MCM-41 samples is
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3.2. Resultsand Discusson : 9-, Al-, Ti- and V-MCM-41

confirmed by carying out EDX andyses of the centra cation of promoter oxyanions. The IR
spectra of SSMCM-41 samples are typicd of MCM-41 type mesoporous materids showing
bands & 962 cm™ for n(S-OH) vibration, 1090 omi® for Nym(S-O-S) etc., as shown in

Figure 3.2 for SSM CM-41-P sample.
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Figure 3.1 Nitrogen adsorption-desorption isotherm and pore Sze didribution (inset) for S
MCM-41-P. The pore dze didribution is cdculaed by plotting derivative of
pore volume and pore radius (DVp/DRp) againgt pore diameter (P. D.).

By comparison of te *C CP MAS NMR spectra of as-synthesized M-MCM-41-P (M =
S, Al, Ti and V) samples with that of CTA" cation in CDCl; solution (Figure 3.3) the
presence of intact CTA" cation can be inferred. However, the broadness of al the pesks in all
the M-MCM-41-P samples compared to that of CTA" in CDCls might be attributed to the
resricted trandationd movement of organic molecules in confined void space of MCM-41

sanples. ¥P MAS NMR spectra of as-synthesized SHMCM-41-P samples show no signdl of
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phosphorous  (promoter) which further prove the dbosence of promoter in these samples

supporting the EDX data.

Table 3.3
Nitrogen sor ption pore diameter, framework wall thickness (FWT), BET surface area
and averageparticlesizeof M-MCM-41 (M = Si, Al, Ti and V) samples

Sample Porediameter  FWT (A)P BET surface Average paticle
(AY area(mg?) sze(nm)°
SFMCM-41-So 280 16.1 1310 2710
SFMCM-41-S 276 16.5 1296 210
SFMCM-41-P (50) 270 16.8 1480 05" 08
Al-MCM-41-S (50) 282 15.6 1169 2710
Al-MCM-41-P (50) 217 156 1245 08" 12
TMCM-41-S(50) 308 15.0 1242 2710
T-MCM -41-P (50) 30.3 152 1297 04" 06
V-MCM-41-S(50) 290 153 1194 18" 10
V-MCM-41-P (50) 22 151 1272 04" 08

aThe pore diameter of the samples was measured by BJH method.
® Framework wall thickness (FWT) = ao- pore diameter.
“Measured by scanning electron microscopy.

The SEM photogrephs of S-MCM-41-P sample, given in Figure 34, are typicd of
MCM-41 type maerids Two types of paticle morphology were obtained. One is worm type
may be formed due to stirred synthesis® in contrast to the synthesis in autodaves under tatic

conditions and the another one is hexagond type® Transmisson eectron microscopy (TEM)
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3.2. Resultsand Discusson : 9-, Al-, Ti- and V-MCM-41

of SFMCM-41-P sample, as shown in Figure 3.5a reveds a clear hexagond pattern of lattice
fringes dong the pore direction. Pardld fringes due to the sde-on view of the long pores
were aso observed.

Transmittance (A. U.)

1200 1000 800 600 400
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Figure 3.2 Framework IR spectra of calcined S-MCM-41-P (8), AI-MCM-41-P (50) (b),
Ti-MCM-41-P (50) (c) and V-MCM-41-P (50) (d).

3.2.1.2. AI-MCM-41

It is observed that the time taken to obtain ordered AI-MCM-41 materid in the presence
of promoter P (NaH.PO,) was dgnificantly less than that in its absence (Table 3.1). The
powder XRD pattern of Al-MCM-41-P sample (Figure 3.6) shows four Bragg peeks
corresponding to hkl = 100, 110, 200 and 210. The BET surface area of Al-MCM-41-P
sample prepared in the presence of promoter was higher than that of AI-MCM-41-S sample
prepared in the absence of any promoter (Table 3.3). The presence of auminum in AI-MCM-

41-S and AI-MCM-41-P as well as the absence of phosphorous (promoter) in A-MCM-41-P
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3.2. Resultsand Discusson : 9-, Al-, Ti- and V-MCM-41

samples were confirmed by EDX andyses. The AI-MCM-41 samples characterized by SEM,
IR (Figure 3.2), and TEM etc. dso reved the formaion of hexagond MCM-41 type

materids.

V-MCM-41-P

Ti-MCM-41-P

Al-MCM-41-P

S-MCM-41-P , A N

I

100 | 80 60 40 20
Chemical Shift (ppm)

o_

Figure3.3 ®C CP MAS NMR spectra of CTA" ions in solution (CDCls) and as-synthesizec
S-MCM-41-P, AI-MCM-41-P (50), TFMCM-41-P (50) and V-MCM-41-F
(50). Thetriplet observed @ ca. 77 ppm for CTABF is due to solvent (CDClg).
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Figure 3.4 Scanning eectron micrographs of cacined S-MCM-41-P having different types
of particle morphology : (8) worm type and (b) hexagond type.

Figure 3.5 Transmisson eectron micrographs of cedcined S-MCM-41-P (8) and Ti-MCM-
4-P (50) (b).
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S-MCM-41-P

Al-MCM-41-P

Intensity (A. U.)

Ti-MCM-41-P

V-MCM-41-P

T T T T T T T T T
0 2 4 6 8 10
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Figure 3.6 X-ray diffraction pattern of as-syntheszed S-MCM-41-P, AI-MCM-41-P (50),
Ti-MCM-41-P (50) and V-M CM-41-P (50).

The °C CP MAS NMR (Figure 3.3) and ®Si MAS NMR spectra of A-MCM-41-P
sanple ae smila as tha of S-MCM-41 samples Further, no sgnd for phosphorous
(promoter) monitored by 3P MAS NMR spectra of assynthesized A-MCM-41-P sample
indicates the absence of phosphate in the sample. Al MAS NMR spectra of the two Al
MCM-41 samples prepared in the presence and in the absence of promoter are shown in
Figure 3.7. Both the samples show only a single pesk ~52 ppm, which can be assgned to the
tetrahedra  coordination of duminum, suggesting totd incorporation of aduminum into the

glica network.
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3.2. Resultsand Discussion : Al-MCM-41

3.2.1.2.1. FTIR Spectra of Chemisorbed Pyridine
The FTIR spectra of chemisorbed pyridine in AFMCM-41-S and AFMCM-41-P samples
ae smilar and therefore, the pesk assgnments are also same. Figure 3.8 depicts the FTIR

gpectra of chemisorbed pyridine in AFMCM-41-P sample after subtraction from the spectrum

VMJA/J a
J b
[ T ! T ! T ! T ! T 1
150 100 50 0 -50 -100

Chemical shift (ppm)

Figure3.7 Al MAS NMR spectra of cacined AFMCM-41-S (50) () and A-MCM-41-F
(30) (D).

of the pure activated sample. 1t shows Bronsted as well as Lewis acidity. The bands a 1630
ad 1550 om? are assigned to Bronsted acid sites, wheress the bands a 1610 and 1450 cm™
are assigned to Lewis acid sites. The band a 1490 cm™ is common to both types of site The
band a 1610 cmi® is due to hydrogenbonded pyridine which is present in a significant
quartity at 373 K. As expected, this band disappears a higher temperatures (473 K and

above Figure 3.8).*
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3.2. Resultsand Discussion : Al-MCM-41

The thermd <ability of pyridine adsorbed on the acid Stes was sudied by compaing the
bands a 1550 and 1450 cm™ representing Bronsted (B) and Lewis (L) acid Sites, respectively.
The themd stability of pyridine adsorbed on AP* cations in the AFMCM-41 walls was

measured by comparing the B/L ratios as a function of the desorption temperature. On

Absorbance (A. U.)
éé%%

' | ' | ' | '
1800 1680 1560 1440 1320

Wavenumber (cm-1)

Figure3.8 FTIR spectra of chemisorbed pyridine on A-MCM-41-P  (50) sample a
desorption temperatures of 373 (a), 473 (b), 573 (c) and 673 K (d).

increasing the desorption temperature of from 373 to 673 K, it was obsarved tha the decrease
in the Bronged acidity compared to tha in the Lewis acidity was pronounced particularly

above473K *



3.2. Resultsand Discussion: Tt and V\MCM-41

3.2.1.3. Ti- and V-MCM-41

A dggnificant decrease in the synthess time was dso observed when phosphoric acid was
used as promoter in the synthess of isomorphoudy subdituted trandtion metd (Ti and V)
contaning MCM-41 type mesoporous materids. The materids obtained in the presence of
promoter (H3PO4) were characterized and compared with that obtained in its absence. The
XRD pattern of Ti- and V-MCM-41 samples prepared in the presence and in the aosence of
promoter shows that well-ordered hexagond MCM-41 materids, as shown in Figure 3.6 for
Ti- and V-MCM-41-P samples, were obtained. The BET surface area values of TrMCM-41-
P and V-MCM-41-P samples are dightly higher than the corresponding Ti-MCM-41-S and
V-MCM-41-S samples (Table 3.3). The metd content of the samples was determined by
EDX andyss as given in Table 3.1. The absence of phosphorous (promoter) in the find Tk
MCM-41-P and V-MCM-41-P samples was dso confirmed by EDX andyss. The SEM
picture shows smdler cryddlites are obtained in the presence of promoter than in its absence.
Smilar obsarvations were made and explained in the case of microporous solids® The
sanples dso show nice padld fringes and hexagond aray type TEM photographs. A
representative  TEM  photograph  of Ti-MCM-41-P sample is given in Fgure 3.5b.
Interedtingly, unlike V-containing zedlites, assyntheszed V-MCM-41 samples did not
exhibit any EPR sgnds a room temperature (298 K). This may be atributed to the presence

of V* in highly symmetrical lattice positions.”

3.2.1.3.1. Diffuse Reflectance UV-Vis Spectr oscopy

The diffuse reflectance UV-Vis spectra of Ti and V-MCM-41 samples prepared in the
presence and the absence of promoter were carried out as shown in Figure 3.9 for Tk and V-
MCM-41-P samples. Both the cadcined TFMCM-41 samples exhibit a strong charge transfer
band a ca. 220 nm and a very wesk shoulder & ca. 260 nm. The band a ca. 220 nm may be

attributed to tetracoordinated titanium in the wals of TFMCM-41 samples, whereas the
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3.2. Resultsand Discussion: Tt and V\MCM-41

band & ca. 260 nm may be asigned to Ste-isolaed Ti aoms in penta-or octahedra
coordination. The presence of penta- or hexa-coordinated Tisdtes in TFMCM-41 may be
associated with the less cryddlographic order in the pore wadls and much higher accessble
surface area®>® However, the absence of any absorption band & ca. 330 nm indicates that

anatase is not present in the TEM CM-41 samples.
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Figure 3.9 Diffuse reflectance UV-Vis spectra of cadcined V-MCM-41-P  (50) and Tk
MCM-41-P (50).

The diffuse reflectance UV-Vis spectra of VAMCM-41 samples show a strong band at ca.
220 nm and wesker bands a ca. 290 and 340 nm. A very wesk band & ca. 400 nm is dso
obsarved. The bands at 220, 290 and 340 nm can be attributed to the charge trandfer bards of
tetra-coordinated vanadium species present in the +5 oxidetion date, in the walls of \AMCM-
41 samples.®® However, the wesk band a ca. 400 nm may be assigned to hexa-coordinated V

(V) species, indicating the presence of V as V=0 in the defect Stesof framework. 2
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3.2. Resultsand Discussion: Tt and V\MCM-41

3.2.1.3.2. IR Spectroscopy

The representative IR spectra in the framework region of Ti-MCM-41-P and V-MCM -41-
P samples, given in Figure 3.2, show characterigic band a 970 cm? atributed to Nasym (SFO-
M) vibration, where M = Ti and V.° However, the band a 962 cm® for StMCM-41 samples
is atributed to n(SFOH) vibration’® So, 970 cm® band cannot be taken as proof for the
incorporation of Ti and V in the framework of Ti and V-MCM-41 samples. But, the shift of
this band (~ 8 cm®) to higher waverumber'! as well as the shift of the nagm (Si-O-S) band
from 1090 cmi* for S-MCM-41 to 1082 cmi* for Ti and V-AMCM-41 samples’® may be taken

as an indication for the incorporation of Ti and V in the framework of respective MCM-41

samples.

3.21.33. ®V MASNMR

Y MAS NMR spectra of V-MCM-41-S (a) and V-MCM-41-P (b) samples, given in
Figure 310, dso indicate the presence of tetrahedrd vanadium in the dlica network of
MCM-41. In both cases two intense sgnds, one a -505 and another a -527 ppm were
obsarved.  Although, the intendty of these two sgnds is dmost comparable, the sgnd a -
505 ppm is dightly more intense then tha a -527 ppm in V-MCM-41-S sample. However,
the reverse is true for V-AMCM-41-P sample. The isotropic chemica shift @) of ca. -500 ppm
is typica of tetrahedra vanadium (V) and therefore, it may be inferred that the occurrence of
two peaks (505 and -527 ppm) is due to two tetrahedrd vanadium (V) species with different
locd environments®® Moreover, the samples are dso free from V2Os impurity, snce no

NMR signd a ca. -300 ppm, characterigtic of V ,Os, was observed.

