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1.1 INTRODUCTION

" Zeolites are microporous, crystalline, hydrated alumino-
ailicate molecular sieves, containing rigid three dimensional
infinite' framework structure comprising of 8i0; and Al0,
tetrahedra linked through oxygen bridges and enclosing cavities
and channels of molecular dimensions. The net negative charge of
the framework generated by alumina tetrahedra, is compensated by

° the nonframework cations gemnerally belonging to the group I or II

or organic cations. Structurally, the formula of zeolites can be
repreaantedl by itas unit cell composition as,

™ Mysn [ (A10p), (8iOp), 1 . z HyO
where * M ° is an exchangeable cation of valence ‘n". The sum
(x+y) is the total no. of tetrahedra in the unit cell. According
to Loewenstein rulez, the lower limit for y/x ratio tends to a
value of 1.0. " The parenthesis represents the framework

composition and “z® is the number of water molecules occluded in

" the zeolite cavities. The iszomorphous subatitution of Si4+ or

A13* by other metal ions like B3*, Ga3*, Fe3*, 3%, vi*, 714t

© and 2r4+ Hiﬁ the zeolite framework is an emerging area in the

zao}ite catalysis. These are called as metallosilicate molecular
sieves.
1.2 HISTORICAIL, BACKGROUND

Zeolitea, a group of minerals, consasisting of hydrated

" alumino--gilicates were first recognized by Swedish mineralogist

CronstedtS in 1756 with the discovery of stilbite. The term

zaolite waé coined for these minerals because they exhibited a

. phenomenon of "intumescence”, when heated in a blow pipe flame.
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"hThe word is adopted from two Greek words viz. “Zeos™ ‘meaning, to
boil and “lithos™ meaning stone. In 1846, Damour? demonstrated
that zeolites would be reversibly dehydrated without alteration
of the structure and morphology. The property of dehydrated

" zeolites to occlude liguids such as alcohol, benzene and mercury
was first observed by Friedel®. In 1909, Grandjean§ reported that
dehydrated Chabazite adsorbed gases like ammonia, air, hydrogen,
carbon disulfide, hydrogen sulfide, iodine, bromine and even
mercury ‘at higher temperature. In 1925, Weigel and Steinhoff’
observed that dehydrated chabazite rapidly sorbs the vapors of
water, methyl and ethyl alcohol and formic acid. They also
‘observed that acetone, ether and benzene are largely excluded.
McBain® was the first to recognize the importance of these
results and attributed them to the difference in molecular sizes.
He coined the term “"molecular sieves" for materials capable of
exhibiting this type of selective adsorption.

1.3 NOMENCLATURE
. The International Zeolite Association Structure Commission
and ° IUPAC have assigned structural codes to the known synthetic

and natural. zeolitesg'lo.

Designations consisting of three
capital letters have been used to identify structural types. The
codea for the zeolite identification have generally been derived
from the ﬁames of the type species and exclude numbers and
characters other than Roman letters. The codes for the type of
tﬂe structure do not depend on the chemical composition,
distribution of the various possible T atoms (314*, A13+, 95*,

Ga3+, ‘Ge4+, Ba+, Baz+, Ti4+ ete.), unit cell dimensions or
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“ ecrystal symmetry.

1.4 CLASSIFICATION

.- Bince 18950, about 40 natural and more than 150 synthetic
zeolite species have been investigatedll. Zeolites are
classified according +to worphological characteristiclz,

13"15, chemical compositionl®, effective port

" erystal structure
diameter!7+18  and natural occurrences!®. On the basis of
morphologicaf characteristics, 3zeolites are classified as
fibrous, lamellar and those having three dimensional framework
structures. The fibrous zeolites have their. linkages of
tetrahedra more numerous in one crystallographic direction. The
“"lamellar” "zeolites a;e noted by having their structural linkages
more numercus in one plane and are characterized by a platy
cleavage. The “framework atructures" have the binding of the
aluminosilicate tetrahedra of similar strength in all directions.
The tectosilicates in general and zeolites in particular are =so
diverse that secondary structure units, based on small groups of
linked tetrahedra are needed in describing and systematizing
i their topologies. Meierl? in 1967 proposed the secondary building
units (SBU) as‘the‘smallest number of such units from which known
zeolite topologies could be built. Depending on the differences
'in' the Spul4»15 the crystal structure of =zeolites can be

. classified ‘into ten groups viz. Analcime, Natrolite, Chabazite,

Phillipsite, Heulandite, Mordenite, Faujasite, Laumontite,
Pentasil and Clathrate.
Clagsification of =zeolites according to their chemical

composition (silica to alumina ratio) include, four distinct
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groups, low silica, intermediate silica, high silica  and’ pure’
silica molecular sieves as illustrated in Table 1.1.

Classification of zeolites according to their natural
occurrences are of interest to earth scientists or geologists.
Zeolite occurrences in bedded pyroclestice and siliceous
‘volcanic. flows comprise the commercially significant zeolite
beds. Other natural occurrences of zeolites have been found in
amyydaloidal basalt, deep sea sediments, fracture-filling of
hydrothermal veins, plays lake beds, hot springs, and regional
matamorphismls. ‘

Zeolites can be éonveniently clasggified according to the
pore opening defined by the number of TO4 units that form the
17 has made such a classification of zeolites into
five groups. Sandl® later modified this classification into three
. mgjor groups, according to the largeast ring present in the
- atructure of each zeolite (Table 1.2). This classification does

not give an indication of exact dimension of the pore opening or

whether ' the zeolite has uni-, di-, or ¢tri- dimensional pore

> gystem. Although not shown in Table 1.2 recently very large pore

)20 containing 18 membered

aluminophosphate molecular sieve (VPI-5
rings have bgen synthesized (pore size 1 nm).

Zeolite ZSM-5 is a medium pore zeolite having 10 membered

" pore system and belongs to the family of high silica

aluminosilicates (type MFI) with silica to alumina ratio from 10
~to infinity and 5-membered T04 rings occur predominantly (MFI).
Due to structural peculiarities and broad range of acidity, Z8M-5
is a potential "catalyst for certain industrially important



Table 1.1

" Classification of zeolites according to chemical eo-poaition?

8i/Al ratio

Class Examples
"Low” Silica 1.0-1.6 A, X, Sodalite
“Intermediate” 2.0-56.0 (a) Natural zeolites :
Silica Erionite, Chabazite,

"High” Silica

’ Silica’pp{g@g%ar”'

- sievesi_ ]

10-geveral
thousand

Several
thousand to oo

(b)

(a)

(b)

Clinoptilolite,
Mordenite

Synthetic zeolites :
X, ¥, L, Large-port
Mordenite, Omega

By thermochemical
framework modification:
highly siliceous
variants of Y, mordenite,
erionite.

By direct synthesis :
ZeM-5, ZSsM-11, EU-11
EU-2, Beta etc.

gilicalite

" % Ref. 18 ~



Table 1.2

Classification of zeolites according to the largest pore opaning*

" Small port Intermediate port Large port
(8 membered) ~ (10 membered) (12 membered)
Zeolite A ZEM-5 Cancrinite
ZK~-6 ZSM-11- Faunjasite
‘Bikitaite - ZsM-23 Linde X,Y,L
Brewsterite © Z8M-22 (Theta-1) Gmelinite
Chabazite ZSM-48 (EU-2) Mazzite

* TMA-E Z8M-50 (EU-1) Mordenite
Edingtonite Dachiardite Offretite
Erionite Epistilbite Omega

* Gismondine Ferrierite Z5M-12
Merlinolite ) Stilbite Beta
Levyne Heulandite NCL-1
Lauvmontite
Natrolite
Paulingite
Phillipsite
Rho -

Thomsonite
Yugawarolite

*.- Ref.17
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- reactiona. e.g. Xylene isomerization, aromatiszation of ~alkanes,

o

s cracking of higher alkanes and hydrodewaxing.

. The present work mainly deals with the aynthezsis,
characterization and hydrocarbon conversion reactions over

~ pentazsil (MFI) zeolites.

1.5 ISOMORPHOUS SUBSTITUTION

* T-atoms of the zeolite molecular sieves can be isomorphously
" substituted by other di-, tri-, tetra- -and pentavalent metal
" lons. The isomorphous substitutions, not only alter the physico-

chemical properties but also change their catalytic behavior. The

' firat isomorphous substitution in the lattice was reported by

Goldamith?! in which 8i%* was replaced by Ge?*. Barrer??

‘r clasaified the isomorphous replacements in zeolites in four

different categories as, (1) Cation exchange, (2) Introduction of
isomorphous element in the zeolite framework, (3) Isomorphous
replacement of isotopes and (4) Replacement pf intracryatalline

salts and molecular water. The location of the substituted

. cations can be any one or more of the following sites in the

zeolites :

1. PFramework sites

2. Exchange positions

3. Inside the pores or on the external sites as a metal oxide.

" 4. Defect sites

The modification of zeolites by isomorphous substitution imparts
additional properties to zZeolites which may léad to interesting

catalytic applications.



v’
10

" Pauling’s theoryza predicts the possibility of isomorphous

substitution and the stability of that particular metal ion in

" - the zeolite tetrahedral framework. According to the Pauling

criterion, the substituent metal ion is stable in the tetrahedral
‘framework when it is in the range 0.414 >f> 0.225 ( f = ry/r,
" where r, is the radius of oxygen and r, 'is the radius of
substituent cation). The above range can be wmodified as,
0.439 >f > 0.238 by using Goldschmidt s> oxygen radius value
as 1.32 A. However, metal ions like Ga3*, Fe3*, Ti%* and v%*
for which values of ¢ are out of range, can be successfully
~ gubstituted into zeolite tetrahedral framework due to their
stability in tetrahedral environments.

The tetrahedral occupancy of the substituted metal ion can be
characterized by the different technigues . such as XRD, IR,
MASNMR, ESR, UV-VIS, XPS, Photoacoustic spectroscopy, ion
exchange capacities and by catalytic test hydrocarbon conversion
reactions.

Isomorphous substitution can be achieved either by direct
hydrothermal synthesis or by post syntheais methods. Wilson et
al.24 synthesized an important family of molecular sieves called
- aluminophosphates (ALPO) containing equal moles of A13* and P5*
ions in the lattice. Metalloalumino-phosphate (MeALPO) have been
*reported®4:25 by isomorphous substitution of Co2t, Fed*, wMg2t,
zn2*, Be?*, B3, 'Gad*, crdt, Ti%, V4 and M3 in the framework
of ALPO. "~ In other class of wmolecular sieves, silico-
aluminophosphates (SAPO’s) in which ailicon is substituted for
aluminum or phosphoroua in ALPO framework. ALPO does not have

€ARR. BALASAHEB KHARDEXAR LIBRAR

CMIVAII LNIVEQTITY X (N MAPOS
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“ Bronated acidity becausé of neutral framework:. ~SAPO: hés ‘weak"

acidic properties and can exhibit ion exchange. Both ALPO and
SAPO have good thermal and hydrothermal stability.
1.6 HYDROTHERMAL SYNTHESIS OF ZEOLITES

Much of the success in laboratory syntheses has come from
“the duplication of the conditions?® that produce natural
zeolitea. ~
In the late 1940's the firast systematic laboratory =zeolite

synthesis was carriad out by Barrer27

. He was able to synthesize
. successfully from silica-alumina gels and alkali metal
hydroxides, the synthetic counterpart to the natural =zeolite,
‘mordenite. Since this time research on the synthesis of zeolitea
has accelerated” and numeroua synthetic =zeolites, for which no
known natural counterparts exist, have been synthesized. Zeolites
A, L and 25M-5 are examples of the success in this area. Since
1950, about 40 natural zeolites are knoﬁn while more than 150
" synthetic zeoiitea have been reportedll.

The essential process involved in the hydrothermal synthesis
of most of the zeolites, is the conversion of amorphous reactive
aluminosilicate gels into crystalline ones, in the presence of
agueous solution of alkali and/or alkaline earth metal hydroxide
at higher temperature (298 - 673 K)28. Although zeolites are not
often forsed "sbove 623 K in a hydrothermal system®®, high
temperature synthesis of analcime, clinoptilolite, Ferrierite and
mordenite have been reported%s.

The actual mechanism of zeolite crystallization is not well

"understood ' because of the complexity of the interactions

O
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-“ occurring in the hydrothermal magma. 8and0 has summarized the
simultaneous reactions that can occur during synthesis as:
1. Precipitation of a gel
. 2. Dissolution of the gel
3. Nucleation of zeolite
4. Continued crystallization and crystal growth of the =zeolite.
5. Dissolution of the initial metastable phase
6. Nucleation of a more "stable" metastable phase or phases

7. Continued crystallization - and crystal growth of the new
‘ "erystalline phase while the initial crystals are dissolved.
8. Dissolution of the metastable phase
" 9. Nucleation of the equilibrium phase
10.Crystallization and crystal growth of the final stable phases.

The .crystal growth occuras from the solution phase. The gel

composition of structure, which determines the resulting =zeolite
composition " and structure, is largely dependent on the solution
- chemistry prior to gel formation. Temperature, pH, aluminate,
. hydroxide-and silicate ion concentrations, aging of other species
present in solution (i.e. alkali cations) will each play role in
determining thia solution chemistry. There are other phyaical
. variables ‘sucﬂ as the order of mixing, rates of addition of
aluminate to =silicate solution, or vice versa and rate of
* agitation which affect the solution chemistry. The chief role of
the so0lid gel is to supply silicate and aluminosilicate species
to the solution and control its composition by solubility
equilibriaSl.

In the zeolite synthesis, the level of supersaturation is not
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readily controlled. The high supersaturation, normally “encounter-
ed, give many nuollei and lead to rapid crystal growth,
consequently forming smaller and faulted cryatals. Thease effects
. can be reduced if the solid phase of the reaction mixture is

zeolite itaself. In such recryatallization, the supersaturation

" 48 wusually leas than that formed by amorphouz gel solidas and

hence the ci-yatais formed are larger and more perfectsz.

" For the low silica variety (i.e. zeolite A, X, Y), organic
cations are not used. Here alkali cations play a major role in
the nucleation mechanism by permitting depolymerization of the
" gel, “through stabilization of aluminosilicate complexes such as
secondary building units which come together to form nuclei or
precursors to zeolite crystals. After 1960, siliceous =zeolites
(higher §i05/Al505 ratio) could be synthesized through the use of
certain’ organic cations particularly alkylammonium cations0.
The zeolite product is stabilized by the guest species that fills
‘the chammels and cavities of aluminosilicate framework. A
thermodynamic treatment showsSl that these gueait. molecules lower
" the chemical potential of the framework. In aluminous zeolites,
inorganic cations and water molecules fulfill this function
whereas in hydrophobic clathrasils neutral organic guest species
- lower the chemical potential of the framework3C. '

The inorganic cations used during synthesis greatly influence
" crystal morphology, ¥ crystallization and the yield of productl‘s.
The template used can be a charged, a neutral or an ionic pair.
The role of templates like tetraalkylammonium bromide may 'be as,
1. to act as donors of hydroxyl ions, thus helping to increase
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- the solubility of aluminate ahd silicate ionms,

2. structure-directing agent for the formation of =zeolite

* crystals,

" 3. for balancing the framework charge.

. 'The advances in the area of new molecular sieve materials
have come into practice in the preparation of zeolite structures
containing framework components other than aluminum and sgsilicon.
“The isomorphous substitution of A1t op s34t by Ba+, Ga3+, Ge4+,

- Be2*, 'Ti%*, V4 greatly modifies the properties like acidity, ion
- exchange, thermal stability and éheir catalytic behavior.
‘1.7 STRUCTURAL FEATURES OF ZEOLITE ZSM-5
The term pentasil was proposed by Kokotailo and Meier3® to
‘designate the group of structures having 5-1 secondary building
units. The silica and alumina tetrahedra®? which make up the
framework of Z5M-5 consists of eight 5-membered rings. This
structural unit is linked repetitively through its edges to <form
a chain configuration as shown in Fig. 1l.la. A skeletal
*~diagram®? " of the unit cell of ZSM-5 along (010) and (100) face
is shown in Fig. 1.1b and Fig. 1.1lc respectively. The elliptical
10-membered ring apertures (5.2 X 5.8 A) shown in Fig. 1.1b are
entrances ' to  structural channels parallel to the (010)
crystallographic direction. The nearly circular 10-membered ring
apertures (5.4 X 5.6 ﬁ) as shown in Fig.1.1c, are the entrances
" “to 'the sainusoidal channels which extend parallel to the (100)
crystallographic direction. The channel system of 28M-5,
+ consisting of both sainusoidal and =straight channels, ie
illustrated in Fig. 1.14d.
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Fig.1.1 . Structure of MF| type zeolite. a) Pentasil chains

showing the building block of MFI , b) Skeletal
diagram of the [0101 face of the MFI unit cell,
c) Skeletal diagram of the [100] face of the
MF1 unit cell , and d) Channels of the

zeolite MFI.
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~ Zeolite 2SM-5 has orthorhombic symmetry and belongs to the. ™

" space group P, . with lattice constants a = 20.1, b = 19.9 and
c =18.4 A. However, a revefsibie transformation to monoclinic

' symmetry has been observed due to certain treatments such "as
calcination, 8i095/Al,04 ratio and ion exohangeas. The framework

 dénsity is 17.9 (Si+Al) per 1000 A3 while unit cell  volume is

‘5363 AS. The Z28M-5 is a medium pore zeolite with unique -channel

" structure. The composition of the unit cell of Na/Z5M-5 is :

" Naj,[Al, Sigg ., 0192 - 16 H)0

" where n < 27 and typically equal to 30 This formula indicates

© the bulk $5i05/Aly,03 ratio. It does not imply however, -“that the
silicon "“and aluminum ' are homogeneously distributed within

~individual zeolite corystallites. The number of Al atoms per unit
cell ‘is obtained from the relation,

Npy; =96 / [1 + (Ng3+Naq)d
* where Ngij., Njj are gm. atoms of Si and Al respectively.
1.8 PHYSICO-CHEMICAL CHARACTERIZATION OF ZEOLITES.