3.2.1.3.4. Diffuse Reflectance UV-Vis Spectroscopy of Ti-M CM -41-P (50) : Interaction
with aqueous hydrogen peroxide (HP) and ureahydrogen peroxide (UHP)
The diffuse reflecance UV-Vis spectra of Ti-MCM-41-P interacted with solid urea

hydrogen peroxide (UHP), agueous hydrogen peroxide (HP), water and UHP + acetone are
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Figure3.10 >V MAS NMR spectra of calcined V-MCM-41-S (50) (a) and V-MCM-41-F
(50) ().

compared in Figure 3.11. Curve ‘a (TFMCM-41-P) exhibits a sharp absorption a ca. 220
nm. When Ti-MCM-41-P sample was physicaly mixed with UHP (Ti-MCM-41-P/UHP),
two absorption bands (curve ‘b’) were obsarved. One is a sharp absorption & 220 nm as
obsarved in pure Ti-MCM-41-P and another is a continuous absorption band in the UV-Vis
region from 300-500 nm, which is due to the formation of different Ti-superoxo complexes
formed by the <olid-solid interaction between TEMCM-41-P and UHP. The shift of
absorption maxima (from 220 to 250 nm) in the hydrated Ti-MCM-41-P sample (curve ‘C’)
may be explaned by conddering the change in chemicd environments of Ti-atoms from

tetra-coordingtion to penta-/hexa-coordination, where one or two water molecules coordinate
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3.2. Resultsand Discussion: Tt and V\MCM-41

with the Ti-atoms. The curves ‘d and ‘€, representing Ti-MCM-41-P/UHP/acetone and Ti
MCM-41-P/HP sysems, exhibit smilar type of dbsorptions (a strong absorption a 220-225

nm and a continuous absorption in the 300-500 nm) in the UV-Vis region. The absorbance

Absorbance (A. U.)
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Figure 3.11 Diffuse reflectance UV-Vis spectra of cacined Ti-MCM-41-P  (50) (&), Tk
MCM-+41-P (50) + UHP (b), TEMCM-41-P (50) + HO (c), Ti-MCM-41-F
(50) + UHP + Acetone (d) and Ti-MCM-41-P (50) + aqueous H20: (€).
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noticed in the range of 250380 mMm (curves ‘d and ‘€) can be attributed to coordinated
solvents (acetone and water respectively) on Ticenters!® The continuous absorption band
(300-500 nm) (curves ‘b, ‘d and ‘€) and the shift in the pesk maxima from 220 to 250 nm
for the hydrated Ti-MCM-41 sample (curve ‘C') disgppear after hesting the sample at 523 K
for6h.
3.2.1.3.5. EPR Spectroscopy of Ti-MCM -41-P (50) : Interaction with HP and UHP
Figure 3.12 depicts the anisotropic EPR spectra of Ti-MCM-41-P with UHP (curve A)
and HP (curve B), recorded a 298 and 77 K, respectively. The EPR spectrum of Ti-MCM-

41-PIUHP system (curve A) shows two signas for different Ti-superoxo species, a wesk one
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Figure3.12 EPR spectra of T-MCM-41-P (50) + UHP (A) and T-MCM-41-P (50) + HF
(B).
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for gpecies ‘b’ and a strong one for species ‘C’; species ‘a and ‘d are absent (see later;
Figure 3.32). A week sgnd for superoxo radicd atached latice Slicon atoms (species ‘€) is
aso noticed. However, in the case of Ti-MCM-41-P/HP system (curve B), only species ‘C

was observed aong with aweak shoulder for species ‘€.

3.2.1.4. CeMCM-41
3.2.1.4.1. Powder X-ray Diffraction

The powder X-ray diffractograms of assyntheszed S-MCM-41 and Ce-MCM-41
samples with different Si/Ce ratios dong with the Ce-exchanged MCM-41 sample are shown
in Figure 3.13. The well-defined XRD patterns may be indexed on the basis of four Bragg
pesks, which can be didinguished in hexagond lattice symmetry, characteristic of MCM-41
dructure. A prominent pesk for hkl = 100 as well as weaker peaks for hkl = 110, 200 and 210
were observed in the as-synthesized and in the cadcined samples. The di vaues of different
sanples ae given in Table 34 dong with ther corresponding unit cdl parameter (ao),
caculated from the pesk with hkl = 100 by the equation ao = 21100/G8. A dight increase in the
‘d’” and ‘ag vaues is observed on increesing incorporaion of cerium. The increese in unit-
cdl parameter (ag) on Ce incorporation is due to the larger size of C&" compared to S*.
Smilar obsavations were dso reported by ealier workers with different metd ions
incorporated MCM-41."" However, a gradua loss of longrange ordering is observed with
increasing incorporation of Ce in the CeMCM-4lsamples. This is probably due to increesng
number of defect dtes and bond drain in these materids as evidenced by the decreasing
intengties of the [100] peek as wel as the higher angle pesks Findly, a very high Ce
loading (S/Ce £10), amorphous materid was obtained. Loss of longrange ordering is adso

abserved for the Ceexchanged MCM-41 sample.
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Intensity (A. U.)
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Figure 3.13 X-ray diffraction patterns of assyntheszed (8) S-MCM-41, (b) CeMCM-41-
R (160), (c) CeMCM-41R (80), (d) CeMCM-41-R (40), () CeMCM-41-R
(20), (f) Ce-exchanged MCM-4L



3.2. Resultsand Discussion: CeMCM-41

Table 3.4
Results of elemental analysis, dioo spacing and unit cell parameter (ag) of M-MCM -41
(M = Si and Ce) samples

Sample? (S/Ce) (S/C&) i dio (A) ao (R)
Si-MCM-41 - - 38.2 44.1
CeMCM-41-R (160)° 160 159.6 39.0 44.9
CeMCM-41-R (80) &0 80.9 394 455
CeMCM-41-R (40) 40 408 403 465
CeMCM-41-A (40) 0 406 401 46.1
Ce-MCM-41-P (40) 40 409 40.2 46.3
CeMCM-41-R (20) 20 20.8 408 471
CeEx-MCM-41° D 441 380 439
CelmMCM-41 (0)° 20 20.1 380 439
Si0,Ce0; (208 20 20.2 - -

® R, A and P denote samples synthesized under reflux condition with stirring, in autodave
under gatic condition and in Parr autoclave with girring respectively.

bS/Ce molar ratio in parentheses.

¢ Ce-exchanged MCM-41 sample.

dCeimpregnated MCM-41 sample.

®Mixtureof slicaand ceric oxide.

3.2.1.4.2. N, Adsor ption

The porogity of the MCM-41 samples was evduated by N, adsorption isotherms. Figure
314 shows the N2 adsorption-desorption isotheem and the corresponding pore  Sze
digribution curve (inset) for the CeMCM-41-R (40) sample. All the samples showed smilar

type IV isothems having inflection around PIPy = 0.3-:0.45, characterisic of MCM-41 type
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ordered mesoporous materids. The samples exhibited two separate well-expressed hyseriss
loops. One is in the PIPy = 0.30.45 region indicative of framework confined mesopores and
other one is a P/Pg 3 08 corresponds to capillary condensation in the inter-particle pores™
The pogtion of inflection in the PPy = 0.3-0.45 region, depends on the diameter of the
mesopores and its sharpness indicates the uniformity of the narow pore size distribution.*
The specific BET surface area, average pore diameters (calculated from N, adsorption
isotherm using BH modd)’® and specific pore volume for the MCM-41 samples are

presentedin Table 3.5.
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Figure 3.14 Nitrogen adsorption-desorption isotheem and pore sSze digribution (inset) for
Ce-MCM-41-R (40).
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Table 3.5
Nitrogen sor ption porediameter, porevolume, FWT and BET surfaceareaof M -MCM -
41 (M = Si and Ce) samples

Sample? Porediameter  Porevolume FWT®  BETS. A. (nfgh)
(A) (cm’g) A)

S-MCM-41 286 108 155 1414
Ce-MCM-41-R (160)° 294 102 155 1332
Ce-MCM-41-R (80) 302 115 153 1242
Ce-MCM-41-R (40) 311 114 154 1081
Ce-MCM-41-A (40) 30.8 0.98 153 998
Ce-MCM-41-P (40) 310 1.06 153 1062
Ce-MCM-41-R (20) 318 091 153 983
Ce-Ex-MCM 41 271 0.98 16.8 1088
Celm-MCM -41 (40) 284 0.92 155 1041
SI0,-CeO; (40) ; i i ;

8 R, A ad P denote samples synthesized under reflux condition with dirring, in autodave
under getic condition and in Parr autoclave with stirring respectively.

P AWT: framework thickness = ag - pore diameter.

¢S/Ce molar ratio in parentheses.

It has been observed that the BET surface area gradualy decreases with increase in the
Ce-content of CeMCM-41 samples. However, the average pore diameters dightly increase

with increesng Ce content of the samples. It may be inferred that the increase in pore size

with Ce-incorporation is due to larger Sze of Ce** compared to S*. A dight decrease in the
surface area for the Ce-exchanged MCM-41 sample (Table 3.5) may be dtributed to the loss

in longrange ordering as clearly evidenced by the XRD pattern (Figure 3.13). In the case of
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Ce-exchanged MCM-41 sample, the increase in the wal thickness and decrease in pore Sze
may be due to depostion of cerium species onto the surface of cylindrica channes of MCM-
41. However, the data presented in Table 3.5 show that the framework wall thickness (FWT),
caculated by subtracting pore diameter by aq of different Ce-containing MCM-41 and purdy
dliceous MCM-41 samples is comparable and does not change subgtantidly with increasing
Ce content. Although, the unit cdl parameter (ag) increases with the increasing incorporation
of Ce like other heterometd ions, which are larger than S* ions®® the pore diameter was
dso found to increase dightly leading to comparable FWT of diffeeent CeMCM-41 as wdll
as S-MCM-41 samples. Similar observations were made in the case of S-MCM-41% The
defect dte may influence the ap or pore diameter or both, depending upon their dendty and

nature.

3.2.1.4.3. Diffuse Reflectance UV-Vis Spectr oscopy

The diffuse reflectance UV-Vis spectroscopy is known to be a very senstive probe for the
identification and cheracterizetion of metd ion coordination and its exigence in the
framework and/or in the extraframework postion of med containing zeolites. The diffuse
reflectance UV-Vis spectra of cadcined CeMCM-41 samples given in Figure 3.15, show
sngle pesk with a maximum at ca. 300 nm and aso its intendty increases with increase in
the Ce content in the samples. However, the diffuse reflectance UV-Vis spectra of the
mixture of dlicaceria (S/Ce = 20) and Ce-exchanged MCM-41 samples show two digtinct
bands, aweak absorption a ca. 300 nm and a strong absorption & ca. 400 nm.

The position of ligand to metd charge transfer (O°® Ce™) band depends on the ligand
field symmetry surrounding the Ce center. The dectronic trangtions from oxygen to cerium
require higher energy for a tetracoordinated Ce* than for a hexa-coordinated one. Therefore,
it may be inferred that the absorption band centered & 300 nm for CeMCM-41 samples is

due to the pressnce of waell-dispersed Ce&" species, presumably in  tetracoordinated
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3.2. Resultsand Discussion: CeMCM-41

environment in the dlica network. Wheress, in the case of Ce-exchanged MCM-41 (spectrum
‘d) and dlica-ceria (gpectrum ‘f’) samples, two digtinct absorptions a 300 nm (week) and
400 nm (strong) corresponding to two different types of Ce™ species were observed. The
sborption @ higher wavelength (=400 nm) may be assigned to hexacoordinated Ce*

Species.
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Figure 3.15 Diffuse reflectance UV-Vis spectra of cacined (8) CeMCM-41-R (20), (b) Ce
MCM-41-R (40), (¢) CeMCM-41-R (80), (d) CeMCM-41-R (160), (e) Ce
exchanged MCM-41 and (f) SO, CeO; (20).

3.2.1.4.4. FTIR Spectroscopy
The IR spectra in the framework and the hydroxyl region of purely sliceous and different

Ce-containing MCM-41 samples show bands characteristic of the MCM-41 type materids as
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shown in Figure 3.16. In the framework region (400-1300 cmi’), the vibration band a ca.
1090 cmi' is asigned to Nagym(S-O-S) and its wavenumber decreases with increasing
incorporaion of cerium in the structure. The wavenumber of this band decreases from 1090
oem? (for S-MCM-41 sample) to 1082 cm? (for CeMCM-41-R (20) sample). In generd, this
shift towards the lower wavenumber is conddered as an indication for the incorporation of Ce
in the dlica network of MCM-41. Smilaly, the band a ca. 970 on? obsarved for the Ce
MCM-41 samples can be asigned to Nasym(SFO-Ce) vibration present in the framework of
MCM-41. However, aband & ca. 962 cm™* is dso observed in the SMCM-41 sample. This
band has been assigned to the SFO stretching vibrations of SFO” R groups, as R = H' inthe
cacined state™® Therefore, this band cannot be taken as proof for cerium incorporaion in the
case of MCM-41, because a large number of slanol groups is present even in the cdcined &
MCM-41% Nevertheless, it has been observed hat the band a ca. 962 cm™ (in SFMCM-41)
is shifted towards the higher wavenumber side (970 cmiY) in the case Cecontaining MCM-41
samples. It has aso been observed that the Ngm(S-O-Ce) and/ior n(Si-OH) band intensity
increases with respect to that of the Nasym(SFO-S) and/lor n(S-OH) band when the Ce
content increeses. This is generdly taken as an indirect proof of the incorporation of metd
into the framework of porous metalo-slicates® It may be demonstrated that the absorption
a 970 cm? is essentidly due to the incressed degeneracy of the dongation vibration in the
tetrahedral structure of SIO4 induced by the change in the polarity of the Ce-O bond when S
is linked to Ce. The SOH group formed by the hydrolyss of the CeO-S bonds and the
shaing of OH with Ce is then responsble for the absorption a higher wavenumbers
compared to ordinary S-OH groups™ The lattice band ngym.(S-O-S) is dso observed a ca.
802 and 804 cmit for (8) S-MCM-41 (a) and CeMCM-41-R (20) (€) samples, respectively.

However, the smal displacement (2 cni®) towards the higher wavenumber from sample () to
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(&) cannot be taken as a proof for Ce incorporaion, because this shift is within the spectra

resolution of + 2 cm'™.
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Figure 3.16 IR spectra in the framework and the hydroxyl vibration region of cecined (a)
SFMCM-41, (b) CeMCM-41-R (160), (c) CeMCM-41-R (80), (d) CeMCM-
41-R (40) and () CeMCM-41-R (20).

In the hydroxyl region (3000-4000 cm®), a broad band centered a 3422 cm™ is observed
for S-MCM-41. However, in CeMCM-41 this band is dhifted towards the lower
wavenumber (15 cm™) and is observed a 3407 cm? for dl the CeMCM-41 samples. A wesk
band & ca. 3661 cm™ is aso observed for dl the CeMCM-41 samples. However, this band is

not obsarved in the S-MCM-41 sample. Both the bands were assgned to slanol group
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vibrations situated inside the channdls of MCM-41. The bands a 3422 and 3407 cm™ results
from slanol groups interacting via hydrogen bonding, wheress the other band a 3661 cm? is
due to isolaed dlanol groups not interacting with eech other via hydrogen bonding. The band
shift from 3422 to 3407 om® for Ce-MCM-41 samples compared to SSMCM-41 may be
assumed to have more hydrogen bonding in CeMCM-41 samples due to presence ¢ more
defect dtes (SOH groups). The band assgnments for the IR spectra of SSMCM-41 and Ce

MCM-41-R (20) are given in Table 3.6.