+ 1.8.1 ZX-ray diffraction (XRD) : X-ray diffraction is one of* "the
most  important techniques used to identify (i) =zeolite
structureS’, (ii) Purity of the zeolite, (iii) ¥ crystallinity,
(iv) aﬁnié“éﬁilJEaramatersaﬂ,‘(v) crystallite size and also (vi)

*“to understand ‘the ‘kinetics and mechanism of crystallizationS’ 43
Since the powder pattern is the fingerprint of the individual
zeolite structure, X crystallinity and phase purity of the
synthesized catalyst can be compared with the reference catalyst.

The wunit cell volume calculated from different data is

senaiti;é44*43”'t6'the framework aluminum content. The unit cell
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volume expands with decreasing 8i0,/Al;0g ratio hnd'thuS‘prbvides“‘
-the valuable framework compositional infbrmat;on ‘about  the
structure. The incorporation of elements other than Al in the
" framework of the zeolite, can be correlated with the change in
the unit cell volumed4:47,

1.8.2 Infra red (IR) spectroscopy : The mid-infrared region
" (1200-400 cm™ 1) is used to characterize and to differentiate
various =zeolite structurea48’49, particularly when XRD fails
owing to the presence of very small crystallites and may even
give an approximate crystallinity of the =zeolite. Systematic

inveatigationsso'sz

on infrared spectroacopy on the framework and
fundamental structure for many minerals and synthetic zeolites
. have been published®® 52, It is found that asymmetric stretching
vibration of Si-O or Al-O band occurs at about 1000-1100 cm™! and
is related to the amount of Al atoms present in the zeolite
framework®35%, 1t was argued that the frequency of the double
five membered rings is senzitive to the topology and building
- units of the zeolite frameworkd8:49 A pand aé 550 om ! was
assigned to the stretching vibration of these units in Pentasil
© (MFI,MEL) zeolites.

" Isomorphic substitution and its effect on Bronated acidity

. can be studied by IR aspectroscopy. The IR absorption bands around

"8600-3700 cm™! confirm the presence of silanol and/or bridged
hydroxyl groups in the ze0litea®® 57 and their Bronsted acidity
strength can be compared .

‘The FTIR studies on zeolites in the region 1400-1700 cm™1
T after abeorptién of base molecules like pyridiy and ammonia®8
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' ‘have been reported for the detéction and the estimation of“"acid *~

. strength. Isomorphous substitution in place of aluminum causes

" shifts in the bands due to Bronsted acidity which correlate well
with the resultant acidity®9-60

1.8.3 Nuclear magnetic resonance (NMR) spectroscopy : Lippmaa et
al.8! have demonstrated that 29gi-MAS (magic angle spinning) NMR
spectra were sensitive to the nature and chemical environment of
the atoms. The application of this technigue to the study of
‘synthetic zeolites has been reported for 2ZSM-552 and
faujasitassa. From the zeolites point of view NMR technique
serves as a guide to- find that there is sastrong paramagnetic
influence of 4 co-ordinated A1%* substituting for Si%* in the
" second co-ordination sphere of 8i4*. Thus in the solid state 29sj
|- MASNMR of zeolite, the chemical =shifta relative to Si(CHg),
enables one to determine whether there are present groupings with
© 8i%* 1inked through oxygen to 4, 3, 2, 1 or 0 other silicon atoms
(and hence to 0, 1, 2, 3, 4 aluminum atoms reapectively).

Solid state MASNMR spectroscopy for 2981, 2701 can ehow
evidence®1 62 for the tetrahedrally coordinated atoms from the
- zaolite lattice and the concomitant deposition of octahedrally
. co~ordinated aluminum, if present in the pores of the gzeolite.
Thus considerable knowledge has been obtained during the last few
years about the structures of zeolibes from the study of their
293£, 27Ai; T1gqe 'MASNMR ‘spectra®d-65,

‘1.8.4’ Thermal ' analysis : Thermo-analytical technigque has been
fbund66"67"t0'yield’the information on the mechanism as well as
the thermal ~behavior of the syntheasized =zeolites. Thermal
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“ properties can be related to other physico-chémical “propérties of -

"zeolites. Thermal stability of zeolites is an important parameter
for their application aa' selective sorbent and catalytic
activity. ' The thermal stability of the zeolites®/ 68 ig
" determined by the DTA/TG curves. The splitting of low temperature
‘endothern®® “is used. to identify the location of the water
. molecules' and to study kinetica of desorption of water
"molecules’®. It is known that thermal stability of seolite
framework structure increases with the increase in the silica to
alumina ratio’} and-the method of thermal/acid treatment’< or ion
exchange. The ‘silica—alumina ratio plays a major role in the
symmetry change of 285M-5 zeolite which has exueptional;y high
degree " of thermal and hydrothermal stability®. Silicalite, the
end member of ZSM-5 series is stable in air upto 1373 K and is
" then converted slowly to amorphoue silica at 1573 K73-74,
" 1.8.5 Sorption and diffusion properties : Zeolite molecular

sieves have uniform pores and internal channels are of molecular

* dimensions. The chammels and cavities constitute a high

intracrystalline surface area accessible +to molecule of

3 demonstrated that water

comparable size. As early as 1848 Damour
could be reversibly removed from a zeolite without altering its
crystailine‘”iramawork. Sorption of various gases and vapors on
" the natural as well as synthetic zeolites has been extensively
studied by Barrer and coworkersa 0718, The sorption properties of
zeolites have been reviewed by Kiselev/'!. The selective
adsorption of molecules into zeolites depends on, 4

1. molecular size of adsorbate,
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- 2. polarizability and polarity of the adsorbate, '™

3. organophilicity and hydrophobicity of the =eolite host
" gtructure,

4. degree of unsaturation of organic adsorbates and

" 5. polarizing power of the hoat cations.

B Studies on the sorption characteristic of zeolite can provide
information about their,

-"1. void volume,

2. size of thé"pore openings which depends on the ring =sise,

- 3. level of crystallinity and crystal size,

- 4. acidity,

6. diffusion properties and crystal blockages if any.

. The void volume of porous geolite is often determined by low

+ temperature " (78 K) nitrogen sorption. Analysis of such sorption
‘isotherm have been found to be useful in determining the
. micropore volume "and pore size distribution of composite
‘materials containing molecular sieves'0*79,
" Meisel et al.80" found that n-paraffine and monomethyl--
- paraffins diffuse more rapidly than dimethyl substituted
paraffins in the ZSM-5 channel system. Olson et al.81 have found
that the sorption characteristic of ZSM-5 is composition
dependent. They also observed that the ion-exchange capacity, the
catalytic activity and the hydroﬁhilicity of the 3zeolite is
linearly dependent on the Al content in the framework. Moreover,
sil?calitg. exhibits surface adsorption selgctivity and can
distinguish between ?rganic molecnlés and water. Flanigen et

al.BZ,-while"sbudying the morption properties of silicalite, have
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" found that benzene with a diameter of 0.586 nm is adsorbed “while

neopentane with a diameter of 0.62 nm is rejected. The activation
energies for diffusion of some alkyl benzenes in Na/ZSM-5 at
523 K and 623 K have been also reported by Weisz83.

Sorption of basic molecules like nBABY, NH3%® and of acidic

“"moleculés” like 65286, inh zeolites gives useful information on the

+

strength and density of acidic and basic =aites respectively.
Sorption isotherms of these molecules in geolites enables us to
arrive at sorption energetics including applications of different
sorption ‘models, evaluation of thermodynamic parameters like
chemical affinity,” isoasteric heat of sorptionm and entropy of
sorptiona. In heterogenecus catalysia, adsorption and diffusion
properties control the overall rate of the chemical reaction at
the catalytic site. The diffusion in the zeolite catalysts may be
divided into three types,

1. Configurational diffusion : It occurs in situations where the
structural dimensions of the pores approach those of molecules.
Bven a.aubtle change in the dimensions of a molecule can result

in a large change in its diffusivity.

' 2. Kundsen diffusion : 1t occurs when the mean free path of

molecule is comparable to the pore diameter. Such conditions
being usual in gas phase reactions on catalyat with pore
dismeters in the range of 30-1000 A.

3. Bulk diffﬁéion : occurs when the mean free path of the
molecule is much smaller than the pore diameter. Molecular

collisiona are more frequent than collizions with the wall, the

" rate of diffusion unaer such conditions being independent of the

L
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- catalyzed reactions

pofe radius. .

1.9 CATALYTIC REACTIONS OVER ZROLITKES.

- 1.9.1 As a characterization technigue : Model test reactions can

be used as tools for characterization of catalysts. Information

- concerning the pore structure of zeolite materials possessing
‘potential  catalytic applications can be obtained. These model

reactions are classified into two categories,

1. Acid catalyzed reactions; 2. Bifunctional catalytic reactions.
In ‘acid catalyzed reactions, the constraint indexB7 compares the
relative rate constants of n-hexane and 3-methylpentane cracking

‘undét a given set of conditions. From the ratio of rate

constants, the pore size of zeolites can be differentiated. Acid
BB-are sensitive to reaction temperature as
well "as the strength of Bronated acid sitea. These reactions

affect the cracking rate ratio. For distinguishing large and

- medium pore” zeolites, acid catalyzed reactions such as the

P
3

isomerization of xylenes and disproportionation of ethylbenzene

T were uaedag. In the catalytic cracking of Cs paraffins, changes
" in the product distribution with the change in the structure have

been observed?®. Conversion of naptheneaﬁg and conversion of n-

décéﬁéglzTﬁie'the two bifunctional  test reactions that have been

. considered for generating structural information.

1.9.2" As an industrial process : Zeolites are used as catalysts

in” wvarious refinery operations, petrochemical and organic

- reactions becaugse of their high thermal and hydrothermal

stability, ‘high acidity, molecular sieve action and Aragenerahion

capacity! ‘These structural factors are of special interest in
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various hydrocarbon conversion reactions. Weisz and coworkers®2 '

were the first to report molecular shape selective cracking of
paraffin, olefin and alkyl aromatics and have established that
the' locus of the catalytic activity is within the
intracrystalline pores. Acid sites are introduced into Na, K-
zeolites by,

‘1. acid treatment, -

2. ammonium eéxchange, followed by the thermal deammoniation to

get hydrogen form of zeolite.

. The strength and concentration of acidic’ =sites can also be

" altered by isomoiphous substitution of Al and S5i in the framework
by ‘other elements.

. The first zeolite used commercially in 1962 as a catalyst was
the large pore X zeolite belonging to the naturally occurring
faujasite family. Since then large number of purely synthetic
zeolites have found application as catalysts. A large number of
novel commercial processes have been developed in a relatively
short time using Z5M-5 zeolite catalyst93’1°1.

IA list of commercial processes based on selective catalysis
is given in Table 1.3. The catalysts used in these commercial
process include Erionite, Z8M-5, wide pore zeolite LTL and USY.

A numbsr’of processes like selectoformingl®?, M-formingl®3,
M-2 formf;g1°4; cyclarlos and Aromax19® have béen developed using
zeolite catalysts . and commercialized by Mobil 0Oil Co. and by
“British Petroleum Co. Gallium substituted ZSM-6 is reportedlO7-

< 108

08. 4a''a good catalyst for dehydrocyclization of normal alkanes.
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Table 1.3

Industrial processes based on shape selective zeolite catalysts

'y Name of the process’ "’ Objective
SELECTO-FORMING Octane booating
M~FORMING - -do- ™ |

" CATALYTIC CRACKING . ' -do-

. MDDW Distillate dewaxing

: MLDW ) : Lube dewaxing
M-2 FORMING, CYCLAR ° Gas to aromatics
MOGD - S Light olefins to gasoline

and distillate

MTG Methanol to gasoline

MTO T Methanol to light olefins
° MVPI,MLPI, MHTI Xylene isomerization

XYLOFINING

MTDP . . Toluene disproportionation

MEB, ALBENE ) Ethyl benzene synthesis

PARA SELECTIVE REACTION P-Diethylbenzene syntheais

p-Ethyltoluene synthesis




Ve 25

1.10 SCOPE OF THE PRESENT WORK

Isomorphous substitution of Al1S* by GaS* modifies the

physico-chemical and catalytic properties of the zeolites. The

" objective of the present investigation was the synthesis and

characterization of gallosilicate wmolecular sieves having MFI

"type structure. The scope of the present study includes the

i

* following aspects.

‘Hydrothermal synthesis of Al-, Pe-, Ga-, (Al+Ga) analogs of

pentasil (MFI) type molecular sieves using tetra ethyl-

butylammonium bromide.

Kinetic and mechanistic features of hydrothermal synthesis of

" MPFI type zeolite.

Physico-chemical characterization of MFI phases by different
techniques. ' —

Evaluation of n-butylamine sorption isotherms in terms of

different thermodynamié parameters and physical state of the

- "sorbed phase.

Catalytic evaluation in hydrocarbon isomerization, alkylation,

. disprdpnrtionation and aromatizatlion reactions.
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2.1 INTRODUCTION
| Zeolites are often crystallized by nucleation from the
‘1nhompgeneous supersaturated mother liquids. Therefore, the
'ofigih, ' the purity and the exact chemical composition of the
reactants used for their synthesis may sometimes be critical.
Hydrothermal synthesis of MFl type zeolites generally involve the
preparation of reactant mixture comprising of sources of ¢tri
and/or tetravalent metal ions, an aqueous base and in some cases
organic compounds such as quaternary ammonium compounds or an
amine and heating it under autogeneous praessure. Under
hydrothermal synthesis conditions, zeolitic structural units with
linked Al04 or Si0, tetrshedra with associated cations and water
molecules. In many instances achieving the right gel often
becomes the primary requirement for obtaining crystalline
material. The primary variables of this method are aynthesis
temperature, pH, reactivity of the silica source, ailica to
alumina ratio in the synthesie mixture and the nature and
concentration of the alkali metals. In all cases the hydrogel of
silica—-alumina is prepared by keeping pH value in between 10 and
12. Such a system is alwaye supersaturated with respect to the
concentration of its chemical constituents. Under hydrothermal
conditionas (873-473 K) this auperaapuration is then removed
through nucleation of metastable zeolite phases. After nucleation
of such a phase, the nuclei grow further to give larger crystals.
These crystals can subsequently be dissolved in the mother
'liquor and eventually other zZeolite phases may nucleate from it.

- As a consequence, the saynthesis time is also a primary variable.
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The use of quaternary organic ammonium salts in initial gel

L)

mixture bears the ﬁwp~effects as to influence 8i/Al ratio and
also structure of éhe zeolite.

| The aynthesis conditions of important zeolites using Najy0-
A1505-8i05-H,0 systems have been reviewedl™3. Becamse of the lack
"of th;rmodynamic equilibrium there is an infinite scope for
modifying - the reactanta and physical conditions to produce new
zeolites or to modify the chemical composition and physical
properties such as size and shape of the =zeolite crystals.

Lok et al.? examined the tsel-ehemistry‘ in detail. They
traced the importance of gel-aging in seolite synthesis. Usually
the aging is carried out at room temperature (298 K) during which
the bulk phyaical nature :gnd consequently intimate atomic
linkages change. Fyfe® reported the higher probability of the
crystallization of metastable phases from highly reactive gel-
- mixtures. In such systems, the initial maximum free energy
excess must be high with reapectlto final stable state. With
increasing 'teﬁperature of the éynthesis, more compact zeolites
are formed because of the greater reaction fates towards true
equilibrium.

Lowe® -has proposed a simple equilibrium model based on the
agsumption that in the initial reaction gel-mixture, the
amorphous solid i= in true or quasi-equilibrium with the solution
phage and on completion of the crystallization a similar
lequilibrium is established between the zeolite and its mother
}iqﬁor. The s&ope and objective of the present investigation on

zeolite céystallization covers two areas :
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(1) optimize synthesis procedure for partial (1:1 mole ratio of
Al and Ga) and total incorporation of Ga in the MFI type
framework with different Ga content,

(2) kinetic and mechanistic studies of such Ga incorporation.
2.2. SYSTEM FOR CRYSTALLIZATION OF PENTASIL (MFI) ZEOLITE

During the last 25 years, hydrothermal synthesis of high
silica =eolites in presence of organic cations was studied
extensivalyv. The addition of quaternary ammonium cations to the
gel during the synthesis of high silica zeolites e.g. pentasil
family has two effects viz :

' (1) They act as strong bases and add more OH ions to the eystem, -
and hence increase the pH and solubility of silica and the degree
of supersaturation of the system. Consequently zeolites with
higher silica content are formed (8i05/Al505 > 20)

(ii) They are able to foém'water clathrates ﬁnd possibly can
“clathrate” silica in such a way as to generate new zeolite
structures.