Table 3.6
Band assignmentsin the IR spectra of Si-MCM 41 and Ce-MCM -41-R (20)

Wavenumber (cmi')  Bond assignment for ~ Wavenumber (cmi')  Bond assignment for

S-MCM-41 Ce-MCM-41-R (20)
342 NaH(SFO-H) 3661, 3407 No+(S-O-H)
1633 dox(H20) 1626 dor(H20)
1090 Nasym(Si-O-9) 1082, 1234 Nasym/(SFO-9)
962 Nasym (SFO-S) and/or 970 Nasym.(S-O-Ce) and/or
n(Si-OH) n(Si-OH)
802, 721 Neym(SFO-9) 84, 721 Ngm(S-O-S)
464 d(S-0-9) 457 d(S-0-9)

3.2.1.45. FTIR Spectra of Chemisorbed Pyridine

Figure 3.17 depicts the FTIR spectra of chemisorbed pyridine in CeMCM-41-R (40)
sample after subtraction from the spectrum of the pure activated sample. As expected, the
sample does not show any absorption characterisic for Bronged acid Stes However, it

shows condderable Lewis acidity. The pyridine coordinated to Lewis acid centers exhibits
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3.2. Resultsand Discussion: CeMCM-41

sgnds aound 1595, 1576 and 1444 cmil.? The thermd stability of pyridine chemisorbed on
the Lewis acid Stes was measured by increasing the desorption temperature from 373 to 523

K (Figure 3.17). It is observed that pyridine is completely desorbed at 523 K.

1444
1595

1576

Absorbance (A. U.)
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Figure 3.17 FTIR spectra of chemisorbed pyridine on Ce-MCM-41-R (40) & desorptior
temperatures of 373 (a), 423 (b), 473 (c) and 523 K (d).

3.2.1.4.6. FTIR Spectra of Chemisorbed Ammonia
The FTIR spectra of chemisorbed ammonia on CeMCM-41-R (40) sample in the range

of 1800-1300 cmi! are shown in Figure 3.18 after subtraction from the spectrum of the pure
activated sample. Curve ‘@ shows a drong characterigic adosorption signd for ammonia

coordinated to Lewis adid centers around 1625 cm® dong with very wesk sgnds of
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3.2. Resultsand Discussion: CeMCM-41

chemisorbed NH3 on Bronged acid Stes (probably due to the presence of © Ce- OH moieties)
aound 1440, 1480 and 1693 cm® after the sample being exposed to gaseous NHz for 30
min? Upon purging N2 and incressing the desorption temperature signds for chemisorbed

ammonia were decreased steadily as shown in Figure 3.18.
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Figure 3.18 FTIR spectra of CeMCM-41-R (40) in the 1800-1300 cmi* region after being
exposed to gaseous NH3 for 30 min (@) and a desorption temperatures of 37:
(b), 423 (¢), 473 (d) and 523 K (€).

In the region of 3700-3500 om’, the characterigtic narrow bands for free silanol groups
dissppeared on chemisorption of ammonia However, in the region of 3500-2700 cmi', as

shown in Figure 319, characteristic sbsorptions a 3410 and 3396 omi* were developed due
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to interaction of ammonia with dlanol groups and Ce (IV) centers, respectively. Further,
Sgnds a 3333 and 3319 indicate interaction of ammonia with two different types slanol
groups as discussed earlier (Section 3.2144, p. ). Assgnment for various sgnads observed

due to chemisorbed ammoniaon CeMCM -41-R (40) isgivenin Table 3.7.
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Figure3.19 FTIR spectra of CeMCM-41-R (40) in the 3500-2700 cmi* region after being
exposed to gaseous NH3z for 30 min.

3.2.1.4.7. BC CPMASNMR

The solid state ®*C CP MAS NMR goectra of as-syntheszed CeMCM-41-R (40), S
MCM-41 and CTA" ions in solution (CDCls) are shown in Figure 3.20. A comparison of the
three spectra shows the presence of intact CTA" ions indde the pores of the MCM-41
channels. All the three *C NMR spectra are similar and therefore, the pesk assignments are

aso same. The peaks a ca. 66 ppm in the spectra can be assgned to the CH2 group of the
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cetyl chan neighboring the nitrogen aom. The pesks & ca. 53 ppm can be assigned to the
three CH3 groups bonded to nitrogen aom, whereas the resonances between 32 and 22 ppm
are due to different CH, carbon atoms of the cetyl chain. The pesks observed & ca. 14 ppm
can be atributed to the termina CHs group of the cetyl chain. The peeks (triplet) & ca. 77

ppm fa CTA™ in solution are due to solvent (CDCh).

Table 3.7
IR spectroscopic assignments of vibrational modes and wavenumber sfor bands for med
upon chemisor ption of NHzon Ce-M CM -41-R (40)

Bands Vibrationa mode Wavenumber (crmit)
OH»NH3 n asym 3410
CosH3 n aym 339
OH»NH3 nsym 3319

n (SO- H#\Ha) 3019

NH," d sym 1693
OH>ahH3 d asym 1625

NH4" d aym 1480

NH4" d aym 1440

A pesk broadening is observed in *C CP MAS NMR spectra of both the Ce-MCM-41
(curve ‘@) and S-MCM-41 (curve ‘b’) in comparison with that in the case of CTABr
disolved in CDCl; solution (curve ‘Cc). The broadening of these pesks is genedly
atributed to the redricted trandaion movement of the organic molecules in the confined

space.
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Figure3.20 C CP MAS NMR spectra of as-synthesized (a) CeMCM-41:R (40), (b) St
MCM-41 and (c) CTMA™ ionsin solution (CDCh).

3.2.1.4.8. ®SI MASNMR

Although, the ®S MAS NMR spectroscopy is a very senstive probe for the
charecterization and identification of crysaline microporous zeolites and metdlo-Slicates, in
MCM-41, which is an ordered aray of amorphous materid, the observed peeks are broad due

to the flexibility and broad range of T-O-T angles in the pore wdls The S MAS NMR
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goectrum of cadcined CeMCM-41-R (40) sample (curve ‘a; Fgure 3218 shows
characterigtic pesks a around -91, -102 and -110 ppm, which are usudly assgned to Qo, Q3
and Qg species, respectively. However, the pesks for Q, and (s species are not observed
diginctly for the cdcined S-MCM-41 samge (curve ‘b'; Figure 3.21b). Instead, a broad
peek centered a -1085 ppm (Q Species) is obsarved. It can be assumed that the presence of
defect dtes (Q2 and Q3 species) in the Ce-MCM-41 samples, may provide mild acidic Stes

adong with the® Ce- OH groups.

- 1 T 1 T * 1T © 1
-50 -70 -90 -110 -130 -150

Chemical shift (ppm)

Figure3.21 S MAS NMR spectra of calcined () CeMCM-41-R (40) and (b) S-MCM-
41.
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3.2.1.4.9. SEM and EDX

The patide sze and morphology of S-MCM-41 and differet CeMCM-41 samples
were determined by scanning dectron microscopy. The SEM micrographs of Ce-MCM-41-R
(40) sample, as shown in Fgure 322, ae typicd of MCM-41 type maerids exhibiting two
different kinds of particle morphology. One is winding worm type (Figure 3.22a)*> and other
one is hexagond (Figure 3.22b).3 The hexagond paticles are of two types (i) wel-formed
relaively bigger patides of ca. 2 mm and (ii) smdler paticles of ca. 0.5 nm size. The unique
hexagond rod type particle was dso obsarved for the firg time as shown in Figure 3.22,
indicative of long-range ordering of Ce-MCM-41 samples. The worm type particles may be
formed due to the tirred synthes's, in contrast to the conventiond dtetic autoclaves.

The energy dispersive X—ray analyss (EDX) for S and Ce of the CeMCM-41 samples is
gven in Table 34. The S/Ce ratios of the gels and the cacined CeMCM-41 samples do not
differ ggnificantly, which indicate quite high effidency for the incorporaion of well-

digpersed cerium into the framework and/or walls of silica matrix of MCM-41.

3.21.410.TEM

Transmisson eectron microscopy (TEM) reveds padld fringes corresponding to the
sde-on view of the long pores as well as a hexagond system of lattice fringes dong the pore
direction as shown in Fgure 3.23a and 3.23b, regpectivdly. The equididant pardld fringes of
Ce-MCM-41R (80) sample (Figure 3.238) show unique festure of separate layers and the
addition of such layers one dter one resulting to the formaion of a bunch of layers
Therefore, it supports that the formation of MCM-41 begins with the depostion of two to
three monolayers of dglicate precursor onto isolated surfactant micdlar rods. Subsequently,
these dlicate-encgpsulated composite species pontaneoudy form  the  longrange order
characterisic of MCM-41%* The pore size, dip vaue and framework thickness of each

hexagond aray, shown in Fgure 3.23b for CeMCM-41-R (80) sample, were measured and
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Figure 3.22 Scaning eectron micrographs of cadcined CeMCM-41-R (40) sample having

different types of patide morphology : (@ winding worm type, (b) hexagond
type and () unique hexagond rod type.
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Figure 3.23 Transmisson electron micrographs of ceacined CeMCM-41-R (80) sample :
(@ padld fringes (sde-on view), (b) hexagond aray (viewed dong the pore
direction) and (c) selected areadectron diffraction pattern of (b).
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found to be »30, »40 ad »7 A, regpectively. Therefore, the vaues of parameters obtained
from the TEM measurements are goproximaely equa to those presented in Table 34 and
35. A representative selected area eectron diffraction pettern, shown in Fgure 3.23c, dso

exhibits wel -defined hexagond maxima and confirms the periodicity of the structure.

3.21411.TGDTA

Thermogravimetry (TG) and differentid therma anadlyses (DTA) of S-MCM-41 and Ce
MCM-41 samples, caried out under same experimentd conditions, were quite smilar. The
total weight losses were 38 and 41 wt.% for SSMCM-41 (curve ‘d) and CeMCM-41-R (40)

(curve ‘D), respectively, as shown in Figure 3.24. The TG-DTA curves of the two samples

TG(%)| DTG (mg/min.) Heat Flow (micro V)]

Cr ~] - Exo 600
A
-204 A
-0.2%
40t~ ¥
TG((;/()) DTGA(mg/;nin.)‘ Heat‘FIow(microV)
ol 00+ - Exo {1600
DTG 1
1400
200
TG
—~——10
DTA
100 300 500 700 900

Temperature (°C)

Figure3.24 TGA-DTA curves of as-syntheszed (8 S-MCM-41 and (b) CeMCM-41-R
(40).
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reved that nearly dl the template including the water formed due to condensation of slanol
groups is logt from the pore system at a temperature of ~ 600 °C. The TGA curves of the two
samples show five steps of weight loss The steps can be distinguished as 35-130 °C, 130-300
°C, 300-380 °C, 380-480 °C and 480-600 °C. The weight loss for both the samples is ~ 4.0%
in the firs step due to desorption of physisorbed water held in the pores. The weight losses in
the 2% (~ 20.0%) and & (~ 7.0%) steps are mainly associated with oxidative decomposition
of templates. In the 4" gep, the weight loss (~ 7.0%) is probably due to remova of coke
formed in the previous steps by the decompostion of templates. Wheress, in the last Sep, the
weght loss (~ 20%) is manly due to waer loss formed by the condensaion of slanol
groups. It can be noticed that the weight losses of both S-MCM-41 and Ce-MCM-41-R (40)
sanples ae dmilar indicative of dmilar pore filling of CeMCM-41 visavis S-MCM-41
samples. Higher amount of weight loss for CeeMCM-41-R (40) (41 wt.%) than S-MCM-41

(38 wt.%) may be due to dightly bigger pore size of the Ce-MCM-41-R (40) sample.

3.2.1.5. Organo-functionalized MCM-41
3.2.1.5.1. Powder X-ray Diffraction

The powder X-ray diffractrograms of dl assyntheszed samples are shown in Figure
325. All organo-functiondized MCM-41 samples exhibited characterigtic strong (100) and
wesk (110, 200 and 210) reflections This indicates that the samples have high degree of

hexagond ordering.

3.215.2. C,H,Nand Sanalysis
The Table 3.8 contains the theoretical and as well as the obsarved C, H, N and S vaues of
al samples. The theoreticd C, H, N and S vaues were cdculated according to the initid ge

compogtion of the samples. The chemicd andyss of the respective samples, after extraction
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of the surfactant, confirms the presence of respective organic functiondities in the respective
organo-functiondized MCM-41 mesoporous materias.

Intensity (A. U.)
TFFFF

2q (degrees)

Figure3.25 X-ray diffraction patterns of as-syntheszed HSMCM-41 (A), H2N-MCM-41
(B), HSH3N-MCM-41 (C), HSA-MCM-41 (D) and Vinyl-MCM-41 (E).
3.2.1.5.3. Ny adsorption

The suface aea and the pore sSze didribution of organo-functiondized MCM-41

samples are given in Table 3.9. The samples have surface area in the range 500 - 900 ntg™.
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Table 3.8

Theoretical and observed organic composition of the organo-functionalized MCM -41

samples

Theoretica (wt.%)

Experimenta (wt.%)

Samplest C H N S C H N S
A HSMCM-41 1263 246 - 11.23 115 225 10.27
B:HN-MCMA41 1343 298 522 - 1163 261 453 -
C: HSHo,N-MCM-41 982 205 190 436 785 165 153 322
D : HSAI-MCM-41 473 092 - 421 405 080 361
E:VinykMCM-41 349 044 - - 3.06 041 -
HS : 3-mercaptopropyl; H N : 3-aminopropyl.

Table 3.9

BET surface area and pore size distribution of organo-functionalized MCM -41 samples

Samples

A :HSMCM-41
B:HN-MCM-41

C: HSH2N-MCM-41
D : HSAI-MCM-41

E: VinyFMCM-41

Pore Size (A)

40.0

24.0

35.0

38.0

35.0

BET Surface Area (m’y?)