The isomorphous substitution of other tri- and tetravalent
elements like Bs+, Gaa+, Fea+, zrdt in place of A13* js of great
‘interest to the smcientists. |

Materials which supply the approximate oxides for preparing
zeolites of particular composition are sodium silicates/potassium
silicates/silica'gel/silicic acid for S5i0yp . Ga malts for Gay0g,
Al salts for AlyO3 , Fe salts for FegOg,sodium hydroxides for
Nag0 and quaternary ammonium compounds. The ecrystallization of

different isomorphas of Z8M-56 iz usually carried out from a
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hydrogel system with oxide mole composition :

MomO : Y (RgN)o0 : ToOz : X 8105 : Z Hy0
where T is Fe3+, A13+, Ga3t or mixtures thereof; Y are moles of
R§N+, the quaternary ammon;um cation; M ia the alkali metal
‘cation of valence n and X ére moles of Si0, and Z are water
molecules. In general RyN* can be triethyl-n-butylammonium
(TEBA), triethyl-n-propylammonium (TEPA), tetra-ethylammonium
(TEA), tetra-propylammonium (TPA) ions, equimolar mixture of
alkylamines + alkyl-bromides and from the alkali metal or
-smmonium cationB~10,
.2.3 EXPERIMENTAL
2.3.1 Prepargﬁion of triethyl-n-butyl ammonium bromide (TEBA-Br):
TEBA-Br was prepared by refluxing equimolar solution of n-butyl
bromide (Sisco 98%) and triethylamine (Loba 99%) |using

iaoprobanol as solvent till the condezation reaction is complete.

. The excess alcohol was distilled off and TEBA-Br crystals were

sépﬁrated by filtration, washed with isopropanol and dried at
‘363 K overnight. The microanalysis of the dry product for C, N
and PBr agreed with the theoretical values within + 0.5%. The
product vyield was BO¥. The product being highly hygroscopic was
preserved in an air-tight container. The reagents used for the

hydrothermal synthesis of the pentasil isomorphs =zeolites are
listed in Table 2.1 with their commercial specifications.

2.3.2 Synthesis of pentasil zeolites : Synthesis runs were
c;rried‘ out using various composition in stainless steel (316)
* autoclaves (Fig. 2.1) of 250 ml capacity vnder static condition

and at autogeneous pressure at different temperaturgg. A source
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Table 2.1
Reactants used for the synthesis of pentasil =zeolites
and their specifications.
No. Reagents Manufacturer Analysis
1 Sodium silicate - 27.89% 8i0,, 8.04%
Nag5iOq4 . NaZO. B4.07§ HQO
2 Gallivm sulfate Aldrich 99.9%
Ga2(504 ,3
3  Gallium nitrate Aldrich 99.9%
4 Aluminum sulfate Merck 99.8%

Al(80,)g .16 H20

o o N o O

Sulfuric acid BDH 98% AR

n-Butyl bromide Sisco _ o8%
Triethylamine Loba a99%
Isopropanocl Loba - - 4
Triethyl-n-butyl synthesized 50% C., 10.2% H,
ammonium bromide ] 5.7% N, 34% Br

(TEBA-Br)




TEFLON GASKET ’ BOLT & NUT
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Fig.2.1. Stainless steel (316) autoclave with teflon gasket for hydrothermal synthesis.
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of trivalent cation/(s) was-dissolvéd iﬁ known amount of boiling
water and‘shifuric acid. This solution ié then added dropwise to
the mixture of TEBA-Br and sodium silicate diluted with water
under constant stirring . The final gel (pH = 10.2) was stirred
for half an hour and was autoclaved. The autoclave was then
heated to desired temperature and the gel was crystallized over a
certain length of period. The crystalline solid thuq obtained was
filtered, washed with distilled water and dried at 398 K. In a
typical experiment, 0.92 g. of Ga2(304)3 was disasolved in 3.52 g
of H,S04 and 50 g of water (solution A). In 40 g of sodium
‘ silicate 4.52 g TEBA-Br dissolved in 80 g of water was added with
atirring (solution B). Then solution A was added to solution B
with constant stirring for 15 minuteas. Then gel formed was
autoclaved and was kept in the oven at 453 K.
2.4 CHARACTERIZATION
2.4.1 X-ray diffraction (XRD) : The syntheaized samples were
analyzed by X-ray powder diffraction for gqualitative and
quantitative phase identification. Philips X-ray diffractometer,
model PW 1780 and Ni filteréd cukK radiation (A = 1.5408 3) was
used for the sample analysis. The most crystalline sample in each
system was arbitrarily assumed to be 100X crystalline. and was
used as a reference standard for quantitative phase
identific;tion. The degree of crystallization of the =solid
praduct was estimated from the formalall,

peak area between 20 = 22-25° of the

product
% Crystallization = X 100

peak area between 20 = 22-25? of the
reference sample
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2.4.2 Infrared (IR) spectroscopy : The infrared spectra were
recorded in the_frequency range between 400-1300 cm"1 on a PYE
UNICAM SP-300 spectrometer using KBr pellets or majol wmwulls of
samples and by FTIR between 400-4000 cm~l on BRUKER IFS 48 IR
spectrometer by adsorption of pyridine on zeolite.

For gquantitative phase identification, a reference sample was
used and ¥ crystallization was calculated from the area under the
band at 550 cm™l. This band is due to double five membered rings
in the zeolite. The extent of crystallization waz estimated by

using the formulalz.

peak area of the band at 550 cm'1
of the product
% Crystallization = X 100

peak area of the band at 550 om— !
of the reference sample

The degree of crystallization can also be evaluated13'14 from the
IR optical density ratio of 550 and 450 cm~! bands.
2.4.3 Thermal analysis (TG-DTA-DIG) : Simultaneous TG-DTA-DIG

analysie of the crystalline phases were performedls

on an
auvtomatic derivatograph MOM BUDAPRST. Type 102B. The .thermograms

of the samples were recorded under the following conditions.

Weight of the sample : 100 mg
Heating rate : 10 K min~1
Pressure . : flowing air at atmospheric pressure

Sensitivity :
TG - 100 mg
DTA - 0.2 mV
DTG - 0.2 mV
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Preheated and finely powdered o —alumina was used as a reference
material.

2.4.4 Scanning electron microscopy (SEM) : The morphology of
synthesized samples was investigated using the scanning electron
microscope, STEREOSCAN MODEL 150 Cambridge, U.K. The shape of the
crystals obtained was investigated by dusting the samples on
aluminum pegs bsr coating it with an Au-Pd evaporated film.

2.4.5 Sorption maaaurenenta‘-: The =sorption measurements have
carried out with a calibrated McBain silica spring balance. The
experimental set up is shown in Fig. 2.2. About 70-100 mg zeolite
sample was pressed into a pellet and weighed ‘into an aluminum
bucket which was then suspended from the =silica spring. The
assembly was evacuated by means of a two stage rotary pump and
mercury diffusion pump to a vacuum of 10~ Torr. The sample was
heated slowly to 673 K by .continuous pumping till a constant
weight was -obtained. The temperature of the sample was then
lowered to 298 K and the sorbate vapor admitted to the sample at
cor‘tatant. temperature and pressure. The amount sorbed was measured
from the extension of the spring which was recorded using a
cathetometer.

" In the preliminary runs, pentasil (MFI) =zeolite exhibited the
maximum uptake of water and hydrocarbons in the 1.5 hrs.
Therefore, it was considered, the equilibrium saturation capacity
when sorbate was exposed for the period of 2 hrs. The same sample
wags used for studying the sorption of another sorbate after
desorbing the previous sorbate at 673 K and 1078 Torr. All

s;arption measurenents were carried out at 298 K and relative
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FIG. 2.2 . GRAVIMETRIC ADSORPTION UNIT.
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pressure P/P, = 0.8.

2.4.6 Chemical analysis : A known quantity (0.2-0.3 g) of the
sample was heated at a high temperature (1073 K) in a preweighed
platinum crucible (in duplicates) for several hours till conastant
weight is obtained. The crucible was weighed to get ¥ loss on
ignition of the sample. The ignited sample was treated with 1:1
aquaous hydrofiuorie acid (48% electronic grade) and a drop of
sulfuric acid and was evaporated slowly. The HF treatment was
repeated thrice. After the lazt treatment with HF, the sample waa
ignited to higher temperature ( 1073 K) for several hours to get
a constant weight. From the loss in weight % SiO, in the sample
was -estimated. The residuve was fused with potassium pyrosulfate
(Merck, electronic grade) and was extracted with " acidified
deionized water and the solution was made up to a constant volume
and the same was vsed for the estimation of the desired elements
by the atomic absorption spectrpphotoﬁeter, HITACHI Z 8000. The
51/Ga ratio was also confirmed by X&f&y fluorescence
spectrometry, (RIGAKU 3070).

2.4.7 g5, Z7a) and 7lga MASNMR spectroscopy : Solid state
MASNMR were recorded using a BRUKER MSL 300 spectrometer at
293 K. 2981 spectra were collected using 45° pulse and with
8 sec. delay time) and chemical shifts were referred to TMS
(tetra-methyl silane) as an internal standard. 27p) spectra were
recorded with 45° pulse (1 sec. delay'time) using 0.1 M aqueous
solution of AlCl; as a reference. T1ga spectra were recorded with

45* pulse (1 sec. delay time) using 0.1 M agueous solution of

A
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Ga(NOz)5 as a reference. All the sampies were spun at a frequency
of 8.5 KHz and 500-3000 FID = (free induction_ decay”s) were
recorded.
2.5 RESULTS AND DISCUSSION
2.5.1 Synthesis : Various synthesis experiments were carried out
under static condition in the temperature range of 433 - 473 K,
to investigate the kinetic features of the crystallization
process. Table 2.2 1lists the hydrogel compositions of the
reaction mixtures (in terms of oxide moles) studied in the
studies. ‘ - |

Fig. 2.3 depicts the XRD patterns of the fully crystalline

as-syntheized Al, Fe and Ga isomorphs of ZSM—B zeolitea. All the
~ XRD patterns from Fig. 2.3 resemble closely with the reported
data for ZSM-5 zeolites®:15:16 7Tne xmD profiles, however, for
the as-synthesized Ga-25M-5 and Fe-Z5M-5 zeoiites show a shift
in interplaner spacings (d, A) towards higher value as compared
to that for Al-ZSM-5 of the same SiOp/My05 ( M = A13* or Ga™)
ratio. The order of “d” spacings of these zeolites is HGa-ZSM-5 >
HFe-ZSM-5 > HAl1-ZSM-6. The observed shift in (d R) correlates

with the lattice expansion17

vwhen comparatively shorter Al-O
(1.74 R) bonds are replaced by longer Ga-0 (1.82 R) in the
zeolite framework. The results and more detailed discussidn based
oﬂ the thay‘diffraction data obtained in the present study is
presented in the next chapter.

2.5.2 Kinetics of crystallization : A selected batch composition
.(System II, Table 2.2) was adopted to study the kinetic features

stallization. XRD
.o r‘v /‘LE‘; ‘

of procesges for the macleation and

-~
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Table 2.2

Composition of hydrogel expressed in oxide moles.

System (TEBA),0 Nay0 AlyO03 Gag0z Fe,O3 Si0,  Hy0 Product

designation
I 2.03 11.08 - 1 - 39.84 1492 Ga-ZSM-5(40)
II 4.41 24_10 - 1 - B6.18 3243 Ga-ZSM-5(97)
I 16.04 B2.12 - 1 - 203.8 11050 Ga-ZSM-5(289)
v 4.42 _24.28 1 - - 87.0 3304 Al-Z8SM-5(8B5)
' 1.89 10.38 1 ' - - 37.2 1413 Al-Z8SM-5(36)
VI 4.41 2532 - - 1 85.0 3243 Fe-ZSM-5(80)
VII 2.03 11.08 0.5 Q.5 - 39.64 1492 AlGa-ZS8M-5

¥

(40)

VIII 4_42 24.10 - - - B87.0 3243 8Silicalite
) ( > 3000)
IX 3.83 % Ga203 impregnated on eilicalite 3.83 % Gagﬂa
. impreg.

‘silicalite

X 2% G impregnated on the crystalline 2% G
produczzggtained from system IV impre;?oa
HA1-ZSM-6

%8105/ (Al505+Gag03) = 40
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profiles (Fig. 2.4) show the typical ©progressive corystalli-
zation of the gallosilicate phases obtained from svsiem IT1 at 453
K at different crystallization perioda. The characteristic peaks
of the pentasil phase started appearing after 10 hrg and the
fully ecrystallized phase is obtained at 32 hrs. Fig. 2.5
illustrates the typical crystallization curves of galloailicates
at 433, 453 and 473 K for the system 1I. The curves show that
the kinetics of crystallization dependa on the temperature, as
expected. With longer crystallization times (usually after
attaining 100 % crystallinity), a decrease in crystallinity (not
shown in Fig. 2.5) was observed due to the formation of a
secondary dense phase (like o/ quartz) at the expense of the
crystallized pentasil phase. Hence, the metastability region for
gallosilicate pentasil =zeolite is found to be samaller in the
present studies compared to that for the aluminosilicate pentasil
zeolite. The cryétallization curves exhibit a sigmoid nature
characteristic of two distinct atages viz.,
(1) an induction period when nuclei are formed, and
(2) a crystél growth period when nuclei grow into crystals.

The induction period (©) may be defined as the time required
for providing the condition for the formation of nuclei and the
cryatal growth period (K) as the time necessary for the growth of
nuclei to a critical sizel.

As the main period of crystallisation curve (20 - 80 X) is
almost linear, the crystallization of gallosilicate was treatedl®
as a first order reaction. The formation of nuclei during the

induction period is assumed to be an energetically activated
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SYNTHESIZED AT 453 K WITH DIFFERENT
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process and s}nce nucleation is the rate determining step during
the induction perind; the apparent activation energy for
nucleation E,, was calculated from temperature-dependence of the
rate of nucleation. The rate of nucleation has ﬁaen assumed to be
inversely proportional to the nucleation period. Apparent
activation energy for nucleation was calculated from the
Arrhenius equation which expresaes the temperature dependence of

the rate of nucleation,

d 1n(1/8) ~E,, ‘
—_— e (1)
a (1/T) R

wvhere @ is the induction period, that is the time on the crysta-
llization curve where the conversion to the crystallization phase
is Just starting, T is the absolute temperature and R is the
molar gas conatant.

Similarly the apparent activation energy for the crystal
growth “E.” was calculated from the temperature dependence of the
rate of crystallization and was obtained from the point on the
crystallization curves where 50% cryatallization is complete. The
temperature dependence of the rate of crystallization may be
represented as,

d In(1/K) -E,
d (1/T) R

(2)

ﬁhere K is the point on the cryatallization curve (in hrs) where
50% crystallization is complete, T ims the absolute temperature
and R is the molar gas conatant. Fig. 2.8 illustrates Arrehenius

plotas of the temperature dependence of the rate of nucleation and
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crystallization. The values of the apparent activation energy of
mucleation (K, = 155.7 kJ mole ! as well as that of crystalliza-
tion (E, = 94.3 kJ moleTl) for gallosilicate analog of pentasil
formation 'Qare evaluated from the slopes of these linear plots.
The above values of E, and E, obtained during the present studies
appear to be highet than those reported previouslyzo for the Al
analog (K, = 118, E, = 78.6 kJ mole™l) and Fe analog?! (K, = 145,
E, = 92.5 kI mole™!) of pentasil zeolites. The increase in E, and
E, values in the order (Al3+ < Fe3* <« @a%h) may be due to their
increasing‘ ionic radii. |

22-24

A number of reports have described zaolite

crystallization as a process that follows first order kinetics
equation by the so0 called Avarami-Erofeev equation and' the
apparent activation energies for the processes of nucleations
(E,) and crystal growth (E,) have been evaluated by applying

Arrhenius equations. However, recently Thumpson25

worker52

and co-
8 have suggested that these analytical treatmentas to
crystallization curve and the applications of Arrhenius equations
to the cryatallization kinetics cannot be used to reveal details
regarding the crystallization kinetica or to compute activation
energiea from such as analysiz principally due to the

insensitivity of measurements of the mass of =zeolite by
X

.

conventional methods. Linear plots were, however, obtained when
zeolite cryatallization kinetice data were analyzed in terma of
Avrami-Erofeev (linear) equation. Avarami-Erofeev parameters (m
and k) obtained from the slopea and intercepts respectively are

tabulated in Table 2.3 only for comparative purpose.
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Table 2.3

Avrami-Erofeev Parameters for gallosilicate
synthesis using TEBA-Br.

Synthesis 102 x k m

temp. K .
433 3.27 4.72
453 4.58 3.60
473 11.73 2.44

2.5.3 Effect of S5i0,/Ga,0g5 ratio on the kinetics and crystalliza-
tion : Fig 2.7 shows the typical crystallization curves at 453 K
for pentasil gallosilicaté gel composition of varying 85i0,/Gay0g
(system I, II and III) at a constant (TEBA)50/8i05, Nag0/8i0y and
Gag0y/8i09 mole ratio. These curves are of typical sigmoid
nature, characteristic of processes involving nucleation and
crystal growth. The decrease in Ga concentration in the hydrogel
enhances the rate of nucleation and crystal growth processes of
gallosilicate. Similar results were reportedll'zv'za for Al-Z8M-5
when Al concentrations were varied. Perhaps the higher
concentration of Ga3* in a gel may require higher amount of
silica monomers for the formation of nuclei.

Increase in the crystallization period beyond the
metastability period decreases the crystallinity of the pentasil
prhase and increases the formation of quartz (not shown in Pig.

2.7) in the solida obtained.
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2.5.4 Effect of OH /H,0 ratio on the kinetics of the crystalliza-
tion : As polymerization - depolymerization equilibrium of the
soluble gallosilicate is influenced by alkalinity of the react-
ants, the functional dependence of zeolite crystallization kine-
tics on OH /Ho0 ratio was studied.

Fig. 2.8 representzs the crystallization curves for gallosil-
icate, system 1II at 453 K with varying alkalinity of the reaction
mixture. Variation in alkalinity was accomplished by varying the
amount of sulfuric acid added.