840

550

510

673

The highest surface area was observed in the case of the sample A (HSMCM-41, 840 nfg?)

and lowest was obtained in the case of sample C (HSHN-MCM-41, 510 mg?) with 4l

other sample having their surface area in the intermediate range. The pore size digtribution

shows that they have pore diameter in the range of 24 nm.
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3.2.1.5.4. Diffuse Reflectance IR Spectroscopy

The diffuse reflectance IR spectra of HoN-MCM-41 and HSMCM-41 samples, given in
Figure 3.6, shows gpectroscopic evidence for the presence of intact aminopropyl and
mercaptopropyl groups. The IR spectrum of HAN-MCM-41 showed the presence of two
bands a 2936 and 2880 cmi' assigned to the asymmetricd and symmetrica vibrations of the
CH, goups of the propyl chains respectivedy. It dso showed two bands a 3365 and 3300
cm? characteristic of NH2 groups® Similarly, in the case of HS-MCM-41, two bands a 2933
and 2881 om? assigned to asymmetricad and symmetrical vibrations of the CH, groups d the

propyl chains and the most important band a 2565 cmi® characteristic of nsy vibration are

observed. ®
H,N-MCM -41 HSMCM-41
S
8
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Figure3.26 IR spectra of HoN-MCM-41 and HSMCM-41 after remova of the template
(surfactant) by acid-solvent extraction.
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3.2.1.55. ®C CPMASNMR

The C CP MAS spectrum of the sample A (Figure 3.27) shows the presence of most
prominent pesk a 27.2 ppm for C; (adjacent to the SH group) and C, carbons of the 3
mercaptopropyl group. The pesk & 11.0 ppm aises from the Cs carbon atached to 3
mercaptapropyl group. Some additiond minor resonance & 22.3 ppm is assgned to C; and
C, cabon aoms of dipropyl disulfide The presence of dipropyl disulfide in the sample A
may be due to the oxidation or dehydrogenatiion of two adjacent thiol groups leading to the
formation of disulfide (S-S) group. The Csz cabon of the disulfide produces an unresolved
shoulder dightly downfidd to the C3; carbon of the thiol. Two additiond wesk resonances
observed a 503 and 36.6 ae assigned to methanol used in the extraction and additiond

oxidation products (such as sulfinate groups), respectively.”?

I
80 60 40 20 0 -20
Chemical Shift (ppm)

Figure 3.27 C CP MAS NMR spectrum of template free HSMCM-41.
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The *C CP MAS NMR spectrum of the sample B (Figure 3.28) shows three pesks of
dmost equd intendty. The three peeks obsarved a& 9.9, 20.8 and 426 ppm can be attributed

to the three different carbons of the 3-aminopropyl group, Cs, C,, and Cy, respectively.

80 60 40 20 0 -20
Chemical Shift (ppm)

Figure 3.28 C CP MAS NMR spectrum of template free H;N-MCM -41.

3.2.1.5.6. ®Si CP MASNMR

The S CP MAS NMR spectrum of HSMCM-41 (Figure 3.29) shows evidence for the
cdose-packed conformation of carbon chans in the functiondized materid. The pesks a
about -101 and -109 ppm ae atributed to Qs ad Qg species present in S-MCM-41,
respectively. Three additiond pesks observed a ca. -49, -57 and -66, corresponding to three
different environments for the dloxane groups in the functiondized monolayers, are due to
the presence of isolated (not bound to any sloxane), termind (bound to one neighbaing
dgloxane) and cross-linked (bound to two neghboring dloxane) groups as  shown

schemdicdly in Figure 320.% Among the threg, the most dominant pesk comes from the
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termind group. However, the quantification of these groups on the basis of °Si CP MAS

NMR will not be authentic because of differences in relaxation behavior.

Crosslinked
HS \ HS H

Terminal

HO—$-0—$i~0—5-OH

0 | —5|O | —1|00 | —1|50
Chemical Shift (ppm)

Figure 3.29 #Si CPMASNMR spectrum of template free HSMCM-41.

In Figure 3.30, the presence of cdosepacked conformation of aminopropyl carbon chains
is d0 evident from the ®Si CP MAS NMR spectrum of HN-MCM-41 sample. While the
two peeks a about -101 and -111 ppm are attributed to @ and Q, species for S-MCM-41,
the three pesks a about -50, -60 and -67 ppm ae assigned to isolaied, termind and cross
linked sloxane groups atached with henging aminopropyl groups®® The schematic
representation of different Sloxane groups as shown in Fgure 329 for thiol functiondized
MCM-41 is very much damilar for amine functiondized MCM-41. In the case of HN-MCM-
41, however, the pesk intendties of different dloxane groups are in the order : isolaed <

termina < crossinked.
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Qa4

Crosslinked

Termind

0 | -5130 | -1|00 | -1|50
Chemical Shift (ppm)

Figure 3.30 %Si CPMASNMR spectrum of template free H,N-MCM-41.

322.TS1land TS-2

The TS1 and TS2 samples were mainly characterized by the powder X-ray diffraction
(XRD), diffuse reflectance UV-Vis spectroscopy, FTIR spectroscopy, energy dispersve X-
ray andyss (EDX), scanning eectron microscopy (SEM) and dectron paramagnetic
resonance (EPR) spectroscopy.

The XRD patterns of the calcined samples are characteristic of MFI and MEL topologies
for TS-1 and TS2 regectivdy. The absorption maxima a ca. 210 nm in the diffuse
reflectance UV -Vis spectra and characteristic band & ca. 960 cmi* in the IR spectra clearly
indicate that Ti is incorporated in the framework of TS-1 and TS-2. The absence of any bands
a ca. 260 and 330 nm in the UV-Vis spectra indicate that hexa-coordinated Ti in the extra
framework postion and anatase form of TiO, are not present in the TS-1 and TS-2 samples.

The average patide Sze of the cryddlites determined by scanning eectron microscopy is in
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the range between 100-200 nm. The S/Ti molar rétios in the solids were 32 and 33 as

determined by chemicd andysis (EDX) for the TS-1 and TS-2 samples, respectively.

3.2.2.1. Diffuse Reflectance UV-Vis Spectroscopy : I nteraction with HP and UHP
Figure 3.31 depicts the diffuse reflectance UV-Vis spectra of TS1 (Figure 3.31A) and
TS-2 (Figure 3.31B) samples in the presence of water, agueous hydrogen peroxide (HP) and
0lid urea-hydrogen peroxide (UHP). Intense absorption bands a 210 nm (curves ‘d and ‘f’
in Fgure 3.31) are obtained in the spectra for cdcined TS-1 and TS-2 samples. However, the
mixtures of TS1UTS-2 and ureahydrogen peroxide (UHP) show two absorption bands
(curves ‘b and ‘g), a shap asorption band a 210 nm as wel as a continuous aosorption
band in the region of 300-500 nm. The presence of continuous absorption band (300-500 nm)
indicates the formaion of different Ti-superoxo complexes by the solid-solid interaction
between catdyst and UHP. The hydrated TS-1 and TS-2 samples in the presence of adsorbed
water show a ghift in the absorption maxima from 210 to 230 nm and some absorption in the
region of 250-350 nm (curves ‘c and ‘h’) due to ligandto-meta charge trandfer involving
isolated penta-/hexa-coordinated Ti atoms, where one or two water molecules form part of
the meta coordination sphere. The curves ‘d and ‘€, representing TS I/UHP/acetone and
TS-U/HP (Figure 3.31A), as wdl as curves ‘i’ and ‘j’, representing TS-2/UHP/acetone and
TS-2/HP samples (Figure 3.31B), exhibit amilar type of absorptions (a srong absorption at
210215 nm and a continuous absorption in the 300500 nm) in the UV-Vis region.
Interetingly, curves ‘d and ‘i’ dso show some absorbance in the 250-350 nm  region,
assgned to solvent molecules coordinated to Ticenters, which has not been observed in the

solvent free systemsi.e. in the absence of water and acetone (curves ‘b’ and ‘g') %
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Figure 3.31 Comparison of diffuse reflectance UV-Vis spectra of different TS1 (Figure
1A) and TS2 (Fgure 1B) samples cdcined TS-1 and TS-2 (curves ‘d anc
‘f’), TSUTS-2 + UHP (curves ‘b’ and ‘g’), TSVUTS2 + H20 (curves ‘c and
‘h), TSUTS2 + UHP + Acetone (curves ‘d and ‘i') and TSUTS2 +
aqueous H,O» (curves‘€ and ‘j’).

3.2.2.2. EPR Spectroscopy : I nteraction with HP and UHP

Figure 3.32 compares the anisotropic EPR spectra of TS1 and TS2 samples in the
presence of HP and UHP. The EPR spectra of TS-1/UHP and TS 2/UHP systems, recorded at

298 K, provide direct spectroscopic evidence for the exigence of different Ti-superoxo
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gpecies in TS1 and TS-2. The presence of four non-equivaent Tisuperoxo species (g b, ¢
and d) in curve ‘A’ indicates the existence of different Ti** stes in origind TS-1 and TS-2®
andlor geneaed due to 0lid-solid interection between TS1 and UHP, whereass free
superoxo radical weskly attached to lattice Slicon represents species ‘€. The EPR spectrum

of TS2/UHP sysem (curve C) is similar to that of TS I/UHP system (curve A). Expectedly,
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S 888 &5
N NN o ~NMm om
Yo Vol Yo 8 88 88
a bcd e NN
A C
3400 3450 3500 3550 3400 3450 3500 3550
Magnetic Fied (G) Magnetic Field (G)

Figure 3.32 Comparison of EPR spectra of different TS-1 + UHP (A), TS-1 + agueous
H202 (B), TS-2 + UHP (C) and TS-2 + aqueous H20: (D).

in the case of TS-1/HP and TS-2/HP systems, recorded a 77 K, where aqueous HxO> (insteed

of anhydrous HO, (UHP) as in the case of TSI/UHP and TS-2/UHP systems) is used, the
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different EPR dgnds originating from non-equivdent Ti-environments seem to loose ther
inequdity leading to the obsarvaion of two broad sgnds (curves B and D). In both the
curves B and D, the dominant Trsuperoxo species is ‘b’ which represents that other
coordination Stes of Ti ae occupied by wae molecules However, solvent (weter)
molecules cannot fill vacant coordination dtes of Ti in case of TS L/UHP and TS2/UHP
systems®*® The ‘g’ values of four curves are in good agreement with those reported in the
literature for the superoxide radicd ion gdabilized on Ti (IV) centers of both supported and

bulk titanium dioxide*
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4. CATALYTIC PROPERTIES

Section 4.1 of this present chapter deals with the sdlective acid catalyzed reactions such as:
1. Isopropylation of ngphthalene over AFM CM-41 samples.
2. Dehydration of cyclohexanol over Ce M CM-41 samples.
3. Chemosdective acylation of acohols, amines, phenols and thiols over CeMCM-

41 samples.

Section 4.2 of this chapter deds with the selective oxidation catalysis:
1. Hydroxylation of Xngphthol over Ti-,V - and CeMCM -41 samples.
2. Epoxidation of cyclohexene over T-MCM-41andV -M CM-41
3. Epoxidation of avariey of olefinic compoundsover TS-1and TS-2.

The deals of the methods of prepaaion and the rexults of physco-chemica

characterization of the above-mentioned materids have been presented in Chepter 2 and

Chapter 3, respectively.

4.1. ACID CATALYZED REACTIONS

4.1.1. Experimental

4.1.1.1. I sopropylation of Naphthalene

The isopropylatiion of ngphthdene was caried out usng different AFMCM-41 samples
& lid acd cadyds The mixture of ngphthdene dissolved in cyclohexane (cycohexane/
ngphthdene (wtwt) = 4) and isopropanol  (naphthdeneglisopropanol (mol/mol.) = 4) weas
added to the catalyst (10 wt.% of ngphthdene) taken in Par type autoclave. The reaction
mixture was then heated for 6 h a 448 K under autogeneous pressure and mechanicd dirring
(300 rpm). After the reaction, the product mixture was cooled to room temperature and the

organic layer was separated and then anadlyzed by HP 6890 series GC system (DB-5,50 m ~
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4.1. Acid Catalyzed Reactions : Experimental

020 mm ~ 033 mm film thickness) usng FID detector. Sdlected samples were dso andyzed

by GCMS (Shimadzu, GCMS-QP 2000A).

4.1.1.2. Dehydration of Cyclohexanol

The catdytic reection of dehydration of cycdohexanol was caried out in a fixed bed down
flow reactor. The CeMCM-41 samples were pretreated a 673 K for 1 h in aflow of N, gas.
Cyclohexanol was fed into the catdyst bed at 473 K usng ar as the carier gas. After 1 h, the
product was collected and andyzed by Shimadzu 17A series gas chromatogreph (HP 101,

methyl sliconefluid, 50m~ 0.2 mm = 0.2 mm film thickness) using FID detector.

4.1.1.3. Acylation of Alcohols, Amines, Thiolsand Phenols

In a typicd procedure for the chemosdective acylation of different subdrates
(acohol/amine/phenadl/thiol; 10 mmol) were added to 11 mmol of acylding agent (mostly
acdic anhydride) and the mixture wes refluxed under girring in acetonitrile (5 ml) in the
presence of CeMCM-41 catdys (20 wt.%, wiw with respect to the substrate) for gipulated
period of time for the completion of the reaction (monitored by TLC). After completion of
the reaction, the catdyst was separated by centrifugation/filtration and then the filtrate was
concentrated, treated with water (15 ml) and extracted with CH2Cl2 (3 ~ 15 ml). The organic
layer was separated, washed with 10% agueous NaHCOs, brine, water, and dried over
Na;SO4. The solvent was removed to produce crude product, which was then purified by
column chromatography over dlica gd (3% EtOAc in light petroleum ether) to furnish pure
product. The structure was confirmed by 'H NMR, FTIR, mass spectrometry, and aso by
compaison with authentic sample. Some of the samples were dso andyzed using Agilent
6890 sies GC sysem (HP chird, 20% permethylated b-cydodextriny 30 m ~ 032 mm ~

025 mm film thickness), GCIR (Perkin Elmer, GC-IR 2000) and GCMS (Shimadzu, GCMS-
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

QP 2000A). The catalyst recovered from the reaction mixture was reectivated by cacining it

a 813 K for 8 hin the presence of air and was reused again for acylation reactions.

4.1.2. Results and Discussion
4.1.2.1. | sopropylation of Naphthalene over Al-MCM-41

The isopropylation of ngphthaene was caried out as a test reaction to compare the
cadytic activity and sdectivity of A-MCM-41-S and Al-MCM-41-P samples under same
rection conditions (Figure 4.1). The converson €a. 364 and 36.7 mol% for Al-MCM-41-S
and AI-MCM-41-P samples respectively) was comparable. In both the cases the ratio of 2

isopropylnaphthalene/1-isopropylngphthdene  (2IPN/1-IPN) was dso comparable (» 2.6).

80
/] Conversion

_. 60- SLien
% R Sz-| PN
é SDIPNS
2
= 404
3 ___
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AlI-MCM-41-S Al-MCM-41-P
Different AI-M CM-41 samples

Figure 4.1 Comparison of cataytic ectivity and sdectivity of AI-MCM-41-S and Al-MCM-

41-P samples. Supn = Sdectivity of 1-isopropylngphthdene Sapn = Sdectivity
of 2isopropylngphthaene; Soipns = Selectivity of diisopropylngphthalenes.
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

Further, the formation of smdl amount of diisopropylnaphthdenes (DIPNs 1.2-1.5 mol%)
was aso noticed in both cases. So, it can be inferred that the active Al-stes responsble for
the isopropylaion of ngphthdene are dso amilar in naure for AFMCM-41-S and AI-MCM-

41-P samples.

4.1.2.2. Dehydration of Cyclohexanol over CeMCM-41
The dehydration of cyclohexanol was carried out using different CeeMCM-41 samples, as

shown in Figure 4.2. Ceexchanged MCM-41, Ceimpregnated MCM-41 and slicaceria

cadysts were dso used smultaneoudy to compare the cataytic results. It is observed tha

20

Cyclohexanal conversion (%)

. : . : .
0.00 0.02 0.04 0.06
Ce/S (molar ratio)

Figure4.2 Activity of CeMCM-41 samples in the dehydration of cydohexanol tc
cydohexene. (! ) CeMCM-41-R, (?) Ce-MCM-41-P (40), ¢ ) CeMCM-41-A
(40), (? ) Ce-Ex-MCM-41, (u) Celm-MCM-41 (20) and ( ) SO CeO; (20).
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

the cyclohexanol converson is reduced condderably when Ce-ExxMCM-41, Celm-MCM-
41 and slicaceria were used as catdyss compared to that over CeMCM-41 samples with
same Si/Ce ratio. It has adso been observed that as the Ce content increases in the CeMCM-
41 samples, cyclohexanol converson increeses and reaches a maximum of ~16 % converson
for CeMCM-41-R (40) sample. However, further increase in the Ce content of Ce-MCM-41
samples does not increase the converson, indead it decreases a little bit. A comparison of
Ce-MCM-41 (40) samples prepared by three different methods (R, A and P) (see Table 3.4),
also $ow that the CeeMCM-41-R (40) sample is mogt active, whereas Ce-MCM-41-A (40) is
the leest active. While, the quite low activity for CeEx-MCM-41, CelmMCM-41 ad
gdlica-ceria is expected (due to poor Ce disperson), the lower converson of Ce-MCM-41-P
(40) and CeMCM-41-A (40) compared to CeMCM-41-R (40) needs attention. It may be
possble that higher converson of cyclohexanol in the case of CeMCM-41-R (40) sample
gynthesized a amospheric pressure under magnetic dirring (~1000 rpm) is due to the

presence of highly dispersed Ce. However, an unambiguous explanation needs further work.

4.1.2.3. Acylation of Alcohols, Amines, Phenolsand Thiols over Ce-MCM-41

The acyldion or smple edteification of a wide range of dructurdly varied dcohals,
amines phendls and thiols (primary, secondary, tetiay, dlylic, benzylic, cydic and
heterocydlic ec.) is one of the most important and frequently used organic transformations.™?
It provides not only an efficent and inexpendve route for protecting hydroxy, amino,
phenolic and thiol groups but dso produces important organic ester intermediates in multistep
gynthetic  processes which ae widdy employed in the synthess of fine chemicds
pharmaceuticals, perfumes, pladticizers, cosmetics, chemicd auxiliaries etc. The results of
acylation of different doohols usng oichiomeric amount of acetic anhydride in the

presence of Ce-MCM-41-R (40) sample are given in Table 4.1.
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4.2. Oxidation Reactions : Results and Discussion

Table4.1
Acylation of alcoholsand polyolswith acetic anhydride as acylating agent over
cerium containing MCM -41

Reection Yidd”
Entry Substrate time (h) Product* (Mol %)
1 NN 03 NN 0 QD
OH OAc
SN o O :
3 A~ 04 A 70
OH OAc
: B . X .
5 HO OH 06 AD Oac D
‘|—| r——l I—| 0
6 24°
HO oH HO OAc +ACO OAc 4:1
7 08 PD
OH OH OH OAc OAc OAc
——OH —OAc
HO ——H AcO——H
HO ——H AcO——H
8 H——OH 10 H——OAc 0
H——OH H—T—0Ac
L—OH —OAC
OH OAc
. O . O :
10 D
1n D
12 V)
13 70
14 70

2 Products were characterized by usua spectral analyses.
b |solated yidd.
° Reaction was performed at 338 K.
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4.2. Oxidation Reactions : Results and Discussion

In generd, the reactions are moderatdly fast and dso0 the isolaed yidds of the acylated
products are very good to excedlent. In the case of different types of dcohals, it was observed
that dthough the acylatiion of acydic 1-hexanol (Table 4.1, entry 1) is fast (~3 h) its cydic
andogue cycohexanol (Table 4.1, entry 2) takes longer time for completion of the reaction
(~6 h), which may be explained on the bass of deric factor. Since, the reactions were carried
out under mild conditions, the probability of induced isomerization is expected to be admost
nil. This was observed experimentdly in the case of dlyl dcohol (Table 4.1, entry 3). In the
case of tertiary-butanol (Table 4.1, entry 4), the yidd of the acylated product (~70%) is low
in comparison with the other substrates mainly due to the formation of side products.

It is noteworthy that the acylaion of ethanediol, 1,2-propanediol, propanetriol and payols
(D-mannitol) (Table 4.1, entries 5, 6, 7 and 8) dso takes place smoothly over CeMCM-41 to
dford coregponding mono  and  poly-acylated product depending upon the reaction
conditions. It demondrates the practicd utility of this method particularly in sugar chemidry.
In the case of 1,2-propanediol, primary acoholic group was acylaed preferentidly over the
secondary one. However, the ratio of mono-acylated to di-acylated product was ca. 4 : 1.

Although in genad, the acylation of diphaic dcohols is moderately fast in the presence
of CeMCM-41, acylaiion of aromatic acohols (Teble 4.1, entries 9, 10 and 11) is raher
duggish (Table 4.1) manly because of less nudeophilicity and therefore, longer time is
required to complete the reaction. However, the yidd of the products is comparable with
other dcohols. The acylation of benzyl dcohol, where the phenyl group is not atached
directly to the OH group, isrelatively fad.

Mog importantly, the acylation of choleterol, ergeterdl and b-dtogtero (Table 4.1,
entries 12, 13, and 14) caried out in heterogeneous system usng Ce-MCM-41, dthough
takes longer time as compared to homogeneous system, is of great importance from the

indugrid, pharmaceutical and environmenta point of view.
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

In order to explore the generdity and expand the scope of the CeMCM -41-based Lewis
acid catadyzed acylaion reections, a variey of other subdtrates such as different types of
amines and thiols were ds acylaed with acetic anhydride. The results given in Table 4.2,
demondrate that the amines and thiols are dso acylaed very sdectively with excdlent yieds
of the products. It was observed tha the reaction is very fast with amines as compared to
thiols Cydohexylamine tékes only one hour (~1 h) for the completion of the reaction,
whereas diisopropylamine tekes little longer time (~15 h) for the same. In generd, the

aomdic amines take longer time for the completion of the reection as compared to benzyl

Table4.2
Acylation of amines and thiolswith acetic anhydride as acylating agent over

cerium containing MCM -41

Reaction Yied
Entry Subgtrate time () Producf (mol%)

NH2 NHAc
1 9 1 O o
: L JUR o
Ac

N
H
NH NHAc
O O .
NH NHAC
N

2
2
5 ©/\ H, 15 ©/\NHAC %
H SAc
6 ©/\ 6 ©/\ 90
SH SAc
o S .
H SAc
. . O .
H,C H.C

®Products were characterized by usua spectra andyses.
b |solated yidld.
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

amine. The same trend is dso observed in the case of thiophenols. Benzylthiol takes ~6 h for
the completion of the reaction whereas the same for thiophenol and p-thiocresol is ~8 h in
both cases.

The chemosdective acylation of bifunctiond amino ehanod and 2-mercapto ethanoal,
given in Table 4.3, shows very good chemosdectivity provided the reections are caried out
a lower temperaures. It is observed that the acylation of amino ethanol carried out & room
temperature sdectively produced the corresponding N-acetate only, in excdlent yidd, and the
hydroxyl group remained untouched. The high chemosdectivity observed may be because of
the grester nucloephilicity of the amine group visavis dcohol. Smilaly, 2-mercapto
ethanol reacted preferentidly with the hydroxyl group over the thiol and accordingly afforded

the corresponding O-acetate in high yield.

Table4.3
Chemoselective acylation of amino alcohol and mer capto alcohol with acetic anhydride
as acylating agent over cerium containing MCM -41

Reaction Yied
Entry Subgtrate time (h) Product® (mol%)
1 & 0
HO  NH, HO  NHAc
2 6 %0
HS  OH HS  OAc

®Products were characterized by usual spectral analyses.
b |olated yield.

“ Reaction was performed at room temperature (298 K).
9 Reaction was carried out at 358 K.

Apat from acetylaion, propionylaion and benzoylation of 1-hexanol were dso caried

out usng different acylating agents over CeMCM-41. The reaults (Table 4.4) show that Ce
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

MCM-41 is dso a good catdys for acylation with different acylating agents. Compared to
acetic anhydride and acetyl chloride, acetic acid is a better choice as the acylating agent
because it produces only water as the coproduct, which is environmentdly friendly.

However, the reactivity of acetic acid is rather poor compared to thet of acetic anhydride or

Table4.4
Acylation of 1-hexanol with different acylating agentsover cerium containing MCM-41

Reection Yied
Entry Acylaing agents time (h) Product® (mol%o)

o

-

Hexyl acetate 90
o}
o)
2 N g 3 Do 90
o)
3 )J\O-I 24 Do 90
o
4 )J\ o 1 Do 90
\).L
5 /\n/o 10 Hexyl propionate 85
o}
0
6 \)J\d 6 Do e
o)
7 \)L oH 24 Do 85
o o0
o
8 ©/‘L )b 15 Hexyl benzoate 85
o)
a
9 5 Do 90
o}
OH
10 ©)\ 24 Do 85

#Products were characterized by usual spectral analyses.
® |solated yield.
€10 Equivdents of acid was used.
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

acetyl chloride. Nevertheless, when the reaction was carried out usng excess acetic acid (10
equivaent with respect to 1-hexanal), to fulfill the purposes of both acylaing agent as wel as
lvent & ~383 K, a condderable decrease in reaction time was observed with comparable
yidd of the acylated product (Table 4.4, entries 3 and 4). It is dso important to note that the
same trend is observed for propionylation and benzoylation (Table 4.4).

The effect of Ce content on the acylaion of 1-hexanol is demondrated in Table 4.5 using
vaious CeMCM-41 samples with different S/Ce ratios (¥, 80, 40 and 20). It is observed
that the yidd of hexyl acetate incresses with increesing Ce loading in the CeeMCM-41
sanples (up to ca. S/Ce = 40) and therefore, it may be inferred that highly dispersed Ce
present in the dlica network in MCM-41 wadls is the only active dtes in the acyldion
reection. The turn over frequency (TOF, HY), however, decresses with increesing Ce content
(Table 4.5). This may be due to the reason that increesng Ce content in CeMCM-41 samples
may lead to increased presence of Ce ingde the wals of MCM-41 and therefore not available
for cataytic reaction. However, higher activity of CeeMCM-41 samples compared to CeO,
obsarved for acylation of 1-hexanol under same reaction condition indicate that high surface
aea (working as a good dispersve support for Ce) and mesoporosty of Ce-MCM-41
samples dso play an important role in these reactions.

Table 4.6 compares the catdytic activity and sdectivity of CeeMCM-41 with that of Tk
MCM-41 and Zr-MCM-41 in the acylaion of 1-hexanol under same resection conditions and
a comparable S/M ratio (M = Ti, Zr and Ce). It is dear that the activity of T+ and Zr-MCM-
41 towards acylation is subgdantidly low as compared to that of CeMCM-41. This is
probably due to the reason that Ce acts as a better dectron pair acceptor (Lewis acidity) and
able to expand its coordination number eeslly.

To veify the leaching of Ce as wdl as recydability and reusability of CeMCM-41

cadyss, the used CeMCM-41-R (40) was recycled twice and used for the acylation of 1-
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4.1. Acid Catalyzed Reactions : Resultsand Discussion

hexanol. The yidd of hexyl acetate obtained with recycded CeMCM-41-R (40) samples was
comparable (80 and 85 moal% for firs and second recycle, respectively vs. 90 mol% for fresh
catadyst). The CeMCM-41 cadyds can be reused for these reactions without substantid loss

initsintrindc activity, & leadt for three cycles

Table 4.5
Activity of different cerium containing MCM -41 samplesin the acylation of 1-hexanol

with acetic anhydride

Reactiontime  Converson® Yidd®

Sample® (Si/Ce)solid @) (Mol %) (mol%)  TOF (h?)
S-MCM-41 ¥ 3 5 - -
6 7 - -
9 8 - -
Ce-MCM-41 (80) 80.9 3 48 - 39.4
6 oY % 385
Ce-MCM-41 (40) 408 3 > % 423
Ce-MCM-41(20) 20.8 3 > % 229
CeO, - 3 18 - 05
6 28 - 0.4
9 33 30 0.4

4S/Ce molar ratio in parentheses.

b Conversion was calculated by GC andyses.