As seen in Fig. 2.8. an increase in OH /H,0 ratios in the
reaction mixture increases the rate of mucleation. Concentration
of OH™ ions in the gel accelerates the dissolution of the gel
materials and enhances the formation of Ga(OH), species. The
dissolved species (81 and Ga) can also undergo polymerization
‘forming gallosilicate or polysilicate ions and those in turm, in
presencé of guaternary ammonium ions, (TEBA)*, condense to form
the ruclei of the ordered zeolite framework. Thus induction and
nucleation period 1is inversely proportional to the OH  ion
concentration. As seen from Fig. 2.8, the nmucleation period for
the Ga-ZSM-5 system II was shortened from 30 to 10- h when the OH™
/Ho0 concentration was increased from 1.0 X 1073 1o 6 X 1073, 1t
was observed (not shown in Fig. 2.8) that still higher alkalinity
of the hydrogel mainly gives rise to a dense ghase,'{rqnartz due
to the rapid decomposition of the template (TEBA-Br)Z8,

2.5.5 Infra red spectroscopy : The structural details of the
zeolitic phase formed from gallosilicate mixture was studied by

infra red technigue in the framework vibratione region (400 -
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1200 cm !). The spectra were recorded ‘using nujol mull
technique. PFig. 2.9 shows framework region IR spectra of
'éalloailicate products of different érystallinity obtained from
system II at 453 K. Absorption in the mid region (200-1300 om™ 1)
in the IR spectra can be classified?®® into (1) internal
vibrations of the TO4, which are sensitive to the structural
vibrations, and (ii) vibrations related to the external linkages
of TO4  units in the zeolite structures. The IR band
assignmentazga for internal and external vibrationa are shown in
Table 2.4. The graduval increase in the intensity of 650 cm'l
band27"28  in addition to the one at 450 cm~! shows the increase

in the concentration of MFI phase in the product. According to

Table 2.4
The IR band assigmments for internal and external vibrations

Zeolite Infra-red assigmments cmfl

(i) Intermal tetrhedra

Asym. stretch 1260 - 950
Sym. stretch - : 720 - 650
T-0 bond - 420 - 500

(ii) External linkages

Double ring 650 - 500
Pore opening . 300 - 420
Sym. stretch 750 - 820

Asym. satretch 1050 - 1150
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FIG.2.9 . IR SPECTRA OF GALLOSILICATES (MF1)
ZEOLITE WITH DIFFERENT DEGREE
OF CRYSTALLINITY. 1) 100%,2)46% ,
3)I8% AND 4) 0% OBTAINED USING
SYSTEM TU.COMPOSITION AT 453 K.
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29, the absorption near

the Flanigen-Khatami Szymanski correlation
1100, 700 and 450 em™ ! are assigned to infrared vibration of
8i(Al1)04 tetrahedra and are aleo seen in silica and quartzso.
The absorption bands near 1200 and 550 cem !l were assigned by
Jacobs et al.3! and Vedrine et 2132, to the presence of double
five wmembered ring systems. The strongest absorption band at
around 1100 cm™!l is related to the internal asymmetric stretching
vibration of T-0 bond. This band is shifted to lower wave number
with respect to silicalitel? (1100 em™1). The shift in the
frequency can be explained on the basis of T-0 bond distance. In
case of T-0 stretch frequency, substitution of Ga for 5i in the
framework causes a shift to lower frequency owing to longer Ga-0
bond distance (1.82 3) as compared to B8i-0 bond distance
(1.60 A).

2.5.6 Thermal Analysis : The gallosilicates syntheaized from
system II were studied by thermogravimetry. Both the weight loss
and the magnitude of the corresponding thermal effects are
utilized to_ characterize the intermediate rhases. Fig 2.10A
represents the TG patternglfbr the samples of different
cryatallinity of gallosilicate pentasil pha=zes obtained at 453 K.
It is seen from the figure that the X weight loss on heating
increases with the crystallinity of the samples. This iz because
of the incorporation of more and more template with increasing
crystallinity of the zeolite. For the amorphous s=sample, the
weight loas .iB in the temperature range 345 to 750 XK. PFully
crystalline, aa-syntheaized galloailicate sample shows three

distinct zones of weight loss (Fig. 2.10B) in the temperature
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ranges, (1)’ 434-847 K, (2) 647-899 K and (III) 699-834 K. The
firat =step results ffbm dehﬁdration of physically sorbed water.
Almost all the water is lost in a narrow temperature interval. It
is dbserved'that the peak area under the endotherm varies with
the crystallinity. The other two steps are exothermic (DTA
curve) and are related to the oxidative decomposition of organic
material occluded during the crystallization. This iz consistent
with the characteristic two step exotherm in the Al analog of MFI
framework zeoliteSS_ The 1&w temperature (705 K) peak is believed
to be due to decomposition of loosely held TEBAT ions in
gallosilicate, ' while the high temperature (787 K) peak
corresponds to the oxidative decomposition of TEBA* cations which
are strongly bonded and associated with gallium sites in the
channels. The exotherm around 1253 K shows breaking down of the
structure due to degalliation or the transformation of the
pentasil phase into a dense phase. It shows that organic TEBA' is
decomposed at 834 K and are removed from the zeolite framework.
It is’obeerved that the increase in crystallinity resulted in the
incresse in weight loss due to decomposition of organic cations
accompanied by the decrease in loss in weight due to dehydration
in the temperature range 847-834 K. It thus indicates that the
products tends be more hydrophobic as organic témplating species
are progressively incorporated during the crvstallizationas.
Fig. 2.11 represents the ¥ weight loss corresponding to the
decomposition of organic cations as a function of crystallinity
measured by X-ray diffraction for the gallosilicates synthesized
from system II at 453 K. The linear relationship is obeerved in
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OBTAINED FROM SYSTEM IL.
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béth i.e. in the loss due to dehydration as well as that due to
template decomposition processes. An extrapolation of the line
to' the ordinate shows that the nuclei of Ga-ZSM-5 are also
present in amorphous gel, which are . probably not detected by
the crystal below itz lower limitation ( < 5mm). The
temperature of the maximum of the high temperature exotherm is
often taken®? as a criterion for the thermal stability of the
zeolite lattice. The absence of an exotherm in DTA curve of
fully crystalline sample upto 1273 K indicates that the
gallosilicate zeolite lattice is stable at least upto 1273 K.
2.5.7 Sorption properties : Equilibrium sorption capacitiez of
different probe molecules like water, benzene, n-hexane3® often
help to estimate or confirm the crystalline nature and the void
volume of the zeolites. Table 2.5 lists the equilibrium sorption
capacitieg (at P/P, = 0.8, 298 K, 2Zh) for different probe
molecules in the samples of different crystallinity obtained from
system II and also in the samples of maximum crystallinity from
system= I, III, V, VIII and IX. It is observed from the sorption
data, that the sorption uptake increases with increase in the
crystallinity. The amorphous material adsorbs 20% of the total
capacity of ‘the water in 100% crystalline sample, whereas it
_adsorbz 65~10 %X of the total sorption capacities of larger
hydrocarbons in fully crystalline sample.

. The water molecule iz comparatively smaller in size (kinetic
diameter 2-65_&) with polar character and hence getzs occluded
depending on the concentration of Ga content. Table 2‘55 shows

deéreaae in water uptake consistently with a decrease of Ga



Table 2.5

Enuilibriun sorption capacities of the gallosilicate
pentasil and other pentasil (MFI) isomorphs.

System Sample % crysta- Sorption® mm 100 gm~!
name 1linity

Water n-Hexame Cyclohexane

I Galloeilicate(40) 100 9.14 10.00 4.62
II  Gallosilicate(97) "0 1.60 L 0.56 0.40
18 2.16 2.28 1.86
48 2.68 4.82 . 2.20
81 6.40 10.70 3.50
100 8.13 11.01 4.07
III Gallosilicate(289) 100 3.09 11.50 3.98
IV  Silicalite (»>3000) 100 2.00 11.90 2_80
V . Aluminosilicate(38) 100 10.08 11.10 5.29

VI  3.83% Gag0 - 3.3 12.1 3.50
- impregnated silicalite

* At 298 K, P/P, = 0.8, Zh.
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content in the zeolite (system I,II,III). This shows an increase
in the hydrophobic character of the pgallosilicate with the
incréahe in 8i0yp/Gany0g ratio. The sorption uptake of the non-
polar cylindrical n-hexane molecule (kinetic diameter 4.3 3)
seem2z to be least affected by the variation of the gallium
content in gallosilicate pentasil samples. The nearly constant
equilibrium sorption of n-hexane corresponds to general

SM—516’36. The equilibrium sorption

. (-]
capacity of spherical cyclochexane molecule of the size 6.2 A

expectation for zeolite Z

(kinetic diameter) comparable to the pore diameter, decreases
with ‘the increase in the S5i0,/Gap0g ratio. However, relatively
higher values for .water and cyclohexane adsorption on
gallosilicate, compared to those for silicalite and impregnated
samples, further indicate some change in the void volume when
Ga*3 is present and occupying tetrahedral positions in -the
lattice. These data support the observation that under direct
hydro-thermal treatment Ga containing hydrogels yield a Gat
containing MFI framework and not the silicalite with occluded
Gag0z. Although aluminosilicate (system V) and gallosilicate
(system I1) MFI samples show almost comparable sorption uptakes,
the former shows slightly higher 'sorption uptakes than those in
the latter.

' Crystallinity evaluated from the uptake of n-hexane by the
samplea obtained from system I1 at different crystallization
period shows a close relationship with the XRD crystallinity as
shown in Fig. 2.12. Both the XKD and s=orption crystallinity

prlota are sigmoid in nature indicating that the nucleation and
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crystal growth occurs successively. The lower value of
crystallinity obtained by XRD iz attributed to its inability . to

ase crystale smaller than 5 nmS7

. The linear correlation between
the two values of crystallinity is also seen in Fig. 2.12b.
2.5.8 Scanning electron microscopy : Fig. 2.13 (a to d) show the
repreaentative phases during the crystallization of gallosilicate
from system II at 453 K. The well-defined crystallites start
appearing with the increase in the crystallinity of the =zeolite.
Amorphous samples obtained at 8h, do not show the MFI peak in XRD
(Fig.2.4, curve 1) and 550 em1 peak in IR (Fig. 2.9, curve 4).
Small amount of crystals (Fig-yZ.lSa) along with large amount of
amorphous phase appeared in the product obtained at 18 h which is
rgflected in the partly crystalline nature in XRD pattern
(Fig. 2.4, curve 2) and IR pattern (Flg. 2.9, curve 3). It seems
that crystalline phase increased ﬁore and more and gel was
moatly ' converted into MFI phase (Fig. 2.13c¢c) at 25 h. The
contribution of a crystalline phase increased with conversion of
a igel into MFI phase (2.18c) at 25 h. With further increase in
the crystallization time, the fully crystalline rphase was
obtained (Fig. 2.18d) at 82 h. This increase in crystallinity is
reflected in IR spectra also. Two' bands at 560 cm ! and 450 cmrl,
charﬁcteristic of a double ring and pore opening respectively in
the MFI structure are exhibited in IR (Fig. 2.9, curve 1)
espectrum. J

The increase in the crystallite size was observed with the
increase in the crystallization temperature. However, with
increase in concentration of Ga, the crystallite size waz found

to decrease.
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The morphology df'é'ful;y‘iérvétqlline peétasil zeolite E:?
Ga and Al analog prepared from diffe;ant systema (from Table 2.1
has been illustrated in Fig. 2.14. The crystallite ;ize of Al-
analog'of pentasil zeolite wasz found to be smaller (1.5 ym) than
Ga-analog of pentasil zeolite (3.5 ym) of same product §5i0,/M;04
ratio. The crystallite size of‘A1+Ga analog of pentasil.was found
to be (2-3 mm). 8ilicalite sample (free from both A13* and
Ga3+) show= a well defined cuboid shaped crystallites of 8-10 aum
( Fig. 2.14 4).

The shape of the crystgllites obtained was found to be
spherical irrespective of the gel composition and crystallization
temperature. ] ‘

2.5.9 2Zeolite crystallization mechaniams : As the saynthesizs of
zeolite i=s carried out from a complex mixtures of reactants and
multiple phasea  (aqueous solution, amorphous s8o0lid and
crystalline soiid) and both the composition and guantities of
- these rhases vary continuously during the course of
crystallization, it is indeed expected that a =ingle mechanism to
explain =eolite formation may be unrealistic. Over past three

decades4'33'38'42

many investigators paid an extensive attention
to the mechanism involved in the zeolite crystalliszation. To date
two theories have been proposed,

1. Crystallization via liquid phase transformation

é. Cryatallization via solid - phase transformation

In addition to the zeolite formation via.either of the two

transformations, an evidence ha=z been presented indicating that

both the types of transformations can occur simultaneously in the
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same reaction system. In general, based on the evidence presented
to date, it appears that the mechanism for crystallization of
these systems ia strongly directed by the components making up
the reaction system and the conditions of synthesis.

1. bestallization by liguid phase transformation : In 1liquid
rhase transformation, the crystallization mechanism is controlled
by the soluble aluminate and Sluminosilicate species. The nuclei
of the zeolite crystals are formed in the liquid phase of the gel
or at the interface of the gel rhases. The growth of the crystal
nuclei proceeds at the axpepsé of aluminosilicate hydrated anion
species in the solution. An eﬁniliﬁnium exista between solid gel
rhase and solution phase. Whenevér pucleation occura in the
solution, this equilibrium Shifts 80 as to provide more nutrients
to the solution. The gel dissolveé continuously and the dissolved
species from the gel are transported to the nuclei crystals in
the solution phase. Therefore, the concentration of the =cluble
aluminosilicate species in the solution increases and more
crystal nuclei are formed from these =soluble sapecies in th;
solution.

2. Crystallization by solid phase transformation : In the solid
phase transformation, a hydrogel is rapidly formed from a
solution composed of monomeric silica ;nd alumina’®? species at
higher pH (>10). The gel composition should be nearly same as
that of expected reagent ratios. The nucleation of hydrogel
occurs rapidly in presence of organic cations, which further

interact intimately with the nomerous reactive alominosilicate

anions and direct recrystallization_pmocess involving the solid-
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hydrogel transformation or surface nucieation. A rapid and ‘sharp
increase in nucleation and growth leading to a large number of
small polycrystalline =eolite crystallites occurs. Sand and
coworkers30:53 have confirmed the existence of these two types of
different mechanisms. :

To delineate the behaviour of gallium during crystalliszation,
the bulk chemical composition of the intermediate phaseé.
obtained by AAS and ICP techniquez and expressed as a 5i/Ga and
Ga/Na atomic ratios, are presented in Fig. 2.15. Initially (up to
15 h) the S8i/Ga ratio is high and the composition of =0lid rphase
when separated from the liquid rhase was found to be closer to
the final crystalline conposition44, This suggests that the solid
rhase tranasformation may be aperative during the formation of
gallosilicate MFI zeolite. In addition, the Ga/Na atomic ratio is
initially low but rapidly increases ( Ga/Na = 4) indicating that
Nat are compensating for about 256 % of the Ga present. However,
it indicates that the smount of Na' ions occluded into the
gallosilicate is lower than.}he number of negaﬁive charges
present in the framework. It is more likely that the TEBA* ions
incorporated during the synthaeié may also be acting as charge
compensating cations on GaO4 tetrahedra and thus contributing to
the neutralization of the gallosilicate zeolitic lattice.

2.5.10 Solid state 2951, 71Ga and 27Al MASHMR spectroscopy :
Fig. 2.16 illustrates the solid state 2'Al,7lGs and 2981 MASNMR
for the fully crystalline sample in as-synthesized form obtained
from system VII. A single peak with a chemical shift of 51.37 ppm
was observed indicating tetrahedral®3 coordination of aluminum
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in the =zeolite and absence of extraframework .octahedra154
aluminum.

For the comparing ’1Ga MASNMR spectrum, <1Ga MASNMR spectrum
of gallium sulfate in which gallium is known to have an
octahedral coordination®® is also shown. The chemical shift
§ = - 87 ppm for gallium atoms in =0lid Gan(S0,)g i=
characteristic of Ga in octahedral sites. The Tlga MASNMR
spectrum for as-synthesized gallosilicate analog containing
gallium showed a large chemical shift at § = 163 ppm for Ga*S.
Thus the position of the § = 163 ppm peak is attributed to Ga*3
ions in tetrahedral environments with respect to oxygen in the
gallosilicate analog of pentasil zeolite framework56:57

295; MASNMR spectrum shows three signals at =112, -107 and
-105 ppm with respect to TMS (tetra methyl silane). These signals
can be assigned to Si(0T), Si(1T) and Si(2T) respectively on " the
basis of the ranges of chemical shifts, characterizsticas of the
different enviromments proposed by Lippamaa et a158,

Thus solid state NMR spectra of 27&1. Tlga and 2951 show the
occupancy of A13* and GaS* in the tetrahedral positions of

aluminogallosilicate of pentasil zeolite.
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3.1 INTRODUCTION ' 35
This chapter deals with the detailed characterization of
gallosilicate with MFl1 type structure. Evidence for ‘ the

3+ in the silicate framework has been obtained

incorporation of Ga
using XRD, IR, 29Si, MAS NMR, =sorption kinetics and equilibrium
sorption ~capacities of different probe molecules like water, n-
hexane, cyclohexane, n-butyl amine (nBA), tributylamine (TBA) and
xylene isomers etc.
3.2 EXPERIMENTAL
3.2.1 Heat treatment : Na/Z§M~5 samples are heated in an air at
different temperatures ranging from 873 to 1393 K over a
period upto 24 h. After the heat treatment zeoclites were cooled
to room temperature and were moisture-equilibrated by keeping
them over saturated solutions of ammonium chloride for 24 h ip a
desiccator.
3.2.2 Preparation of protonated (H') gallosilicate with MFI type
structure : As-synthesized Ga-25M-5 =zeolite contain occluded
quaternary ammonium cationic species and is designateﬂ ag
C/N Ga-ZSM-5. These organic cations occupying the ch;nnels in the
zeolite crystals are removed by slow heating of the sample in the
muffle furnace at 823 K for overnight. The catalysat is cooled to
room temperature and moisture equilibrated by keeping it over
saturated ammonium chloride =solution for a week. This sample is
designated as Na/Ga-ZS5M-5.