¢Isolated yidld.

4 Turnover frequency (TOF) = Moles of tHexanol cawerted for producing 1-Hexyl acetate
per mole of Ce per hour.
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4.2. Oxidation Reactions : Experimental

Table 4.6

Activity of Different Metal Containing MCM-41 Samples (Ce, Ti and Zr) in the
Acylation of n-Hexanol with Acetic Anhydride

Sample® (S/M)wiia  Reectiontime Converson®  Yidd®(%) TOF (h?
) (%)
Ce-MCM-41 (40) 408 3 > 09 % 423
Ti-MCM-41 (50) 52 3 24 - 125
6 1 - 10.7
9 54 50 94
Zr-MCM-41 (50) 54 3 28 - 15.4
6 40 - 11.0
9 51 45 9.3

2Si/Ce molar ratio in parentheses.

P Conversion was calculated by GC andyses.

¢|solatedyidld.

4 Turnover frequency (TOF) = Moles of tHexanol converted for producing 1-Hexyl acetate
per mole of Ce per hour.

4.2. OXIDATION REACTIONS

4.2.1. Experimental
4.2.1.1. Hydroxylation of 1-Naphthol

The hydroxylaion of 1-ngphthol was carried out using 45 wt.% agueous Hx0O2 and 70
wt.% aqueous TBHP as oxidants in the presence of V-, Ti- and CeM CM-41 samples as solid
cadyss. The mixture of 1-ngphthol, oxidant and acetonitrile as solvent (3-ngphthol/HO, or

TBHP (mol./mol.) = 4; acetonitrile/l-ngphthol (wWt./wt) = 5) was added to the catayst (20
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4.2. Oxidation Reactions : Results and Discussion

wt.% of Znaphthol) and the reaction mixture was hested for 12 h a a congtant temperature of
353 K under dirring. After the reection, the reaction mixtures were cooled to room
temperature, the organic layer was separated by centrifugation andlor by extraction with
dichloromethane and then andyzed by Shimadzu 17A saries gas chromatogrgph usng a
cgoillay coumn (HP 101, methyl dlicone fluid, 50 m © 0.2 mm ~ 0.2 mm film thickness)
usng FID detector. Selected samples were dso andyzed by GCIR (Perkin Elmer, GC-IR

2000) and GCM S (Shimadzu, GCMS-QP 2000A) to identify the products.

4.2.1.2. Epoxidation Reactions

The epoxidation of different olefins were carried out in a glass batch reactor (50 mL
cgpecity). In a typicd reaction, a solution of 20 mmol olefinic subdrate in solvent was added
dowly to the mixture of catdyst (20 wt.% of the substrate) and 5 mmol urea-hydrogen
peroxide (UHP) or agueous hydrogen peroxide (HP, 45 wt%) or agueous tert-butyl
hydroperoxide (TBHP, 70 wt.%). The reaction mixture was heated in the temperature range
313323 K under dirring. After the completion of the reaction, the organic layer was
collected by centrifugation and andyzed usng Shimadzu 17A series gas chromatograph (HP
101, methyl dlicone flud, 50 m =~ 02 mm ~ 0.2 mm film thickness) and/or Agilent 6890
series GC system (HP chiral, 20% permethylated b-cydodextrin, 30 m = 0.32 mm ~ 0.25 mm
film thickness) usng flame ionization detector. Sdected samples were dso andyzed by

GCIR (Perkin Elmer, GC-IR 2000) and GCM S (Shimadzu, GCMS-QP 2000A).

4.1.3. Results and Discussion

4.1.3.1. Hydroxylation of 1-Naphthol over V-, Ti- and CeeMCM-41
The hydroxylaion of 1-naphthol was carried out using both agueocus HO, and TBHP as
oxidants and V-MCM-41-S, V-MCM-41-P and Ti-MCM-41-P as catayss. The results

obtained over these three catdyst systems were compared as shown in Table 4.7. It can be
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4.2. Oxidation Reactions : Results and Discussion

noted that the activity and sdectivity of two V-MCM-41 samples are smilar and from this it
can be infared that the nature of V-sites/species present in the VWAMMCM-41 samples are dso
gmilar. However, the mgor product in the hydroxylation of 1-ngphthol is 14
nephthoquinone. This may rexults from the subsequent oxidetion of primarily formed 14
dihydroxyngphthdene to the corresponding quinone derivaive. When Ti-MCM-41-P sample
wes used for the hydroxylaion of 1-ngohthol, the observed sdectivity of dihydroxy-
napthalene derivatives was higher then that obtained with V-MCM-41-P sample under same
reaction conditions.

The hydroxylation of 1-ngphthol usng CeMCM-41 samples as cataysts in the presence
of agueous HO, and TBHP is given in Table 4.8 and 4.9. For comparison, the reactions were
dso caried ot over SSMCM-41, Ceexchanged MCM-41, Ceimpregnated MCM-41 and
S0,-Ce0;, samples. The results show that S-MCM-41 is inactive, whereas Ce-Ex-MCM-41,
CelmMCM-41 and SO,-CeO, ae less active than the corresponding CeMCM-41 samples.
The inactivity of S-MCM-41 sample suggests that Ce™ ions are responsible for the activity.
This is dso confirmed by an increesing trend on the converson of 1-naphthol with increase
in Ce content of the CeMCM-41 samples (Table 4.8 and 4.9). However, the higher activity
of CeMCM-41 than the corresponding CeEx-MCM-41, Celm-MCM-41 and SO2-CeO2
sanples may be attributed to consdering the presence of highly dispersed tetra-coordinated
ce* ions the ordered silica network of CeeMCM-41 compared to Ce-Ex-MCM-41, Celm:
MCM-41 and SO,-CeO, samples. It has been observed that ingphthol converson as well as
the peroxide sdectivity is dightly higher for TBHP than H20.. The mgor product in the

hydroxylation of Xngphthal, using both H 0, and TBHP, is 1,4-ngphthoquionone.
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Table 4.7
Comparison of the catalytic activity and selectivity of V-M CM -41-S, V-MCM -41-P and Ti-M CM -41-P samples
in the hydroxylation of 1-naphthof

Product distribution (mol .%0)°

1-Naphthol Peroxide selectivity
Sarple Oxidat  conversion (mol.%) (mol.%) TOF(W)’ 12DHN  14DHN  12NQ  14NQ
V-MCM-4L:S(50)  HL» 71 52.7 16 2.9 116 31 824
TBHP 95 68.1 20 34 174 21 771

V-MCM-41P(50)  H:O» 72 53.1 15 2.8 128 31 813
TBHP 96 69.4 20 36 157 22 785

Ti-MCM-41P(50)  H0, 41 277 06 7.6 236 31 65.7
TBHP 77 52.7 12 7.2 218 2.7 683

# Reaction conditions 1-ngphthdl = 1.44 g; 1-naphthol/H,O, or TBHP (mol/mol) = 4; catalyst = 20 wt% of the substrate (1-ngphthol); solvent
(acetonitrile)/1-naphthol (wt/wt) = 5; temperature = 353 K; reactiontime =12 h.

b Turn over frequency (TOF) = moles of peroxide (H 202 or TBHP) converted for producing products per mole of V or Ti per hour.

©12-DHN = 1,2-Dihydroxynaphthaene, 1,4DHN = 1,4-dihydroxynaphthalene, 1,2-NQ = 1,2-napthocione and 1,4-NQ = 1,4-naphthoaione
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Table4.8
Activity of the Ce-M CM 41 samplesin the hydroxylation of 1-naphthol with H,O,*

1 Nephtha H,0, seectivity Product distribution (mol.%)°

Sample conversion (mol.%) (mol %) TOF (hY)° 1,2DHN 14-DHN 1,2NQ 14-NQ
S-MCM-41
Ce-MCM-41-R (160) 5.2 9.7 068 37 9.6 1.7 85.0
Ce-MCM-41-R (80) 6.6 12.2 044 43 115 1.4 82.8
Ce-MCM-41-R (40) 8.9 16.3 031 45 12.7 1.2 81.6
Ce-MCM-41-A (40) 7.2 131 0.25 45 12.9 1.0 81.6
Ce-MCM-41-P (40) 75 137 0.26 46 127 1.3 81.4
Ce-MCM-41-R (20) 9.0 16.3 017 47 13.7 0.9 80.7
Ce-Ex-MCM-41 14 2.2 003 14.4 253 0.8 59.5
Celm-MCM-41 (20) 11 17 0.02 15.1 26.7 0.5 57.7
S0,-Ce0, (20) 1.0 16 0.02 16.2 285 0.4 54.9

% Reection conditions I1-ngphthol = 144 g 1-ngphthol/H,O, (mol/mol) = 4; catdyst = 20 wt% of the subdrate (I-naphthol); solvent
(acetonitrile)/1-naphthol (wt/wt) = 5; temperature = 353 K; reactiontime =12 h.

bTurn over frequency (TOF) = moles of H202 converted for producing products per mole of Ce per hour.

€1,2-DHN = 1,2-Dihydroxynaphthaene, 1,4-DHN = 1,4-dihydroxynaphthaene, 1,2-NQ = 1,2-napthoquione and 1,4-NQ = 1,4-naphthoguione.
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Table 4.9
Activity of the Ce-M CM -41 samplesin the hydroxylation of 1-naphthol with tert-butyl hydroperoxide (TBHP)?

Product distribution (mol %)

1-Naphthol TBHP sdlectivity
Sample conversion (mol.%) (Mol %) TOF (HYP 12-DHN 14DHN 12-NQ 14NQ

S-MCM-41 No detectable activity

CeMCM-41-R (160) 55 101 0.71 3.8 129 16 81.7
CeMCM-41-R (80) 7.1 129 047 4.2 145 13 80.0
CeMCM-41-R (40) 9.7 174 0.33 4.7 158 11 78.4
CeMCM-41-A (40) 8.2 148 0.28 4.6 155 12 78.7
CeMCM-41-P(40) 8.6 154 0.29 4.8 15.9 10 78.3
CeMCM-41R (20) 9.8 175 0.18 52 16.7 09 77.2
CeEx-MCM-41 21 3.3 0.04 146 25.6 0.6 50.2
Celm-MCM-41 (20) 18 2.8 0.03 154 270 05 57.1
S0,Ce0, (20) 14 22 003 161 268 04 56.7

& Reettion conditions 1-ngphthol = 144 g 1-ngphthol/TBHP (mol/mol) = 4; catdyst = 20 wt% of the substrate (1-ngphthal); solvent
(acetonitrile)/1-naphthol (wt/wt) = 5; temperature = 353 K; reection time = 12 h.

®Turn over frequency (TOF) = moles of H,O, converted for producing products per mole of Ce per hour.

€12-DHN = 1,2-Dihydroxynaphthaene, 1,4 DHN = 1,4-dihydroxynaphthalene, 1,2-NQ = 1,2-ngpthocuione and 1,4-NQ = 1,4-ngphthoquione.
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4.1.3.2. Epoxidation Reactions
4.1.3.2.1. Epoxidation of Cyclohexeneover Ti-MCM -41 and V-MCM -41

The epoxidation of cyclohexene was caried out usng TFMCM-41 ad V-MCM-41
samples and the results were compared as shown in Table 4.10. The catdytic activity and
sectivity of two Ti-MCM-41 samples prepared with and without using promoter, are very
much smilar which adso indicate that the Ti species must be quite Smilar on these two
cadyss. Comparable converson was obtaned over V-MCM-41-P sample dso.
Cyclohexene oxide was the dominating product when tert-butyl hydroperoxide (TBHP) was
usd as oxidat. The hydrolyzed (diol) and dlylic oxidation products (cycohexenol +
cyclohexenone) were the mgor products when agueous H2O2 was used. In the presence of
ureahydrogen peroxide (UHP), the formation of secondary product (cyclohexane diol) was
suppressed. However, dlylic oxidaion was gill quite high. In the presence of agueous HO»,
the sdectivity of cydohexene oxide was dgnificantly low manly due to its hydrolyss to
produce cyclohexanediol. Similar trend was dso obtaned when V-MCM-41-P sample was
used for the epoxidation of cyclohexene with agueous HO,, UHP and TBHP. However, over
V-MCM-41 (vis-avis Ti-MCM-41) higher sdectivity for dlylic oxidation products wes
observed.

After finding out Sgnificant difference in the cyclohexene oxide sHectivity in the case of
Ti-MCM-41 when UHP was used as oxidizing agent compared to agueous H; O, it was
conddered to be interesing to compare the epoxidation behavior of TS-1 and TS2 with
different sources of hydrogen peroxide (HP, U+HP, and UHP) as oxidants. TS1 and TS-2
were chosen for the detailed study of the effect of different sources of HO, mainly because
these are well-dudied cadyds in oxidaion in generd, and in epoxidation in particular, usng
agqueous H,0,.%% Further, the nature of active sites in TS-1 and TS2 ae rdaively better

understood. Since H,O has a drong affinity to coordinate with the tetrarcoordinated Ti
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gpecies and generate acid centers particularly in the presence of hydrogen peroxide, it is of
great importance from the catdytic point of view to cary out the reection usng anhydrous
oxidants (eg. UHP) to reduce isomerization and hydrolyss of the desred epoxide in the

epoxidation reactions®®

Table 4.10
Comparison of the catalytic activity and selectivity of Ti-MCM -41-S, Ti-MCM -41-P and

V-MCM -P samplesin the epoxidation of cyclohexene®

Product distribution (mol.%)°

CX conv.
Sample Oxidant®  (mol.%f  TOF (k%" co C-OL  Otherd
Ti-MCM-41-S(50)  H.0; 124 05 9 33 53
UHP 26.8 11 46 14 40
TBHP 58.0 2.3 01 4 5
Ti-MCM-41-P(50)  H,0; 136 06 11 41 48
UHP 26.0 1.0 51 12 37
TBHP 58.8 2.4 83 6 6
V-MCM-4-P(50)  H.0, 104 05 8 38 54
UHP 26.4 13 33 15 a7
TBHP 424 2.1 61 12 27

& Reaction conditions cydohexene = 0.82 g; cydohexeng/H202, UHP or TBHP (mol/mol) =
4; cadys = 20 wt% of the subdrate (cyclohexene); solvent (acetone)/cyclohexene (wt/wt) =
5; temperature = 323 K;; reaction time =12 h.