The Na/Ga-ZS5M-5 catalyat is refluxed with 5M ammonium nitrate
at solid to liquid ratio 10 for overnight, then it is filtered,
washed with hot water and dried at 373 K overnight. To obtain
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the samples with higher degree-of exchanges, the procedure wase
repeated for number of times. This catalyst is designated as
NH,/Ga~ZSM-5.

The acidic or protonated forms (HGa-25M-5) were obtained by
alr deammoniation of NH,/Ga-ZSM-5 samples at 673 K for 6 hrs.
Then the samples were cooled to room temperature and is kept over
saturated ammonium chloride for a week.

3.2.8 X-ray diffraction (XRD): The X-ray diffraction patterns
were recordsed to ascertain the purity of the samples on Philips
PW 1730 X-ray diffractometer using nickel filtered Cu-K;
ra&iatfbn (A= 1.5404 K)- To calculate the unit cell parameters
of Na/Ga-ZSM-5 and silicalite sample, the spectra were recorded

at scanming rate of 0.2° (20), min’1

using e&tra pure silicon
powder as an internal standard .

3.2.4 Thermal Analysis : The thermograms of the samples were
recorded on an automatic Hungarian derivatograph (MOM 102-
_ Budapest) under the following conditions.

S&mplé weight

: 100 mg
Rate of heating : 10 K min™1: ‘
Atmosphere : Flowing air
Sensitivity : DTA 1/1
DTG 1/5
TG 100

Precalcined .and finely powdered 9( - alumina was used as a
reference sample.
3.2.5. Nitrogen adsorption : Surface area measurements were

carried out by low temperature. (78 K) nitrogeh sorption using a

k)
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oonventional all glass BET unit as shown in Fig. 3.1. It consists
of three burettes By, B, and By (Bg is not shown in figure), a
manometer M and a sample bulb S. High vacuum system consisting of
a kwn stage rotary pump, mercury diffusion pump, Mcleod gauge and
a series of cold traps were used for degassing the sample.

The volume of the burette bulbs were precalibrated with
mercury before joining to the édsorption system. The burettes 31
and B, were immersed in water jackets, provided with thermowell
for temperature measurements. The dead space volume in the system
wae determined by using spectrally pure Helium supplied by
British Oxygen Co. (UK). About 0.2 to 0.3 gm of hydrated sample
weighed in the sample bulb was activated by increasing
temperature slowly under continuous pumping. The sample was
activated at 873 K by evacuation to about 10~% Torr for a period
of 8 hrs. The sample-was cooled and dead space volume was
determiﬂed by using Helium at liguid nitrogen temperatupef After
pumping the helium gas, a dose of nitrogen was admitted and
calibrated. The sample was exposed to Nitrogen gas at 78 K. The
adsorption measurements were continued by admitting ;onaequent
calibrated doses, till a sufficient number of points were
obtained. The reversibility was checked by carrying desorption
measurements. The volume of a gas adsorbed at STP was estimated

as follows,-

.

Vags = V1 - Vo - Vg (1 +%{P/760) (1)

Where V4, Vo, Vg are volume of gas taken, remaining in the system

and in the bulb respectively. The&ﬁa the correction for non- —
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ideality of nitrogen at 78 K. The applicability of the Langmuir
or BET isotherms equations for the estimation of surface area was

checked by using the following relations,

P 1 P
- + (2)
POV b.V, Vi-Po
P 1 " c-1 P
- = + X ___ (3)
Vaas (Po-P) vV, C Vp-C . P,

where C = e(EEo)/RT ;g constant and depends on' the sorbate
sorbent system, V,, is the monolayer volume, P, is the saturation
vapor pressure of nitrogen at 78 K, P is the equilibrium pressure
and b is the constant.

The void volume of the zeolite sample was determined from
the Dubinin plots log (a) & (log P_/P)2.
The eguation used was,

log a = C - D (log P/P)2 (4)

Where C and D are constantal

» P is quilibrium pressure and Pg is
the saturation pressure.

3.2.6 Sorption and diffusion studies : The equilibrium sorption
capacities of alumino- and gallosilicates (MFI) at P/P, = 0.8 at
298 K were measured on an all glass gravimetric apparatus using
. McBain Baker type silica spring (sensitivity 50 cm/g) balance as
described in chapter II, section 2.4.5. nBA sorption isotherms in
the ﬁemperature range 323 ~ 523 K were measured up to 100 Torr of

pressure on the all glass gravimetric apparatus as described
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earlier. About 70 mg of sample in a pellet form was degassed’
under vacuum (108 Torr) at 673 K following the procedure
reportedz by Shiralkar et al. After degassing to a cgnstant
weight, the balance case containing the sample was maintained at
the isotherm temperature for at least 2 h before the commencement
of the measurement. The sorbate pressure was measured with a
cathetometer, and the amount sorbed was measured accurately from
the change in the weight of the sample after equilibrating for
2 h at each equilibrium pressure. The sorption isotherm was
obtained by a progressive increase in the sorbate vapor pressure
and by noting the amount sorbed. The sorption isotherms were
obtained sequentially from Ilower temperature i323 K) to higher
temperature (523 K) after following the same degassing procedure
prior to the sorption measurement. In order to check the
reversibility of the sorption, desorption measurements were
carried out. The X-ray diffractograms were also recorded for each
sample before and after the sorption_méasurements to check the
structural stability.
3.2.7 Infra red (IR) spectroscopy : The framework IR spectra of
the samples of interest were recorded in the frequency range of
200-1300 cm™1 using nujol mull technique on PYE UNICAM SP-300
époctrophotometer. Also TFTIR spectra of samples with/without
pyridine sorption in the hydroxyl stretching vibration region
3000-4000 cm™l and in the region of 1700 to 1400 cm ! was
recorded on Nicolet 60 SXB U.S_A FTIR spectrophotometer following
the procedure as described below.

The powder sample was pressed (5 ton/inchz) into self
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supporting wafers (5-12 mg/cmz) introduced into a convantiqnal
all silica in-situ tranamittance FTIR cell which was connected
to an evacuation pgas manipulation manifbid (Micromeritics-
Accusorb 2000 B). The sample was activated at 873 K for 4h in
vacuum (10'6 Torr) and cooled to 328 K. Pyridine vapor (5 Torr)
was then introduced and equilibrated for 1 hr. and then evacuated
at 373 K and cooled down to 323 K before recording the spectrum
(2 em™1 resolution, 100 scans). Again sample was evacﬁated at 423
K and the spectra were recorded after cooling it to 323 K.

FTIR spectra of gallosilicate (MFl) =samples heated at
different temperatures were also scanned on Perkin-Elmer 18600
FTIR in the frequency range 400-1400 cm 1
3.2.8 X~ray photoelectron spectroscopy (XPS) : X-ray photo-
electron _spectroscopy’ studies were carried out in a V.G-
Scientific ESCA-3-MK-2 elgctron spectrometer with an AlK, X-ray
source (non-monochromatic). For the present measurements the
anode was operated at 140 W (14kV, 10wmA) and the analyzer was
operated at a constant pass energy of 50 eV. The residual gas
pressure in the spectrometer chamber during data acquisition was
less than 10”7 Torr. All the spectra were recorded with similar
spectrometric parameters. The binding energy (B.E) scale was
calibrated by determining the B.E. of Au4f7/2 (84 eV), Agﬁda/z
(368.4 eV) and Gn2p3/2 (932.4 eV) levels using spectroscopically
pure metals from Johnson-Matthey, London. A binding energy 285
eV for Cls level was used a= an internal standard for all the
samples. The B.E. values (measured to an accuracy of 0.2 eV) are

3

in good agreement with literature values”. The resolution in
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terms of the .full width at half maximum (FWHM) of the Audfq,y
level is 1.6 eV.
3.2.9 29535 MasMR : 2955 MASNMR spectra were recorded on a
Bruker-MSI-300 spectrometer for silicalite, gallosilicate (MFI)
samples with different S5i0,/Gaj0g ratio and gallosilicate (MFI)
samples heated at different temperature=s. Chemical shifts were
calibfated using tetramethylsilane (TMS) as a reference material
with 0.35 as a relaxation time. The data were recorded over 3000
cycles.
3.3 RESULTS AND DISCUSSION

The wunit cell compositions of gallosilicate and
aluminosilicate analoga of pentasil (MFI) structure are
determined by chemical analysis (Chapter II, Section 2.4.6) and
tabulated in Table 3.1.
3.3.1 X-ray diffraction : The X-ray' diffraction patterns of
gallosilicate catalyst obtained from system II in C/N, Na, NH4
and H forms are shown in Fig. 3.2. The XRD. patterns and “d°
values for these samples were found tﬁ be in good agreement with
reported data4.

The most intense peak was observed at 20 = 23.08° in C/N
Ga-ZSM-5 form. The intensity of the peaks at 7.8° and 8.0 were
found to be affected by the nature and concentration of
nonframework cationic species. When C/N form was modified to Na
form, the intensity of the peaks at 7.8° and B.0° were found to
increase due to removal of the bulkier organic cations situated
in intracrystalline voidss. Further modification to NHy and H

form, the intensity of these peaks was found to decrease and
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Table 3.1
Unit cell compositions of MFI zeolites.
System  Si05/M,0q5" Unit cell composition
‘o ’ :
-1 40 Hy _soNag_o3[(Galp) 4 53(5i02y9y 47]
11 a7 Hy geNag_oal(Gal3)y g4(S5i05)g3 g6
I11 289 H0.65N80.01[(6302)0‘66(5102)95.35]
Iv 85 H2.12N30.08[ (5102)2.20(3102393.803
\{ 36 Hy.o5Nap_o7L(A10g)g 02(Si0y)gg_ggl
VII 40 Hy . solag 020 (Galon 56(A105) 5 2g(5i03)g; 48]
IX - 3.83% Gay03(Sigg0iga} _
X - 2% GagOg{Hy joNag ogl(AlOg)g 90(8i0g)g3 gol}

* M = framework Al or Ga
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increase respectively on account of their cationic charge " and
size.

Fig. 8.3 illustrates the XRD profiles of Al-Z5M-5 and its
partial and total substituted Ga- analogs and 2% Gay0g
impregnated HAl-ZSM-5. It is clearly demonstrated, that the peak
positions and their relative intensities remains wunaltered by
impregnation of 2% Gag03 on Al-Z8M-5. But framework substitution
was found to affect the interplaner spacings (4 K). It was —
observed that the extent of shift in the interplaner spacings is
dependent on the degree of isomorph&us substitution. Total
framework substituted Ga-Z5M-5 (curve ¢) sample showed the
maximum shift in interplaner spacings (d i)- This can Dbe
explained on the basis of the extent of lattice expansion taken
place due to different degree of substitution by larger gallium
ion in the tetrahedral framework of the zeolite.

The replacement of a3+ by the larger ions like Ga3+, FaSt
etc. in the tetrahedral =zeolite framework causes a slight
increase in ﬁnit cell parameters and hence increase in the

volumes’7

- _ Insertion of gallium ions in the faujasite framework
causes an unit cell eﬁpansion was also rgporteda. As seen in Fig.
3.4, the wunit cell volume expands linearly with decreasing
SiOZ/Gazos ratio indicating successful iﬁsertion of larger Ga3+
ions during the hydrothermal synthesis. Simmons et al®. aleo

observed a similar +trend while confirming Ga3+

framework
incorporation in pentasil (MFI) gallosilicate.
Fig. 3.5 represents the correlation observed between the “d’

spacings difference between two peaks at 20, 45.1 and 45.5° and



a6

a

‘.AJL o vl Vo Mt el Ve

30 40

5

FI1G.3.3" X-RAY DIFFRACTION PROFILES OF DIFFERENT PENTASIL
(MFI) ZEOLITES a) HAL-ZSM-5(85); b) HAIGa-ZSM-5(40),

¢) HGa-ZSM-5(97) AND d) 2% Gay03 IMPREGNATED
HAL,-ZSM-5.
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810,5/Gag03 ratio. The linear plot is yielded which suggests the
linear dependence of the sglitting of the peaks at 45.1° and
45.5* on the framework gallium content. Thuas Fig. 3.5 can be
served as a calibration curve po find out the framework gallium
content in the test sample if splitting of the peaks at 45.1° and
45.5° is known. |

Pig. 3.6 shows the influence of calcination temperature
(range 873 - 1393 K) on the structural changes of Ga-ZSM-5(97)
studied with the aid of powder X-ray diffraction technique. The
parent sample calcined at 873 K for the period of 2 hrs does not
show any change in XRD pattern as well as the peak intensities.
The area under the XRD peaksa between 20 = 23°-25° of this sample
was arbitrarily expressed as 100 and the relative drop in the
crystallinity ™ was evaluated as a function of calcination
temperature. The parent sample was calcined for 2 hrs at
different temperatures in the temperature range 873 - 1393 K and
it was observed that the transformation to cristoballite occurs
at the cost of gallosilicate from 1213 K onwards. The area under
the XRD peaks 20 = 21.8° and 23.0° of the sample without any
ZSM-5 impurity "was arbitrarily chosen as 100X and the
contribution due to cristoballite was evaluated in the mixture.
Fig. 3.7A illustrates the influence of calcination temperature on
the extent of transformation. It can be seen from the figure that
the increase in % cristoballite content shows "S” shaped relation
to the calcination temperature. Fig. 3.7A also demonstrates the
highest rate of tranaformation of ZSM-5 to cristoballite phase in

the temperature range 1273 -~ 1298 K. At constant temperature, the
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FI1G.3.6. INFLUENCE OF CALCINATION TEMPERATURE ON THE
XRD PROFILES AT 1)873K 2) 213K ,3) 1248K,
4) 1273 K, 5)1298K AND 6) 1393 K FOR PENTASIL
(MF1) GALLOSILICATE OBTAINED FROM SYSTEM IL.
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caloinatién period plays an important role in the phase
tranaformation. Fig. 3.7B shows the transformation of Ga-ZSM-5
into cristoballite as a function of the period of heat treatment
at 1248 K. It is meen from the figure that the contribution of
' cristoballite increases with the calcination period and after 24
hrs at 1248 K, the product is only cristcoballite.

Framework cations were also found to igfluence the thermal
stability of the catalyst. Fig. 3.8 shows the XRD profiles of Ga-
and Al- analogs of pentasil (MFI) structure (with almost
identical silicon/framework cation ratio) calcined at 1073 and
1298 K for 2 hrs. Upto 1298 K, no marked structural changes
are exhibited by the Al- analog while Ga~ analogs showed the
transformation of MFI phage to cristoballite in the temperature
range 1073 - 1298 K.

3.3.2 Thermal Analysis : Fig. 3.9 shows DTA/TG curves of as-
synthesized (C/N), sodium (Na), ammonium (NH,) and hydrogen (H)
forms of Ga-ZSM-5 obtained from the system II. The structural
collapse of the zeolite crystal is accompanied by liberation of
heat. So the position of this exotherm peak is considered as
measure of the thermal stability. All forms of pentasil (MFI)
gallosilicatés as deﬁicted in Fig. 3.9 show exothermic effect at
1263 K. An endothermic effect due to dehydration of physisorbed
water was 'observed -in  the teﬁperature range 300-453 K. In
addition to this éndotherm, an exothermic effect due to
decomposition of organic template was observed in the temperature
range 563 - 773 K in as-synthesized (C/N) form. The deammoniation
in NH; form commenced at 663 K and was found to complete at
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5 | 20 | 40 50

FlG 3.8 . XRD PROFILES OF (1) HGa-ZSM-5(97) HEATED
AT 1073 K, (2) HAl-ZSM- -5(85) HEATED AT
1298 K AND(3) HGa-ZSM-5(97) HEATED AT
1298 K .
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773 K. The template or NHz removal followed after -decomposition
and dehydration of physisorbed water was confirmed by two stepped
weight loas in TG as well as DTA curves. The area under the
endotherm of the different forms follows the increasing trend as
NHy < H < Na. This can be iﬁéersely related to their rehydration
capacity.
3.3.3 Nitrogen Adsorbtion : Fig. 38.10 shows the nitrogen
adsorption isotherms for samples cobtained from system II with
varying crystallinity (as determined from XRD) and fully
crystalline sample (100X%) obtained from system I, III and V. For
highly crystalline samples a very rapid uptake at low relative
pressure followed by a nearly flat region at increased relative
pressure was observed, while zeolites with lower degree of
crystallinity show slow uptake with increase of relative
pressure. Thus the isotherms exhibit different behaviour for the
samples having different crystallinity. Fig. 3.11A shows a plot
of amount of nitrogen sorbed at P/P, = 0.5 with XRD crystallinity
data. It is seen that with increase in the crystallinity there
is also an increase in the number of N, molecules sorbed per
unit cell. Fig 3.11B depicts the N, sorption at P/P, = 0.5 as a
function of Ga content. Although there is no linea¥ increase in
No wmolecules/u.c., a systematic increase is found with the
increase in Ga content/u.c. The crystallinity and the Ga content
of the sample were found to influence the nitrosén sorption due
to a change in surface area and void volume accessible for N,.
The values of surface areas obtained by BET and Langmuir plots
and void volumes from Dubinin plots are tabulated in Table 3;2.
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The specific surface areas obtained from nitrogen sorption 'data
by applying Langmuir approach are found to be rather higher than
those obtained by applying the conventional BET approach. 'Since
Langmuir plots were linear over a wide range of relative
pressures (P/P, = 0.8) compared to the BET plots (linear up to
only 0.15 relative pressure), thg specific surface areas obtained
by the Langmuir approach probably represent a more realistic
estimatelo'll. The specific surface area is rather lower for
HGa-28M(40) (470 m? g~1) than that of HAL-ZEM-5(36) (480 n? g 1)
and thiz is consistent with the slightly higher crystallite
size (2 um) and unit cell volume of the former. In fact
isomorphous replacement of Al by Ga in the MFI structures has

12 a marginal increase in the unit cell volume. However,

3+

shown
larger _Ga speciea themselves may be responsible for some
reduction in the effective void volume. Table 3.2 also shows the
void \‘rolume of these zeolites obtained from nitrogen sorption by

Dubinin-Radushkevich equat.ionl. Ag discussed above, ' the void

Table 3.2
Characterization of HAl-25M-5 and HGa-Z2SM-5 =zeolites.

Surface area n? g"l

Zeolite Langemmiy BET Dubinin void vol, ml g_:l
HA1-ZSM-5(36)~ 490 420 - 0.190
HGa-Z8M-5(40) 470 . 404 0.186
HGa-ZSM-5(97) 463 380 0.178
HGa-Z5M-5(289) - 424 934, 0.171

¥ Number in'parenthesis indicate SiOg/MgOa ratio (M = Al or Ga).
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volume of HAl-ZSM-5(36) (0.190 ml g’l) is only slightly higher
than that of HGa-ZSM-5 (40) (0.186 ml g’l). The decrease in void
volume in the case of Ga isomorphs from '0.1868 mL g~ ! for
HGa-ZSM-5 (40) to 0.171 ml g™l for HGa-ZSM-5(289) may be a
consequence of an increase in crystallites from 2 pm for the
former to 4 um for the latter.

3.3.4 Equilibrium sorption capacities : Equilibrium sorption
capacitieas of different probe molecules often help to estimate or
confirm the crystalline nature and the void volume of the
microporous solids 1like =zeolites. Table 3.3 summarizes
equilibrium sorption capacities ( at P/P, = 0.8 , 298 K., 2 h)
of water , n-hexane, cyclohexane, xylene isomers, n-butylamine
(nBA) and tributylamine (TBA) for all the four zeolite samples.
Although HAl(38)~ and HGa(40)- MFI samples show almost
compéfable sorption capacities, the former shows slightly higher
sorption capacities +than the latter. The equilibrium sorption
éapacity for water decreases for Ga-isomorphs from 8.1 wt. ¥ in
HGa-ZSM-5(40) to 3.1 wt. % in HGa-Z5M-5(28B9). This is

t13 with the decrease in the hydrophilic éharacter of

congisten
the =zeolite with the decrease .in the framework gallium
content. The sorption capacity of ononpolar cylindrical
n-hexane molecule (kinetic diameter = 4.2 K) seems to be leasat
affected ( 11.0 + 0.5 wt. ¥ ) with the change in Si0O,/Ga,0g in
the 3zeolite. The equilibrium sorption capacity of spherical

-]
cyclohexane molecule of the size ( 6.2 A ) comparable to the

' pore dismeter, decreases Vith the increase in the 5102/Ga203

ratio. 1t -was reportedl4 earlier that the crystallite size
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" Table 3.3

Eguilibrium sorption uptake* £/7100g in different 2Z5M-5 zeolites

Sorbent

Sorbate ~  HGa-ZSM-5  HGa-ZSM-5  HGa-ZS4-5  HA1-ZSM-5
(40) (97) (289) (36)
Water 9.14 8.13 3.09 10.06
n-hexane 10.00 11.01 11.50 11.10
cyclohexane 4.52 4.07 3.98 5.29
o-xylene 3.00 2.98 2.90 ‘ 3.10
m-xylene 3.25 3.17 3.06 3.30
p—xylene 14.78 13.49 13.25 15.00
n-butylamine 12.00 12.10 13.26 12.80
tributylamine 0.75 0.65 0.60 0.90

* at 208 K, P/P, = 0.8, 2 h.
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increases with the .increase in 510,/M;0g. Hence, due to longer
diffusional path (trailing effect), the sorption capacity at a
fixed time decreases with the increase in 5i05/Gag03.  Among
the =xylene isomers , the sorption capacity for para isomer
( 14 + 1 wt. %) is much higher than the other two
isomers (3.0 + 0.2 wt. %). This shows the higher para selectivity
of all the catalysts. The sorption capacity of a compargtively
smaller basic polar molecule also decreases with the increase in
8i0,/Gan0g ( decrease in gallium content ). This is consistent
with the fact that the number of acid centers decreases with the
decrease in the framework gallium content. Tributylamine
(kinetic diameter = 8.3 ; )- uptake also is found to decrease with
the increase 8Si0O,/Ga,0g and hence with the increase in
crystallite size. S8ince the size of TBA+ is larger than the
ib MR pore opening (5.5 3) in MF1 framework, it is sorbed only
on the external surface.

3.3.5 n-Butylamine (nBA) sorption isotherms : Fig. 3.12 shows
families of isotherms for the sorption of nBA in HAl-ZSM-5 and
HGa-Z5M-5 samples in the temperature range of 323 to 523 K. It -
is seen from the Fig. 3.12 that except a few i;otherms at higher
temperature (523 Kg, moat of them exhibit type I isotherms
according to Kiselev’s classificationl®. Almost 80 - 90 ¥ of
the total uptake takes place in a very narrow range of pressure
(upto 5 Torr) after which there seems to be a gradual increase
in the uptake with the pressure. nBA, being basic polar molecule
initially may be interacting with the acid centers and then a

very slow volume filling phenomenon may be operative on account
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of its very moderate interactions- with the silanol groups. Fig.
3.18A shows the typical dependence of sorption uptake on the
concentrations of gallium in the MFI framework. At all the
isotherm temperatures the nBA sorption uptake increases with the
increase in gallium in the MFI framework. Similar observations
were reporfed earlierl® in case of different titanosilicates of
MFI structure. A Dbasic polar molecule like nBA is expected to
interact with acidic protons, balancing the negative charge on
the Ga0, tetrahedra. The decrease in the nBA uptake is rather
sharper in the low gallium containing zeoclites and i=s rather
slower as the gallium concentration increases  further. Fig.
3.13B shows the amount of nBA retained irreveraibly during
desorption by evacuation in vacuum (10°8) as a function of
desorption temperature. The Fig. 3.13B shows that the amount of
nBA retained decreases sharply upto 423 K and then it decreases
rather slowly at higher temperatures. The salient feature of
Fig. 3.13B is the higher amount retained by HAl-ZSM-5(38)
than that by HGa-Z8M-5(40). A considerably higher temperature is
needed for the former zeolite than the latter one to achieve the
same extent of nBA desorption. If the amount of nBA retained
is assumed to be proportional, at least qualitatively, to the
number of acid centers, then it clearly confirms!? the earlier
observations that acid sites in HAl1-ZSM-5 possess higher strength
than that of those in HGa-ZSM-5 zeolite with almost identical
S105/M505 ( M = A13* or GaBt ).

-3.8.6 Application of sorption isotherm equations -

3.3.8 (A) Dubinin equation : An attempt i=s made here to test the
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applicability of the Polanyi potential theory modified by Dubinin
and Radushkevich1 for nBA sorption in the different HGa-Z25M-56
geolites and HAl-ZSM-5(36) over the temperature range 3238 - 523K.

The Dubinin-Radushkevich equation is expressed as :

B P, 2
log W = log W X (Tlog ) (1)
°  2_303 A2 3

where W is the amount sorbed at equilibrium ° pressure F, W, is
the total 'sorption capacity, P is a constant independent of
temperature and characteristic of the'sorbent pore structure and
B is the affinity coefficient. Dubinin plots so0 obtained
exhibited excellent linearity and typical Dubinin plots are shown
in Fig. 3;14, indicating the applicability of Dubinin-
Radushkevich equation over the entire range of temperature (323
- 523 K ). The saturation capacities and 5732 (B is the affinity
coefficient) obtained from the intercept on the Y-axis and slopes
of the linear plots, respectively, are tabulated in Table 3.4.
The saturation capacities from Table 3.4 show ciose, agreement
with those obtained experimentally and thné indicated
satisfactory representation 6f the nBA sorption data by Dubinin-
Rgdushkevich equation based on the volume filling approach. The
saturation capacity decreases with a éécrease in the framework
gallium content (an increase in 5i0y5/Gag03 ratio). However, the
saturation capacity increases with a decrease in sorption
temperature. The decreasze in the affinity coefficient ‘B-
(increase in EVBE ) with the increase in temperature  indicated

the reduced affinity of the sorption center towards the nBA
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. molecule at higher temperatures. The affinity coefficient is
maximum for BGa-ZEM-5(97) among the gailiﬁm isomorphs of MF]
zeolites. It is, however, surprising that the affinity
coefficient '#F° is lower for the HAl-Z5M-5(36) than that for RGa-
ZSM-5(40) of almost the same 8iOy/My04 ratio.

3.3.6 (B) BET isotherm equation : The application of BET equation
to the sorption of nBA in HAl-ZSM-5(36) and all the HGa-25M-5
zeolites yielde& excellent linear plots and typical of them are
shown in Pig. 3.15. The saturation capacities (monolayer
capacities) obtained (Table 3.4) from the =slope and the
intercepg of these linear plots are in reasonable agreement with
those obtained from Dubinin-Radushkevich equation. The excellent
linearity of these plots also confirmas that the nBA sorption
data in 285M-5 zeolites can be satisfactorily described by BET
model. Most of the BET plots pass through the origih without
yvielding an éppreciable inéé¥cep£ on the ordinate. However, as=s
the Si0,/Ga,05 ratio and the sorption temperature increases, BET
plots yield a very small intercept on the ordinate. The constant
C in the BET is relaéed to the heat of sorption for the first
layer. nBA sorption data in EU-1 zeolitéala and CO, sorption data
in LTL zeolites%g also yielded linear BET plots. However, the
BET appfoach showed only limited applicability to nBA sorption
in titanosilicates of MFI1® structure and both 00219 and NH39
sorption data could not be represented satisfactorily by the BET
approach in cation exchanged Y zeolites.

3.3.8 (C) Langmmir sorption eguation ; When nBA Sorption data

in Al- and Ga-ZSM-5 zeolites were fitted +to Langmuir model,
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linear plots were obtained at all the temperature even upto 100
Torr of pressure. Typical linear plots are shown in Fig. 3.16.
Monolayer capacities obtained from the reciprocal of the =slopes
of the 1linear plots are tabulated in Table 3.4 and they show
fair agreement with those obtained experimentally, from Dubinin-
Radushkevich and BET equationa. Most of the linear plots pass
through the origin and those at 523 K yield an intercept on the
ordinate, - suggesting a lower heat of sorption or weaker
interaction between the sorbate molecules and sorption centers.
The excellent 1linearity of the Langmuir plots suggests that
nBA molecules are 1ocalizgd on the sorption center with 1:1
correspondence between the sorption center. nBA sorption in
EU-1 zeolitesla, CO, sorption in LTL zeolitesl? and NHg sorption

in cation exchanged Beta zeoliteszo

» could satisfactorily be
represented by Langmuir approach. A limited applicability was
_ shown by Langmuir approach for - the nBA sorption in
titanosilicates molecular sieves of MFI struc£uﬁe. Aithough, the
Langmuir approach represented nBA sorption in Fe3+ exchanged Y
zeolit3821, it failed to represent 00213 and NH32 sorption in
cation exchanged Y zeolites.

3.8.6 (D) Freundlich sorption equation : Recently, the Freundlich
sorption equation satisfactorily represented nBA sorption in
Fea+ exchanged type Y zeolite821 and 002 sorption in LTL
zeolitesl®. When nBA sorption data in Al- and Ga-ZSM-5 =zeolites
were tried to fit into a Freundlich isotherm equation, linear

plots were obtained over entire temperature range ( 323 - 523 K )

even upto 100 Torr. The typical Freundlich plots are shown
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in Fig. 3.17. The slope of these linear plots increased with
the iﬁcrease in the isothe;m temperature and with the  increase
. ip 3102/63203 ratio. The excellent linearity of these plots,
‘sugéests two dimensional monolayer film of nBA molecules on the
sorbent su;face. Although 1linear plots were oﬁtained, the
sorption capacities, evaluated from the intercepts on the
ordinate were found to be lower than  those obtained
experimentally. The Freundlich sorption model, however, failed
to represent nBA sorption in Ed—l zeolitesl® and titanosilicates
of the MFI structurel®. .
3.3.6 (E) Sips equation and Koble- Corrigan equation : The Sips
equation22’23 based on the loqglized sorption with sorbate-
sofbent interaction, takes care usually of any deviation from the
Langmuir approach. 1If the sorption is assumed to be a chemical
reaction’between:éorption centers and the sorbate molecules, the
" Langmuir equation results with a 1:1 correspond- ence between
them, and if‘some toleraﬁce is made for complicating‘factors, the
Sips eqnétion results. Although ;ecently the Sips equation
exhibited excellent applicabilitv to 00213 and NHI32 sorption in
cation-exchanged Y 2zeolites, NH3 sorption in cation—exchanged
Beta zeolitesZ® and nBA sorption in titanosilicates of the MFI
structure,ls it failed to represent the nBA sorption in Al- and
Ga-ZSM-5 zeolites in the preéént studies. |

Similarly, the Koble-Corrigan equation323’24 based on the
exact solution for the dissociative - sorption of sorbate

molecules on two active sites, could represent 002 sorption in

cation exchanged Y zeolitesls; but the same approach could not
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vield linear plots in the present study of nBA sorption and hence
no meaningful conclusions could be drawn.
3.3.6 (F) Application of statistical wmodels of Langmuir and
Volmer : The statistical models of Langmuir and Volmer2® derived
initially for ideal systems are often appliedz’la’ze to real
- systems to yield information on the extent of deviations
occurring in such systemé on account of surface heterogeneity,
multilayer formation and mutual interactions between sorbed
molecules. In the present studies, however, plots of K;, InKjp, Ky
and InKy as a function of coverage ( © ) did not yield 1linear
plots, and hence, no useful information can be obtained regarding
the state of the =zorbed molecules.
3.3.6 (G) Chemical affinity and the selectivity of the sorbed
rhase : The decrease in the chemical potential takes place, when
a gas is transferred reversibly and isothermally from a gas phase
at a standard pressure P, into an infinite amount of sorbent-
sorbate mixture over an equilibrium pressure P. Neglecting the
non—ideality_ of the s=orbate, the chemical affinity may bYe
expressedzs'27”29 as :

Ap = RT 1n (P/P,) (3)
The value of Ap. may often be taken as the quantitative measure
of the chemical affinity of the sorbate for the sorbent. Plots
of - Aﬁ)u against the amount sorbed also serve as useful
criteria for the comparison of the sorption affinities of a probe
molecule in the lattices of different zeolites. Typical plots of
- &p, against the amount sorbed are shown in Fig. 3.19, for
HAl1-Z8M-5(36) and HGa—ZSM—5(40).'The chemical affinity plotz with
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coverage were of the same nature for other zeolites also. Fig.
8.1 shows that a drop in - Au with the coverage is rather
sharper in HGa-Z28M-5(40) than that in HA1-ZSM-5(38). This
indicates that the strength of the sorption centerz in
HA1-ZSM-5(36) is higher than that of HBGa-25M-5(40). If acidic
protons are assumed primarily to be the sorption centers, the
above results support the literaturel? finding of lower
strength of acid centers in HGa-Z5M-5 than that in HAl-ZSM-5.
The Fig. 3.1% also shows that at a fixed coverage, HAl-ZSM-5
shows higher chemical affinity than that 1p HGa-ZSM-5. As
expected thermodynamically, the chemical affinity for nBA
sorption decreases with the increase in the sorption
temperature. The chemical affinity sequence in the m;d—coverage
region at 323 K was HA1-ZSM-5(36) > HGa-ZSM-5(40) > HGa-ZSM-5(97)
> HGa-Z8M-5(289), but the same at 523 K was rather complicated.
These curves also show that the drop in chemical affinity became
rather sharp as the sorption temperature is increased.

3.3.6 (H) Isosteric heat ( Qu ) of n-BA sorption : The isosteric
heat (Qgy) of sorption is derived2?»27-29 by applying the
Claussius-Clapeyron egquation at constant sorbate 1loading using

the relation :
- AH = Qz¢ = R ( ToTy / TZ—T]_) In (Py/Py)

1f Qst is temperature-independent, the plots of ln P against 1/T
at a fixed sorbate loading (isosters) are expected to be 1linear,
In the present studiea, the isoaters were found to be fairly

linear. Table 3.5 lists the valuea of isosteric heats obtained
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from the slopes of the linear isosters. The Table~ 3.5 shows
that with the exception of HGa-25M-5(289), Qg value
increases with coverage. This shows that the nBA molecules
interact strongly with sorption centers ( acid sites ) of
increasing strength. The isosteric heat extrapyolated to =zero
coverage is in the range of 34 - 24 kJ mole”! and follows the
sequence HAl1-ZSM-5(38) > HGa-ZSM-5(97) > HGa-ZSM-5(40) > HGa-ZSM-
5(289). The sequence also indicates that among 'the gallium
containing zeolites , HGa-Z8M-5(97) exhibits the highest Qg
value. It is known fact that, as isomorphous framework species
substituting 8i%* in zeolite decreases, there iz a decreass
in the number of acid sites with an increase in the strength
associated with each site. It seeﬁs therefore, probable that, the
strength'of acid site increasea~upto SiOz/MzOs = 97 and then it
may decrease. The HGa-ZSM-5(289) shows lower value of Qg than
HGa~-ZEM-5(97) and it also shows that in ghe higher coverage
region Qst decreases and then regains its original wvalue. For
such an indirect method as this, the experimental artifacts may
influencg Qg values to some extent. In case of ammonia sorption
in ZSM—53°’31, the behaviour of Qg was in the reverse order.
Qg¢ first increased with the coverage and then decreased to level
off. Sorbate-sorbent interaction usually prevails in the low
coverage region and is expected to be appreciable in magnitude.
The Qst values in the mid-coverage region are a result of both
sorbate-sorbent as well as sorbent-sorbent interactions, and
depending upon the extent of contributiona from each of them,

humps in Qst curves are observe627. In the higher coverage
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region, only sorbate- sorbate interactions are operative and
usually Qg values approach the the heat of liguefaction.