®|n the case of UHP, the reaction was carried out at 313 K.

¢(Cydohexeng(CX) converson/theoretically possible cycohexene conversion) ” 100.

4 Turn over frequency (TOF) = moles of peroxide (H2O, UHP or TBHP) converted for
producing products per mole of Ti per hour.

€CO = cydohexene oxide and C-OL = cyclohexanediol

"Indudes cydohexendl, cydehexenone and high bailing compounds.
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4.1.3.2.2. Epoxidation of Styrene and Allylbenzeneover TS1and TS-2

The effect of different sources of the oxidizing agent (H2O,) on the styrene conversion
(mol.%) and product sdectivity (mol.%) usng TS1 and TS2 as cadyds is given in Table
411, for comparative purpose. It is observed that for both catadysts, TS1 and TS-2, the
styrene conversion as well as the sdectivity for the desired epoxide increases when ngteed of
agueous hydrogen peroxide (HP), the anhydrous solid urea-hydrogen peroxide adduct (UHP)
is used as the oxidant. In the case of U+HP system, where urea and agueous hydrogen
peroxide solution (45 wt.%) were added separatdly, both the converson and the sdectivity of
the desred epoxide was found to be dightly lower compared to solid UHP system and
ggnificantly higher in comparison to agueous hydrogen peroxide system. Probably, the urea
not only acts as a dehydrating agent but dso as a buffer for the system, which prevents
further isomerization and hydrolyss of the desred epoxide It has been noticed that
condderable amount of benzadehyde (29 mol.%) is dso produced during Syrene
epoxidation usng agueous H2O2 as the oxidizing agent and TSUTS2 as the redox
catalysts®® Probebly, the deavage of highly reective benzylic C=C double bond in styrene is
cgpable of producing benzaldehyde via a radicd type of transformation. In the case of U+HP
(where urea-hydrogen peroxide adduct is prepared in dtu) and UHP systems, anhydrous
H>0; is rdeased into the solution in a controlled manner and therefore excess oxidizing agent
is not present in the reaction system, which in turn minimizes the formation of benzadehyde.

If this is s0, one could expect to control the formation of benzaldehyde by adding agueous
H202 very dowly over the period of time (8 h) through a mechanicd syringe pump. Indeed,
the result obtained in the case of TS-I/HP system shows a consderable decrease in the
formation of benzaldehyde (15 mol.% versus 30 mol%). However, the sdectivity of styrene
oxide (8 mal.%) is merdly increased because of its isomerization into phenylacetadehyde (57

mol.%) in the presence of highly polar water. Although datiticaly, acetophenone is dso
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expected to be produced due to isomerization of dyrene oxide, very high regiosdectivity
towards the formaion of phenylacetddehyde may be explaned on the bads of dabilization

of benzylic carbinium ion formed during rearrangement.

Table4.11
Effect of different oxidantson epoxidation of styrene and allylbenzene over
TS1and TS-2°

Substrate  Catalyst Oxidant Converson TOF (HY)° Product distribution (mol%)”

(mol %)°
EP PAD BD DIOLS

Syrene TS1 HP 56 11 5 44 2 2
U+HP 65 13 81 8 7 4

UHP 71 1.4 87 5 7 1
TS2 HP 57 1.2 7 42 2 23

U+HP 62 13 80 8 8 4

UHP 67 1.4 85 6 7 2

Allylbezene  TS1 HP 60 11 58 - - 42
U+HP 68 12 % - - 5

UHP 70 1.2 98 - - 2

# Reaction conditions Substrate : Oxidant (mol/mol) = 4.0; Solvent = Acetone; Substrate :
Acetone (wt/wt) = 1.0; Reaction time (h) = 12; Catdyst wt. = 20 wi% of the subdtrate; T =
313 K; ° (Syrene or dlylbenzene conversiontheoretically possible maximum conversion)
100. © Turn over frequency (TOF) = moles of H2O2 converted for producing epoxides +
secondary products per mole of Ti per h;; 9 EP = Epoxy dlylbenzene and styrene oxide, PAD
= phenylacetddehyde, BD = benzddehyde and DIOLS = 3-Phenyl-12-propanediol and

yrene dial induding some high bailing products.
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Very high epoxide Hectivity for dlylbenzene (having an dlylic C=C double bond) in
comparison with syrene (having a benzylic C=C double bond) is obtained usng UHP. Thee
results (Table 4.11) dso corroborate the above explanation in view of the results dotained for
different epoxidation reactions.

The graphic profile of temperature dependence on dyrene epoxidation over TS1 (Figure
4.3) shows that in the case of both U+HP and UHP systems, the styrene conversion firg
increases (273-313 K), reaches a maximum level a 313 K and then decreases with increase in
temperature (313-353 K). In the case of HP system, dthough initidly the reection was dow,
the maximum conversion was higher compared to that in the case of U+HP and UHP systems
a higher temperature (>313 K) without any decrease in the converson. At higher
temperature (>313 K), the dability of solid urea-hydrogen peroxide adduct decreases and
therefore, the decompostion of hydrogen peroxide becomes more compitive than the
desred epoxidation. However, in the case of HP sysem, in which agueous hydrogen
peroxide is dabilized by hydrogen bonding, the decompostion of hydrogen peroxide is raher
low particularly a higher temperature (>313 K). In that case, the styrene converson increases
with increesing temperaiure. The sdectivity of dyrene oxide and benzadehyde +
phenylecetddehyde is plotted in Figure 4.3B, for dl the three sysems. In dl the cases, upon
increesing the temperaure from 273 K to 353 K, the sdectivity of undesired secondary/dde
products increases a the expense of styrene oxide. However, a dl reaction temperaures, the
syrene oxide sdlectivity was quite high in the case of UHP and U+HP (70-90%), while in the

case of HP system, the same was very low (510%).
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Figure4.3 Effect of resction temperature on the epoxidation of syrene. Reectior
conditions Catdys TS1 (20 wi% with respect to styrene); syrene : H»O;
(mol/mal) = 4.0; syrene : acetone (wt/wt) = 1.0; reaction time = 12 h. (A)
Comparison of dyrene converson with different H202 sources (1) HP, (?)
U+HP, and (? ) UHP. (B) Comparison of sdectivities for styrene oxide (solic
symbol) and benzaddehyde + phenylacetadenyde (open symbol) with different
H202 sources: (! ?) HP, (? ?) U+HP, and (? D) UHP.

In the Figure 4.4, styrene conversion is plotted as a function of reaction time over TS1 a
313 K. In the three systems, HP, U+HP and UHP, the reaction proceeds in a smilar fashion

with time in the order : UHP>U+HP>HP. The reaction is fagt at the beginning, since the totd
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Figure 4.4 Effect of reaction time on the epoxidaion of syrene. Reaction conditions
Temperature = 313 K; cadyst TS-1 (20 wt% with respect to styrene); styrene :
H,0, (mol/mol) = 4.0; dyrene : acetone (wt/wt) = 1.0. (A) Comparison of
dyrene converson with different H202 sources: (f ) HP, (?) U+HP, and (? )
UHP. (B) Comparison of sHectivities for styrene oxide (solid symbol) anc
benzaldehyde + phenylacetddehyde (open symbol) with different H,O, sources
(( 2 HP,(??) U+HP, and (? D) UHP.

amount of oxidant was added in one lot a the beginning of the reaction. The converson for
the reaction reaches a maximum level & ca. 12 h. However, as the hydrogen peroxide added

becomes more and more anhydrous in naure (HP<U+HP<UHP), the converson levd
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increases. Figure 44B depicts the sdectivities of dyrene oxide and benzadehyde +
phenylaceta dehyde plotted againgt reaction time for the three different sysemsover TS'1.

The effect of syrendlUHP mole ratio on the syrene converson and the product
sectivity over TS-1 is shown in Figure 45. The dyrene converson increases with the
increese in syrendUHP mole ratio mainly due to increesed H O, utilization for dyrene
oxidation. However, the sdectivity of syrene oxide increases very dowly over the range. It is
dso obsaved that the concentrations of phenylacetaldenyde + benzadehyde are remaining

unchanged with the increase of styrene/lUHP molar retio.
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Figure 4.5 Effect of styrene to H,O, molar ratios on the epoxidaion of styrene. Resctior
conditions Temperature = 313 K; cadyst TS-1 (20 wt% with respect tc
dyrene); dyrene : acetone (Wtwt) = 1.0; reection time = 12 h. (} ) Styrene
conveson, (?) dyrene oxide (SO) oHectivity and (? ) benzddehyde +
phenylacetd dehyde (B + P) sdlectivity.

Table 4.12 discusses the effect of solvent on styrene epoxidation over TS-1/UHP system.

As expected, in gprotic solvents like acetone and acetonitrile, the product sdectivity is higher
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than in protic solvent like methanol. In methanol, the concentrations of secondary products
(phenylacetddehyde, benzadehyde and styrene diol) are higher compared to acetone and
acetonitrile. Still, the sdectivity of the dedred dyrene oxide (~ 72%) is quite high in

methanol due to anhydrous reection conditions.

Table4.12

Effect of solvent on epoxidation of styrene with UHP over TS-1%"

Sovet  Styreneconv.  TOF (hY) Product distribution (mol%6)
(moal %)

Syreneoxide Ph-CH,-CHO Ph-CHO Others

Acetone 71 14 87 5 7 1
Acetonitrile 51 10 82 7 6 5
Metharol A 11 72 1 9 8

@ Reaction conditions Catayst wt = 0416 g; T = 313 K; Styrene UHP (mol/mol) = 4.0;
Styrene: solvent (wt/wt) = 1.0; Reection time =12 h. bAlso see Table 4.11.

Figure 4.6 illudtrates the effect of solvent (acetone) concentration on styrene converson
and syrene oxide sdectivity over TS1. Upon increasing the acetong/styrene wt. ratio, the
sdectivity of styrene oxide increases, a the expense of secondary products indicating thet in
concentrated  reaction mixture, the secondary reactions are facilitated. However, styrene
conversion decreases with increase in acetone/styrene wt. ratio. Here, it will be pertinent to
mention that dthough the subdrate to catdys ratio was the same in these experiments,
catdys concentrations with respect to total reaction volume was changed considerably.

Figure 4.7 depicts the effect of catayst concentration on styrene epoxidation over TS1. It

is obsarved that increase in the catdyst concentration (with respect to styrene) resulted in an

incresse in the dyrene conversion initidly before leveing off a ca. 70 + 5 mol.%. Styrene
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Figure 4.6 Effect of acetone to styrene weight ratios on the epoxidation of styrene. Reactior
conditions Temperature = 313 K; cadyst TS-1 (20 wt% with respect tc
dyrene); dyrene : H>O, (mol/mal) = 4.0; reaction time = 12 h. (} ) Styrene
converson, (?) dyrene oxide (SO) sdectivity and (? ) benzadehyde +
phenylacetaldehyde (B + P) sdlectivity.

oxide sdectivity adso incresses with increase in catdyst concentraion before resching a
limiting vaue of 85 + 5 mol.%. As expected, a low catalyst concentration, the concentration
of Tisuperoxo complex is low and therefore, secondary reections are facilitated. With the
increese in the catdyst concentration, the concantration of Ti-superoxo complex dso
increases which facilitates the formation of desired styrene oxide inside the zeolitic pore.

The addition of urea has dgnificant effect on the sdectivity of the epoxide This
motivated us to cary out epoxiddion of dyrene over TS-1 with agueous H20:2 in the
presence of varying amount of urea separately added to the reection mixture. The results
obtained are plotted as a function of urealhydrogen peroxide mole raio in Figure 4.8. The

dyrene converson firs increases geadily, and then it resches a limiting value of 65 = 2
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Figure4.7 Effect of caayst concentretion on the epoxidation of dsyrene. Reectior
conditions. Temperaiure = 313 K; gyrene : H»O, (mol/mol) = 4.0; dyrene :
acetone (wt/wt) = 1.0; reaction time = 12 h. () Styrene conversion, (?) styrene
oxide (SO) <dectivity and (? ) benzadehyde + phenylacetddehyde (B + P)
SHectivity.

mol.%, when urealhydrogen peroxide molar ratio becomes 3 1. The sdectivity of syrene
oxide increases congderably from 5 (urea/lH202 = 0.0) to 61 mol.% (urea/H202 = 0.25) by the
addition of little amount of urea which indicates the importance of its presence in the reaction
mixture. Further increase in the urea/H,O, molar ratio, dso increases the syrene oxide
Hectivity before leveing off & ca. 82 + 3 mol.%. On the contrary, the Sdectivity of
benzaldehyde + phenylacetddehyde decresses dradlicdly by the addition of little amount of
urea and reaches a limiting vaue of 15 = 3 mol.%, when ureafhydrogen peroxide molar ratio

becomes3 1.
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Figure 4.8 Effect of urea to H O, molar ratios on the epoxidation of styrene. Reectior
conditions Temperature = 313 K; cadys TS-1 (20 wt% with respect tc
dyrene); dyrene : H202 (mol/mol) = 4.0; styrene : acetone (wWtwt) = 1.0
reaction time = 12 h. () Styrene converson, (?) styrene oxide (SO) sdectivity
and (? ) benzadehyde + phenylaceta dehyde (B + P) sdlectivity.