3.3.7 Infra red (IR) Spectroacopy : Fig. 3.19 shows the spectra
of different pentasil zeolites in the region of fundamental
vibrations of surface hydroxyl groups. The absorption peakssz’aa-
are observed at 3740, 3725, 3699, 3607 and 3485 om 1 for
HA1-ZSM-5 (curve 1) at 3740, 3725, 3699, 3607, 3495 em! for Ga
impregnated HA1-ZSM-6 (curve 2), at 3740, 3720, 3690, 3619, 3607
em~! for HA1Ga-ZSM-§ (curve 3) and at 3740, 3720, 3690, 3619 cm™!
for HGa-ZSM-6 (curve 4).The bands at 3740, 3720 cm ! are
assigned32-34 to stretching vibrations of Si-OH groups (terminal
and internal respectively) and a band at ~ 3690 em ! is assigned
to extra lattice Al or Ga. The bands at 3607 and 3619 cm™! are
assigned®® to bridging hydroxyl groups Al1-0-Si and Ga-0-Si
respectively. The broad band seen in curve 3 is because of the
overlapping bands of bridging hydroxyl groups of Al and Ga. The
band of bridging hydroxyl group to Ga appears as a shoulder
because of the lower concentration of Ga as compared to Al. The
broad band at ™ 3490 «l:m;1 is assigned due to hydrogen bonded
hydroxyl group335.

FTIR spectroscopic study of pyridine adeorption is widely
used for the determination of acid strength distribution of
catalysts. Fig. 3.20 (curves 1-4) shows the infra-red spectra of
pyridine adsorbed on HAlGa-ZSM-5 and Ga impregnated HA1-ZSM-5 at
373 K and 423 K in the 1400 to 1700 om ! region. Absorption
bands due to adsorbed pyridine were réportédss'ss at 1635, 1620,

1598, 1544, 1490, 1454, 1445 cmfl- The spectral bands at 1635 and
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1544 cm! were attributed® 38 to the Bronsted acid sites i.e.
due to the vibrations of pyridinium ions (N'-H stretching
vibration). The spectral bands around 1620, 1490, 1450 cm™ ! were
assignedas"se to pyridine molecules co-ordinated to Lewis acid
sites. The bands at 1445 and 1598 cm™ ! are also rresent which are
due to hydrogen bonding. The intensity of absorption of all the
peaks for both HAlGa-ZSM-5 and Ga impregnated HAl-ZSM-5 is <found
to decrease when the catalyst was evacuated at 423 K. From the
spectra it can be noted that relative concentrations of Lewis
acid sites compared to Bronsted acid sites on Ga impregnated HAl-
Z8M-5 is higher than that on HAlGa-ZSM-5 samples. Thus FTIR study
supports the presence of Ga in the tetrahedral framework of
pentasil zeolites.

Fig. 3.21 gives the framework IR spectra by different heat
treated Ga-ZSM-5 samples. Curve 1 corresponding to Ga-Z285M-5
heated at 1173 K for 2h gives IR specira typically of 2sM-6§32-39
From the {figure, it is seen that as the temperature of heat

treatment increases, the IR band at 550 cmfl

» characteristic of
double 5-membered32-39 (pelated to crystallinity of the sample)
and a peak at 722 em 1 (due to tetrahedral asymmetric stretching
vibrationi/aééraases in intensity. Both the peaks vanish for the
sample treated at 1393 K (curve 4). Similarly, as the temperature
of the heat treatment increases, the peak at 618 em™!  increases
in intensity and becomes much sharper in curve 4. A
peak32-39 ¢ 460 cm™! due to pore opening32~39 pecomes broad and
shifts to higher fregquency in curve 4. Curve 4 corresponde to the

framework IR spectra of cristoballite. These observations support
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. the results obtained from XRD.
3.3.8 X-ray Photoelectron spectroscopy (XPS) : XPS has been
extensively used in the study the external layer of zeolite

surfaces4o_45.

The presence of aluminum , gallium or any other
substituted trivalent cation in the zeolite framework modifies
éhe acidic properties of =zeolite. Therefore the study of actual
distribution of substituted trivalent cation at the saurface of
the zeolite has attracted greater attention. The surface compo-
sition of the Ga3+ substituted pentasil =zeolite was studied
systematically by XPS. The XPS measurements were performed as
described earlier. The intensity of wvarious XPS bands was
determined using linear background subtraction. All the XPS ﬁands
for Sins/z, éa2p3/2, Ols were found symmetric. The atomic
concentration ratio in outer layer designated as (Si/Ga)g was
estimated for the corresponding XPS peak area using the

relation45,

(x/M)g = Ay /By . Ty/ry - (Bgy/BppC- 7t

where x stands for Si and M stands for Ga. A, r, E; are the
normalized peak area, the effective ionization cross section, and
the photoelectron kinetic energy respectively. Cross section
values were used from Scofield4S.

- The bulk atomic concentration ratio designated as (Qi/Ga)B was
calculated from chemical analysis.A The chemical composition
expressed by the bulk atomic ratio (Si/Ga)B and the surﬂgce
atomic ratio (8i/Ga)g calculated from the XPS intensity ratio of

the samples studies are given in Table 3.6. From the (Si/Ga)s
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ratio in Table 3.8, it can be concluded that the surface of the

samples is enriched with Si.

Table 3.6

Bulk and surface characteristic of pentasil gallosilicates.

System (Si/Ga)B (8i/Ga)g
I 20.19 64.88
IX 48.38 100.00
III 144 47 -

The Binding energies (B.E) for and Sizp3/2, Ga2p3/2 Ols
tabulated in Table 3.7 for pentasil (MFI) gallosilicates agree
well with those of reported46’47. The presence of trivglent Ga in
the lattice framework can be confirmed by XPS. The XPS spectra of
5i2p3 /9., Ga2p3/2, 0Ols for Ga-ZSM-5 obtained from system I is

Table 3.7

Binding energies of various components present in Ga-ZSM-5.

Systen 8iZ%p Gazpalz Ols
B.EP B.E B.E

1 108.7 1118.8 532.44

11 103.6 1118.9 532.42
111 103.3 - 538.12

b B.E values are in eV.
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given in Fig. 3.22. Irrespective of the ratio only one Ols ° peak
at 532.6 eV is observed due to szeolite lattice oxygen. The
shoulder peak around 530.1 eV reporteds to be due to the oxygen

associated with extra-lattice oxidic trivalent species was <found
absent in this sample.

3.3.9 2951 MaAqMMR : A study using 2951 MASNMR (Fig. 3.23) of
three different samples (a) pure silicalite(> 3000); (b) Ga-ZSM-5
(289) and (c) Ga-ZSM-5(40), showed two types of Si ordering in
as-synthesized gallosilicate. The chemical shift value of about
-103 ppm, corresponds to S5i(1T) environments and a large signal
at about -112 ppm corresponds to Si(0T) atoms. Hence, the signal
at & = -103 ppm can be attributed to Si atoms having Ga atoms in
their second co-ordination sphere. The peaks marked with an
asterisk (%) are duve to the spinning side-bands. The apparent
line intensity changes were found to be consistent?® with the Ga
content (SiOszazos) of these gallosilicates.

Fig. 8.24 exhibits 2931 MAS NMR spectra of Ga-2SM-5(97)
with different heat treatments. Curve 1 for Ga-ZSM-5 heated at
1073 K shows two different Si%* environment=s, Si(1Ga) and Si(0Ga)
corresponding to a chemical shift of - 104.6 and -112.3 ppm.
These data are in close agreement with the literature?® 52  curve
2 for Ga—ZSM—S‘ heated at 1248 k shows only single silicon
environment corresponding to a chemical shift at -113.0 ppm. A
shoulder band due to £i(1Ga) around -105 ppm disappears in this
sample. It seems therefore that on calcinations at 1248 K
degalliation of Ga-ZSM-5 takes place snd perhaps the resultant

product may be similar to silicalite-1. As the heat treatment
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ARE GIVEN RELATIVE TO TMS.
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temperature of the peak due to Si(0Ga) shifts gradually to a
higher chemical shift from -113.0 to -109.5 ppm. Cristoballite
exhibits only one environment, Si(0Al) for =silicon. Moreover,
_ cristoballite is a more stable phase than ZSM-5 and shifting of
Si(0Al)' environment to higher chemical shift seems to be

concurrent with it.
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4.1 INTRODUCTION
It is well Xnown that the acidic =zeolites catalyze the
hydrocarbon conversion reactions such as cracking. isomerization.

1-13 on account of variation in

alkylation and disproportionation.
the strength of acid mites. 28M-5 class of catalysts are proven
to be advantageous over the other zeolites in these reactions due
to their unusual physico-chemical properties. A direct
correlation with the activity has been reported in case of
aluminosilicate zeoliteB.

Aromatic reactions such as isomerization of xylenes,
disproportionation aﬁd methylation of toluene are industrially
important reactions. 1In this chapter, we report the catalytic
activity of gallosilicates with pentasil {MF1) framework
structure in the hydrocarbon conversion reactions wherein p-
xylene is the product of interest. A comparison of its catalytic
behavior with Fe and Al analogs is also made. The bifunctional
nature of the zeolite ;n aromatization reactions like n-hexane
conéérsion iz also discussed.

The importance of aromatics is well known as fundamental
building blocks and Octane boosters in gasoline. In order to
increase the aromatic content, narhtha reforming is practised
industria11y14'19. by converting the heavy naphtha containing Co—-
Cg vraraffins) to BTX aromatics. However. conversions of lower
paraffins (C,o-Cg) to aromatics is more difficult and is equally
important. Several authors20-23 have studied the aromatization

24

using zeolites. Kanai and Kawata have reported the

aromatization of n-hexane over modified zeolites whereas Ono and

GARR. BALASARED KRARGERAR LiSRas
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coworkers20-25 have studied the conversion of lower paraffins and
olefins to aromatics using zinc and gallium containing =zeolites.
The formation of aromatics by dehydrogenation followed by
cyclization of lower paraffins, has been well documented?®. A
bifunctional mechanism was envisaged in the literatureZ’. we
report the influence of gallium in the framework and nonframework
positions and their concentration on the aromatization of n-
hexane.
4.2 EXPERIMENTAL

Synthesis and characterization of the samples used in this
study were discussed in detail in Chapter 1I, Section 2.5.1. The
powdered catalysts are pressed and pelleted to 10-20 mesh. All
the reactions were carried out at atmospheric pressure in a fixed
bed, downflow, integral reactor shown in Fig. 4.1. About 2 g. of
the catalyst was positioned in a cylindrical, silica reactor (1.5
X 40 cm) provided with a thermowell at the center. The thermowell
top and the catalyst bed upper surface in the reactor were at the
same level. The reactor was placed in thé constant temperature
zone of an electrically heated furnace. The reactor was connectéd
to the product receiver through a coiled condenser having cold
(278 K) water circulation. The feed unit consisting of a Sage
syringe pump equipped with 100 ml syringe was connected to the
top of the reactor. The zone above the catalyst bed is filled
with inert porcelain beads to serve as preheater. For the all the
reactions, the catalyst was activated overnight in air at 823 K.
For the n-hexane aromatiszation reaction, the temperature of the

reactor was brought down to about 373 K in inert atmosphere of
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nitrogen. Then the reactor temperature was raised to the reaction
temperature in presence of hydrogen flow (flow rate 70 ml/min)
and the reaction was started by passing the reactant (nCg) at
desired rate. For other reactions, after activating the catalyst
at 823 K, nitrogen was passed for 15 minutes and the reaction was
carried out after attaining the desired temperature. The products
were collected at regular intervals and the mass balance was
calculated from the analysis of liguid and gaseous products.
The gaseous and liguid products of n-hexsne aromatization were
analyzed using a capillary column of 50 meters length and 0.25 mm
diameter having silicon gum as the stationary phase. The
capillary is connected to Shimadzu GC 1RA model. For other
reactions, the liguid products were analyzed on a  Bentone-
34/DIDP (Di-isodecyl phthalate) column fitted to a Shimadzu GC
having FID detector. Gaseocus products were analyzed in a PORAPAK
. column. The results tabulated are from the mass balance studies.
4.3 RESULTS AND DISCUSSION

The unit cell compositions of the catalyasts used in the
present hydrocarbon conversion reaction studies are tabulated in
Table 4.1. n-Hexane (99.6%), o-xylene (899.9%), toluene (99.8%)
and methanol (99.9%) were used as reactants in the preaent
studies.
4.3.1 Aromatization of n-hexane : Table 4.2 shows the influence
of temperature on the product distribution of aromatization of n—-
hexane over A : HAlGa-Z5M-5(40); B : 2 ¥ Gay0g impreg. "on
HA1-ZSM-5(85) and C : HGa-Z8M-5(97) whereas R = 8i05/M505 (M = Al

and/or Ga). It is seen that the formation of gaseous products and

0



Table 4.1

Unit cell compositions of the catal&ats.

No. Catalyst Unit cell composition
1. HGa-ZEM-5(40) Hy soNag_03[(Galg)y 53(8103)gy 471
2. HGa-ZSM-5(97) Hy ggNag ogl(Gals)y 94(5i04)g3 gg)l

3. HGa-ZSM-5(289) Hb_35Na0_01[(Ga02)0_36(3102)95.35]
4. HAlGa-ZSM-5(40) H4‘50N30‘02C(Gaﬂz)2.28(3102}2.26(3102)91.481

5. HAl1-ZSM-5(85) HZ.12“50.OB[(A102)2.20(8102)93.80]
6. HFe-ZSM-5(80) H2.27Na0_08[fFEOz)2‘35(5102)93_60]
7. 8ilicalite Si

{>3000) 989192

8. 2% Ga20s,impres. 2% Gay0glHly 12Nag. 0gl(Al02)z 20(5102)g3 501}

8. 3.83%2 Ga

0 3.83% Ga,03{Siga04100}
1mpreg.a§1§calite 203{S15¢0192




Table 4.2

Influence of temperature on the product distribution of
aromatization of n-hexane

Reaction temperature :

Temperature range : 743 -~ 793 K
Pressare s atmo rie
WHSV t 2.64 h
gz/ac {mole) = 4
ead z n~hexane (98.6 X)
\\
T . & 798 k 778 K ‘ 7483 k
\catalysb
AN
Parametér, A* ol c® A B c A B c
Cy 15.4 5.8 2.6 13.0 4.5 9.1 7.6 3.1 7.4
CotCy = 14.4 13.8 10.6 10.0 9.1 21.8 7.1 7.7 17.8
CqtCq = 16.4 35.5 28.7 32.5 32.9 9.8 30.2 38.3 10.9
iCy 0.8 4.2 6.8 3.5 5.5 2.0 8.2 10.8 1.7
nc4 1.2 5.0 4.4 3.8 5.9 4.2 7.9 8.3 4.7
Total 34.7 30.5 16.1 20.9 25.5 15.2 25.6 21.3 11.5
aromatics

sel* BTX 83.4 27.7 11.4 26.4 24.0 11.6 22.1 18.0 6.3

% Conv. 99.4 97.6 73.9 97.9 97.3 71.8 99.8 93.9 58.7
x A ¢ SiOZIGa 03 = 80

#B:2% Gazg impreg. HAl1-2ZSM-5

@C: SiOz/G&283 = 97

Sel.: Sglectivity
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the selectivity to aromatics is incréases with temperature. For
all the catalysts,.the cohversion increased with the increase in
the reaction temperature. However, the following trend was
observed in the conversion of n-hexane at all temperatures.
HAlGa-ZS8M-5 (100 %) > 2 X Gag0g impreg. HA1-ZSM-5 (93 %) >
HGa-ZSM-5 (658 - 74" %).

The enhanced formation of isoparaffins on HAlGa-ZSM-5 and 2 %
Gan0g impregnated on HAl-25M-5 at low_tempefature indicates that
cyclization is favored at lower temperature. But HGa-Z5M-5 shows
higher isoparaffins at higher temperatures.

HAlGa-ZSM~-5 and Gay0g impregﬁéted HAl-26M~5 show higher
conversion as well as higher aromaticse in the products as
compared to HGa-Z2S5M-5. This may be partly explained on the basis
of the acidié strength of the qatalyats and the site occupancy
and the. concentration of the gallium. The Al containing catalysts
being more acidic, favors the cracking reactions. All catalysts
showed an increase in formation of aromatice at  higher
temperature. Table 4.3 indicates the influence of space velocity
on n-hexane conversions over these catalysts. In all cases higher
. space velocity favors the higher selectivity to aromatics inspite
'of lower conversions. At lower space velocity, cracking of n-
hexane is favored leading to the formation of Cy-Cg paraffins and
olefins. In all three catalysts the formation of gaseous products
(C1-C3) remains almost constant, irrespective of space velocity
depending on the zeolite. Al éontaining catalysts indicate higher
formation of C4-Cg producta than for pure gallosilicate.