4.1.3.2.3. Epoxidation of Allyl alcohal, Allyl chloride, Allyl bromide and Methylallyl
chlorideover TS1

Table 4.13 shows the effedt on the activity and sdlectivity for the epoxidation of different
dlylic compounds usng TS-1 as solid redox cadys and different H,O, sources as oxidants.
The reaults (Table 4.13) dearly show that the epoxide sdectivity exhibited by three oxidants
decreases in the order : UHP> U+HP> HP. It is observed that the conversion as well as the
sHectivity for the three dlylic subdrates increases in the order : dlyl doohal <dlyl chloride
<dlyl bromide. This is mainly due to the decrease in the eectronegative character of the three

dectron withdrawing groups (OH> CI> Br) present in the three dlylic substrates™ and
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4.2. Oxidation Reactions : Results and Discussion

Table 4.13
Effect of different oxidants on epoxidation of allyl alcohol, allyl chloride, allyl bromide
and methylallyl chloride over TS-12

Substrate Oxident®  Converson  TOF (h})?  Product digtribution (mol.%)
(mol %)

Epoxide Diof

Allyl dcohol HP 66 47 84 1n'
U+HP 72 5.2 0 10
UHP 74 53 98 2

Allyl chloride HP % 5.2 87 13
U+HP % 5.2 92 8
UHP % 5.2 97 3

Allyl bromide HP eV 32 87 14
U+HP % 33 A 7
UHP 97 33 98 2

Methyldllyl chloride HP 64 29 76 24
U+HP 71 33 92 8
UHP 74 34 eV 6

@ Reaction conditions Substrate : Oxidant (mol/mol) = 2.0; Solvent = Methanol; Subgtrate :
Methanol (wt/wt) = 3.0; Reection time (h) = 8; Catalyst wt. = 20 wt.% of the subdtrate; T =
313 K; P HP = Hydrogen peroxide (45 wt.%); U+HP = Urea and hydrogen peroxide mixture
(L 1, mole ratio); UHP = Ureahydrogen peroxide adduct. © (Conversiontheoreticaly
possble conversion) © 100. ¢ Turn over number (TON) = moles of H,O, converted for
producing epoxide + secondary products per mole of Ti. © Modly the corresponding diols
induding some high bailing products f Remaining 5 mol.% isacrolein.
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therefore, the C=C double bond becomes much more locdized (dectron rich) and dso
accessble for the epoxidation which accounts for the increesing trend in the converson.
Smilarly, the increase in the sdectivity stands for the increased hydrophobic character of the
dlylic molecules However, higher adtivity of dlyl chloride vis-d-vis mehyldlyl chloride,
dso observed ealier usng agueous HxO, in contrast to the homogeneous systems!™? is
probably a manifedtaion of the resctant shape sdectivity exhibited by TS-1 in retarding the
dffuson of bulkier methyldlyl chloride vis-avis dlyl chloride to the active Ti centers

located indde the channd system.

4.1.3.2.4. Epoxidation of 1-Hexene and Cyclohexeneover TS-1and TS-2

Effect of different oxidants (HP, U+HP and UHP) on the epoxidation of thexene and
cyclohexene is demongrated in Table 4.14. In the cae of TS1 and TS-2 molecular Seves
used as catdyg for the cyclohexene epoxidation (Table 4.14), it is dear that if one takes into
account the pore diameters and hydrophobic character of the TS1 and TS2 catayds, one
should expect some what dmilar intringc activity and sdectivity for the epoxide in both the
caxs, as it is observed experimentdly. It is observed that the sdectivity of both 1,2
egpoxyhexane and cyclohexene oxide ae vey low in agueous hydrogen peroxide in
comparison with the dlylic subdrates (Table 413 and 4.14). This difference may be
atributed to increesing diffusond condraints for reaively bulky molecules (eg. 1-hexene
vs. cyclohexene). Further, dower diffuson of bulkier epoxides than that of subdraes from
the Ti-dtes of TS-1 and TS2 may rexults in consecutive hydrolyss of epoxides to the
corresponding diols due to increased residence time of the former on the active dtes. In the
cae of smdler dlylic subgrates, such diffusond limitation is expected to be very low and
therefore, the desorption of the product (epoxide) from the active Tigites will be faster and
hence, the dleavage of oxirane ring is very low leading to high epoxide sdectivity even in the

case of HP. The low converson for both the substrates may aso be attributed to diffusond

139



4.2. Oxidation Reactions : Results and Discussion

resriction of compaativdy bulky molecules® which may face incressed diffusiond

resistance through the pores of MF and MEL structures.

Table 4.14
Effect of different oxidants on epoxidation of 1-hexene and cyclohexene over
TSland TS2%P

Substrate  Catdlyst  Oxidat Converson TOF (HY) Product distribution (mol.%)°

(mol %)
EP oL ONE DIOLS
1-Hexene TS-1 HP 35 087 2 - - 71
U+HP 42 104 oY - - 6
UHP 47 117 B - - 2
Cydohexene  TS-1 HP 38 0.97 2l 2 8 69
U+HP 41 104 % - - 4
UHP 45 114 O - - 1
TS-2 HP 40 101 2% 2 10 62
U+HP 42 106 A - - 6
UHP 44 111 e S] - - 2

@ Reaction conditions Subgtrate : Oxidant (mol/mol) = 4.0; Solvent = Methanol; Substrate :
Methanol (wt/wt) = 1.0; Reaction time (h) = 12; Catayst wt. = 20 wt.% of the subgtrate; T =
313 K; P See dso Table 4.3; © EP = 1,2-Epoxyhexane and cyclohexene oxide OL =
Cyclohexeneol; ONE = Cyclohexenone, DIOLS = 1,2-Hexanediol and mixture of cigtrans
1,2-cyclohexanediols

In the presence of agueous HO,, dlylic oxidation of cycohexene (~10 mol%) occurs &
the a-carbon of the C=C double bond to produce undesired cyclohexenol which then further

oxidized to more dtable cyclohexenone via radicad type mechanism. However, in U+HP and

140



4.2. Oxidation Reactions : Results and Discussion

UHP systems, nether cyclohexenol nor cyclohexenone were produced in detectable quantity,
mainly due to the anhydrous nature of the oxidizing agents. As expected, it is observed that
the 1-hexene and cyclohexene converson as well as the sdectivity for epoxides incresses as

the hydrogen peroxide becomes more and more anhydrous in nature (HP <U+HP <UHP).

4.1.3.2.5. Explanation for high epoxide selectivity over titano-silicatesU+HP or UHP
systems

It has been reported that the presence of protic solvents with high degree of polarity (eg.
water, adcohols etc) generates acidity on active Trcenters in titanium-slicae molecular
geves leading to the formaion of coresponding isomerized and hydrolyzed secondary
products paticularly for epoxidation resctions. These types of phenomena ae not only
observed for TS1 and TS2" but dso for other sllica based Ti containing cataysts eg. Tk
b,* Ti-MCM-41" etc. The Ti-OOH species formed by the interaction between framework Ti
atom and HO, molecule, is ale to form a gtable five membered cyclic structure with a donor
hydroxyl moiety coordinated on titanium (species 1) as shown in Scheme 4.1. The enhanced
acid drength may be generaied in charge-separated species (species 1) due to greater
hydrogen bonding. The acid centers (species | and IlI) are able to catdyze the epoxide ring

opening. When agueous H;O, is used as oxidant for epoxidation reection, the sdectivity of

e) M o-_d HE
—0 — —0 &
\/ 9 ./ 0
@) /TI\O/H @) /TI\ _H
—0 | —0 |
R R
R=H,Me

Scheme 4.1 Different cyclic Ti-gpecies active for epoxidation reactions.
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the desred epoxide was poor manly because of its isomerization and hydrolyss to form
hydrolyzed and cleaved products, catdyzed by the acid centers generated on Ti-containing
molecular Seves. However, in te case of U+HP system, the sdectivity of epoxide increases
congderably. This is mainly due to the presence of urea, which acts as a dehydrating agent as
well as buffer for the sysem and thereby reduces the acid catdyzed isomerization and
ceavage of the desred epoxide Expectedly, maximum sdectivity of epoxide is achieved in
case of UHP system because of the absence of water in the reaction mixture. Still, the
formation of water molecules in the vicinity of active Ti-centers due to consumption of HO,
during epoxidation reaction causes some epoxide ring opening leeds to isomerized product.
In methanol, the sdectivity of Styrene oxide over TS1 is less compared to that in other
solvents (acetone and acetonitrile) aso because of the same acid cadyzed isomerization of

the epoxide.”®
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CHAPTER 5
SUMMARY

AND
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The present thess gives an account of synthess characterization and catdytic
aoplications of mesoporous metdlo-slicate and organo-slicate molecular Seve materids
Microporoustitano-slicates (TS-1 and TS-2) are dso included for comparative purpose.

The chapter one provides generd introduction to the sdient features of microporous and
mesoporous molecular Seves with paticular emphass on different synthess routes and
mechaniams proposed for the formation of mesoporous materids. The modified (medlo-
dlicte and organo-slicate) MCM-41, ther synthess and different physicochemica
characterization dong with potentid cadytic gpplications are briefly discussed. The scope
and objectives of the present thesisis dso briefly mentioned at the end of the chapter.

The chapter two gives the detaled description for synthess of mesoporous slicae,
metdlo-slicate, and organo-slicate materids obtained in the presence and/or the absence of
promoters. It dso includes a brief description for the synthesisof TS 1 and TS-2.

The Chapter three presents a brief compilation of various spectroscopic (XRD, EDX,
diffuse reflectance UV-Vis, FTIR, solid state MAS NMR and EPR), microscopic (SEM and
TEM), volumetric (adsorption and surface area andysis), and thermogravimetric (TG-DTA)
methods used to characterize the materids synthesized in the present sudy. The results of
different physcochemicd characterizetion of vaious mesoporous and — microporous
materiads are discussed in detall in this chapter.

The chapter four (Section 4.1) describes the sdective acid catdyss (isopropylation of
nephthaene, dehydration of cydohexanol and acylation of dcohols, phenols amines and
thiols) over AFIMCM-41 and Ce-MCM-41 molecular Seves. Section 4.2.0f this chapter deds
with the sdective oxidaion cadyds (hydroxylation of I1-ngphthol and epoxidetion of
different olefinic compounds) usng Ti-MCM-41, V-MCM-41 and CeMCM-41 as wdl as

TS-1and TS-2 molecular Seves.
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Conclusions:

Synthesisand Character ization

O The presence of catdytic amount of promoter oxyanions of group VA, VIA and VIIA,
gther in thar acid or <t form, in the synthess mixture of MCM-41 type mesoporous
materids, reduces the synthess time congderably. The results show that the effect is
quite generd and is applicdble not only to SMCM-41 but dso to AFMCM-41, Ti-
MCM-41 and V-MCM-41 materids Promoters having higher polarizing ability @/r, A%
ae more effective for the faster synthess of MCM-41 maerids The materids
charecterized by different techniques show that the qudity of maerids obtained in the
presence of promoter(s) were comparable with, if not better than, that of corresponding
meaterids obtained in its absence.

Q All the CeMCM-41 samples synthesized hydrothermdly by different procedures are
having very high surface area € 1000 ntg?) with pore sze of ~3.0 nm. Evidences for the
presence of Ce in the framework and/or wadls of glica matrix were obtained from
different spectroscopic, microscopic, volumetric and  thermogravimetric  characterization
techniques. The absence of significant broadening of the C signd of the CHs and CHz
groups dtached to N of the surfactant reveds the absence of a charged framework,
suggesting the incorporation of Ce in its +4 oxidation state. Further, dl the CeMCM-41
samples are EPR inactive, indicating the incorporation of Ce as C&"™ ions and not as Ce**
ions. Although, the FTIR spectra of chemisorbed pyridine shows only Lewis acid Stes in
Ce-MCM-41 samples, the same for chemisaobed ammonia shows the presence of very
weak Bronsted acid Stes dso dong with strong Lewis acid Sites.

U The organofunctiondized MCM-41 maeids syntheszed by in stu as wel as post
gynthess method and characterized by spectroscopic (XRD, IR and MAS NMR),

volumetric (surface area and pore size measurements) and chemicd (Al, C, H, N and S
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methods suggest that well-ordered MCM-41 materids with intact organic functiond
groups anchored to the slica matrix of MCM-41 were prepared.

U Direct spectroscopic evidences for the formation of different Tisuperoxo complexes by
the solid-solid interaction between Ti-MCM-4UTS-1/TS-2 and urea-hydrogen peroxide
adduct were obtained from the characteristic continuous absorption band in the UV-Vis
region (300500 nm) and the anisotropic EPR spectra for the superoxide radicd attached
to Ti(IV) centers on different titano-slicates. In the presence of agueous H202, however,
the different EPR dgnds originating from non-equivdent Ti-environments seem to loose
ther inequdity leading to the observation of two broad sgnds mainly due to the presence
of water (coming from agueous H:0O,), which increases and/or equdizes the coordinaion

number of different Tigpecies during the formation of Ti-superoxo complexes.

Catalysis

U Compardble cadytic activities and product Sdectivites of AFMCM-41  (in
isopropylation of naphthdene by isopropandl) and Ti- and V-MCM-41 samples (in
hydroxylation of 1-ngphthol and epoxidation of cydohexene usng different peroxide
sources e.g aqueous HO,, UHP and TBHP) prepared in the presence and the absence of
promoters dso indicate that the active AF, Ti and V-dtesspecies must be smilar in
nature present on these catayds.

0 CeMCM-41 samples show dud (acid as well as redox) cataytic properties. It is active as
solid acid cadys for the dehydration of cycdohexanol and chemosdective acyldaion of
dcohals, amines and thidls induding bulky deroidd molecules  Similaly, its activity
towards the hydroxylaion of bulky 1-ngohthol shows its redox cataytic properties.
Higher activity of CeMCM-41 samples in comparison to CeEx-MCM-41, Celm-MCM-
41, and SO,-CeO, samples is indicaive of the presence of highly dispersed tetra-

coordinated Ce in S-rich environments. Comparison of cataytic activity of CeMCM-41
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with Lewis acidic Ti-MCM-41 and ZrMCM-41 shows that CeMCM-41 is a better
cadys for chemosdective acylation reections than the corresponding Ti- and Zr-
andogues.

A highly sdective heterogeneous cataytic method for the preparation of epoxides from
the corresponding olefins has been demondrated usng anhydrous urea-hydrogen
peroxide adduct as the oxidizing agent in the presence of Ti-MCM-41, TS1 and TS-2. A
ggnificant increese in the Sdectivity of the desred epoxides could be achieved when
ureahydrogen peroxide (UHP) and U+HP (urea and agueous HO, added separately for
the in stu formation of UHP) were used as oxidants ingtead of agueous H>O,. The
controlled release of anhydrous H,O, from UHP is the main reason for enhanced epoxide
sdectivity. Urea present in UHP or added separately in agueous hydrogen peroxide
(U+HP) not only acts as a dehydrating agent but dso as a buffer for the system, which

minimizes further acid catalyzed isomerization and hydrolysis of the desired epoxide.
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