Similarly, selectivity towards aromatics is higher in Al-
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Table 4.3
Influence of WHSV ! on the product distribution (wt.%X) of
aromatization of n-hexane
Reaction temperature :
Temperature range * 793 K
Preassure * atmospheric
Ho/HC (mole) : 4 ]
Feed + n~-hexane (98.6 %)
N
“wHSV Kl 2.64 8.80 4.95
\‘&\catalyst
~N ,
Parameter, A* BY (® A B ¢ A B ¢
- \ .
Cy 15.4 5.8 é.s 7.2 5.4 18.0 3.3 3.3 10.0
'cg+cz = 14.4 13.8 10.6 5.9 18.2 25.8 6.9 10.2 20.7
Cg+Cq = - 16.4 3.5 23.7 19.0 38.2 7.1 16.5 36.6 7.0
iCy 0.8 4.2 6.8 - 1.1 5.1 2.2 3.9 8.1 1.8
nCy 1.2 5.0 4.4 2.0 59 5.7 4.9 6.3 3.8
ECI-C4 48.0 64.4 47.8 36.2 67.9 53.4 85.4 6.4 42.8
1(:'4/nc4 0.5 0.8 1.5 0.8 0.9 0.4 0.8 1.0 0.8
BTX 38.8 28.3 15.4 29.4 24.1 19.1 44.86 26.7 14.9
Total 34.7 30.5 16.1 32.9 25.2 20.8 44.6 27.9 16.0
aromatics
se1* BTX 33.4 27.7 11.4 29.0 23.3 14.8 87.2 24.2 9.6
% Conv. 99.4 97.8 73.9 8.9 968.8 77.8 83.3 94.3 64.5
* A : SiOz/Ga 03 = 80
#B: 2% ea23 impreg. HAl1-Z5M-5
@cC : 3102/Ga28 = 97
Sel.: Selectivigy
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containing catalysts. Only HGa-ZSM-6 shows lower aromatics than
both the HA1Ga-Z28M-5 and 2 ¥ GaéOs impreg. HA1-ZSM-5. This
suggests that the acid function of the 3zeolite and Ga is
facilitating the bifunctioﬁal reaction of n-hexane. It was
reportedz'za'zg that the aromatization of n-hexane over Gaj0g
supported ZSM-5 is a bifunctional process in which aromatization
reaction is catalyzed by Ga spe&iea. Therefore, in case of
gallium impregnated HA1-ZSM-5, the vield of aromatics increased
with the decrease in acidity of the zeolites. Fig. 4.2, indicates
the distribution of benzene, toluene and xylenes over these three
catalysts - at 793 K and WHSV = 2.84 h™l. The formation of xylene
) is very low and hence the ratio of xylene to benzene is higher
indicating the dealkylation of xylenes in acidie zeolites like
HAlGa-ZSM-5 and Ga impregnated HA1-ZSM-5.

4.3.2 Isomerization of o—xylene : The catalysts used in this
study are HGa-ZSM-5 (40, 97, 289), HAl-ZSM-5(35), HFe-ZSM-5(80),
silicalite (>3000) and 3.83 ¥ impreg. silicalite. The reaction
was studied in detail as a function of reaction temperature,
5105/Gag03 mole ratio and‘épace velocity. This reaction was
carried out at comparatively low temperature to minimize =side
reactions.

Influence of temperature : The influence of temperature on the
prqduct distribution of isomerization of o-xylene over HBGa-ZSM-5
(97) i= shown in Table 4.4. An increase in o-xylene conversion is
observed with the increase in the reaction temperature, but the
selectivity to isomerization is nearly constant over the

temperature range 523-673 K. At lower temperature p-xylene
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Table 4.4

4

15

Influence of Temperature on the product distribution in

isomerization of o—xylene over HGa-Z5M-5(97).

7

Temperature range : 523 - 673 K
e TR S
Feed : o—xylene
Temperature (K)

Parameter

523 673 823 673
Conversion (%w/w) 26.0 59.0 63.9 68.3
Products (Zw/w)
Aliphatics 0.1 0.2 0.4 0.1
Benzene 0.1 - 0.1 0.1
Toluene 0.1 0.2 1.4 3.0
Ethyl Benzene 0.1 0.1 0.1 0.1
p-Xylene 6.8 17.3 19.1 19.1
m-Xylene 18.8 40.8 41.2 43.1
o-Xylene 74.0 41.0 36.3 31.7
1,8,5 TMB® 0.1 0.1 0.1 0.1
1,2,4 T™MB 0.1 0.2 1.3 2.4
1,2,8 TMB 0.0 0.1 0.0 0.1
Sel. isom.® 98.4 98.5 94.6 91.0
Para/{(p+m xylenes) 0.3 0.3 0.3 0.8

a = Weight Hourly Space Velocity. b = Trimethylbenzene.

e= [(paratmeta) xylenes/ o-xylene converted] X 100.
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selectivity is higher than the equilibrium value, whereas at
high temperature, tri-methyl benzene=s are noticed. The observed
para selectivity is attributed to the high diffusivity of p-
xylene. Negiigible amounts of secondary products viz. toluene
and trimethylbenzene(TMB), suggest lower dealkylation to toluene
or disproportionation to TMB. The lower disproportionation is
associated with the reactant or product shape selectivity of
pentasil =zeolites.

Influence of space wvelocity : Space velocity hasz a marked
influence on the isomerization of o-xylene. Fig 4.3 illustrates
the correlation between p-xylene selectivity and space velocity
as a function of o-xylene converszion over HGa-Z8M-5(97) catalyst.
Lower para selectivity and o-xylene conversion is observed at
higher space velocity. At all conversions levelza the selectivity
to p—xylene is constant. The selectivity to isomerization remains
almost constant over space velocities ranging from 4 to 36 hl.
Thus the p-selectivity seems to be dependent on diffusivity
rather than on the conversion.

Influence of 8§i05/Gag0g ratio : With increasing 8i05/Gag04 ratio,
decrease in the conversion of o-xylene and an increase in the
concentration of para isomer in the product is noticed
(Table 4.5). The acidic nature of the zeolite is dependent on the
framework composition, wherein, the proton associates with the
excess charge balancing. Lower number of charge balancing
protons, possess lower number of acid sites. The observed
conversions are thus in agreement with the 8i05/Gag0z ratio of

the zeolite. This is in part due to the decrease in acidity of
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Influence of Si
distribution of isomerization of o-xylene.

Reaction conditions

Table 4.5

N 160

ratio in HGa-Z5M-5 on the product

Temperature : 628 K
Pressure : ;gqgggharic
Feed : o—xylene
Parantor 8i05/Ga,0q ratio

40 97 289
Conversion (%w/w) 70.2 68.38 63.2
Products (%w/w)
Aliphatics - 0.1 0.5
Benzene 0.3 0.1 0.2
Toluene 3.3 3.0 1.0
Ethyl Benzene 0.0 0.1 0.1
p-Xylene 18.7 18.1 16.3
m-Xylene 44.8 48.1 43.9
o-Xylene 29.8 81.7 386.8
1,3,5 TMBP 0.3 0.1 0.1
1,2,4 ™B 1.9 2.4 0.1
1,2,3 ™B 0.2 0.1 0.2
% Sel.isom.® 90.4 91.0 95.4
Para/(p+m xylenes) 0.3 0.3 0.3

a,b ¢ Refer Table 4.4
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the samples with increase in 8i0,/Ga,0g-ratio. Also an increase
in crystallite size may slow down the diffusion of o-xylene
molecules into the channels which may also contribute to the
decrease in activityso. The observed para selectivity over a
zeolite with higher 5i0,/Ga,05 ratio is at lower conversions.
This is probably more related to the change in the crystallite
sizg rather than acidity or the conversion. According to wei3l,
TheodrouS2 the para selectivity is proportional to the length of
diffusion path, which is more for larger crystallites. The
crystallite size increaées with increase in 85i0,/Ga,0g ratio (2,
3, 4 um for R = 40, 97, 289 respectively). This is in agreement
with the earlier reportsal’sz. Forther, at all the conversion
levels for gallosilicates with different 8i05,/Gas05 ratio, the
selectivity to isomerization is constant.

Influence of catalyst composition : The comparison of the
catalytic activity for o-xvlene isomerization over silicalite,
Gag0z impregnated silicalite, HAl1-ZSM-5(85), = HGa-ZSM-5(97).
HPe-ZSM-5(80) is made in Table 4.6. The lower conversion of
xylene for silicalite is due to the lower acidity associated with
it. Similarly in the Gag0y impregnated silicalite, there was no
increase in the acidity and accordingly the conversion was not
very high. This shows that Bronsted acid sites ére required for
this reaction. Conversion for Al-, Ga- and Fe~ analogs of
pentasil (MFI) are in the order HAl-25M-5 > HGa-25M-5 >
HFe-ZEM-5. Thus acidity is contributed only by framework GaS*
ions rather than the. extraframework gallium. From sorption

studies, 1t was revealed that the chanmel tortuosity and pore
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Table 4.6
Product distribution of isomerization of o—xylene over different
catalygts
Reaction conditions :
Temperature : 823 K
Pressure * atmo ric
WHSV2 : 10 h
Feed : o-xylene
Zeolite (MF1) type

Parameter

- A¥ B c* p* B¥
Conversion (ZEw/w) 2.8 2.4 59.2 68.3 71:7
Producte (Zw/w) .
Aliphatics 0.6 0.6 « 0.1 0.1 0.1
Benzene - - 0.0 0.1 0.3
Toluene - 0.4 - 1.5 3.0 1.0
Ethyl Benzene 0.1 0.1 0.0 0.1 0.0 °
p—-Xylene 0.1 0.1 156.0 19.1 22.8
m-Xylene 1.4 1.4 40.0 43.1 47.5
o-Xylene 97.5 97.8 40.8 3.7 28.4
1,8,5 TMBP - 0.2 0.1 0.1 0.1
1,2,4 TMB - 0.1 1.2 2.4 0.1
1.2.3 T™MB - - 0.1 0.1 0.1
% Sel.isom.C 62.2 61.8 92.9 91.0 097.7
Para/(p+tm xylenes) 0.2 0.1 0.3 0.3 0.3
A¥ = silicalite ( >3000)
B: = 3.88 ¥ Gar0q impreg.ailicalite
C* = HFe~ZSM—5%88)
D* = HGa-25M-5(97)
E™ = HAl-ZS5M-5(85)

a,b,.c Refer Table 4.4



v 183

mouth diameter remains unaltered after Ga,Og impregnation. Thus
the observed para selectivity is related to sorption properties.
The selectivity to isomerization is 1éss for silicalite and Gag0g
impregnated silicalite. ]
4.3.3 Disproportionation of tolueme : In toluene disproportion-
ation the main reaction is the formation of xylenea and benzene.
Depending on the temperature, acidity and nature of the catalyst
dealkylation of toluene to benzene and disproportionation of
xylenes to trimethylbenzene ie also favored. Kaeding and
coworkers®:33  jndicated that over unmodified pentasil szeolites,
xylene isomers were formed in the products and the benzene to
xylene ratios varied from 1.8 to 1.0 depending on the reaction
conditions and the silica to alumina ratio of the =zeolite. By
modification with rhosphorous, para selectivity to the extent of
90 X was achieveds’ss.u

The present study compares the catalytic activity of HAl-
ZSM-5(85), HGa-ZSM-5(87) and HFe-2Z5M-5(80) at different
temperatures. Fig. 4.4 illustrates the influence of temperature
in the range 713 - 833 K, at atmospheric pressure, WHSV = 4 h~1
and toluene to hydrogen ratio 1 : 2 molar. All the three
catalyste show increase in conversion with the reaction
temperature. Tﬁe conversion for this reaction decreases in the
order HAl-ZS8M-5 > HGa-ZSM-5 > HFe-ZS5M-5 which is in accordance
with the acid strength associated with the site. The mole ratio
of B/X in the product for all these catalysts increases with
temperature indicating that side reactions are favored at higher

temperatures. The order of B/X ratio for these catalysts is

% l\\“h:;'::.
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also HAL-ZSM-5 > HGa-ZSM-5 > HFe-ZSM-5. The formation of
- benzene And TMBs (0.1 - 0.3 %) suggests both disproportionation
of xylene and dealkylation of toluene occur simultaneously
along with toluene disproportionation.

Larger particle size9’34, blockage of the channels during
diffusion of the product335 and lower acidity of the catalyst
favors the p-selectivity in the disproportionation of toluene.
Fig. 4.5 depicts the comparison of p-xylene selectivity in
xylenes of Al-, Ga- and Fe— analog of pentasil (MFI) catalysts at
different  temperatures. It is observed that p-selectivity
increases with temperature and follows the order HFe-Z25M-5 > HGa-
ZSM-5 > HAl-2SM-5. The higher particle size, the lower acidity
and blocking of the channels due to the deposition of iron oxide
during the diffusion of the reaction products favors the higher
p-selectivity of HFe-ZSM-5. The lower p-xyvlene selectivity of
HGa-25M-5 compared HFe-Z5M-5 may be due to smaller crystallite
size, lower acidity and more open channels during reaction
temperature. So it shows lower p-selectivity than HFe-Z28M-5. HAl-
ZSM-5 being more acidic and more stable, formation and diffusion
of other isomers of xylene also takes place and hence the p-
selectivity ies lower than Fe- and Ga- analog of ZSM-5.

The results obtained while atudying the influence of time on
stream (TOS) of the feed and space velocity on disproportionation
of toluene over HGa-ZSM-5(97) is summarized in Table 4.7.
% Conversion decreases and p-selectivity increases with increase
in space velocity and TOS. Mole ratio of benzene/xylene is found

to decrease with increase in the space velocity and ' TOS. The
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Table 4.7

Influence of Time on stream (T0S) and space velocity (WHSV2 hfl)
on disproportionation of toluene over HGa-ZSM-5(97).

Reaction conditions

Temperature = 763 K Pressure : atnnsgheric
Feed : Toluene : Hydrogen wHSY2 : 4 h
(1:4 molar)
Tims
Parameter
1 2 4 8 12 16
Conversion %w/w 24.4 18.8 16.8 9.8 4.1 2.2
o - (33.0) (24.4) (15.5) - (14.9)
Products ¥w/w
Aliphatics 0.1 0.1 0.1 0.1 0.1 0.1
- (0.1) (0.1) (0.1) = (0.1)
Benzene 11.8 8.5 7.2 4.6 1.9 0.8
- (16.2) (11.8) (7.2) - (7.0)
Toluene 75.6 81.2 84.4 80.2 95.9 97.8
- (67.0) (75.8) (84.5) - (85.1)
Ethyl-benzene 0.1 0.1 - - - -
- -) (0.1) ) - (=)
p-Xyvlene 2.9 2.4 2.0 1.2 " 0.8 0.3
- (4.1) (2.9) (2.1) - (1.9)
m-Xylene 6.1 4.9 1.1 2.4 1.2 0.8
- (7.7) (6.1) (3.9) - (3.6)
o-Xylene 2.8 2.2 1.9 1.1 0.5 0.2
b - (4.8) (2.8) (2.1) - (1.9)
1,3,5-TMB" 0.1 0.1 - - - -
’ - =) (-) (-) - (-)
1,2,4-TMB 0.2 0.1 0.1 0.1 - -
- (0.3) (0.2) (0.1) - (0.1)
1,2,3-T™MB 0.1 0.1 - - - -
. - -) (0.1) (-) - (-)
Xvlenes %
Para 24.9 25.2 25.0 25.5 26.1 27.38
- (25.0) (24.9) (26.0) - (25.6)
Meta 51.5 51.56 1.2 51.0 54.0 56.0
- (46.9) (561.5) (48.0) - (48.6)
Ortho 23.5 23.1 23.8 23.4 23.0 22.0
- (28.0) (23.5) (26.0) - (25.6)
benzene/xylenes 1.4 1.3 1.2 1.2 1.2 1.1
- (1.3) - (1.3) (1.2) - (1.2)

a,b Refer Table 4.4 ~1
Figures in bracketa are of'WHSV h™* and without bracketa are of TOS in
hours.

LY
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formation of benzene due to dealkylation is found to decrease
with increase in space velocity and TOS.

,4.3.4 Methylation of toluene : Catalytic performance and the
selectivity to p-xylene in this reaction is tested for HAl-ZEM-
5(85), HGa-ZEM-5(97) and HFe-ZS8M-5 (BO). A m@le ratio of 3.6 : 1
of toluene : methanol was selected. This being an electrophilic
reaction, the products are mostly o- and p- xylénes. m—-Xylene and
Cg aromatic products are formed by secondary reactions such as
isomerization and successive alkylations. The results of
methylation of toluene at different reaction temperatures for Al,
Ga- and Fe- analog of pentasil (MFIl) =zeoclites are shown in Fig.
4.6. It indicates that higher temperature favors the alkylation.
The sequence observed in the ¥ conversion is HAl-Z28M-5 >.HGa—ZSM—
5 » HFe-25M-5 which demonstrates the relationship between
conversion and the strength‘of the acidity of the catalyst.
Methanol conversion is complete in the temperature range 673 -
768 k. Among the xylenes, p-xylene is in equilibrium wvalue for
both Al- and Ga- analogs whereas for HFe-Z5M-5, it is higher
upto 40 ¥. The order of p-selectivity ocbserved is as HFe-Z2S5M-5
> HGa-ZSM-5 > HAl-ZSM-5. According to Yashima et al.36, +the
primary product in alkylation over HAl-ZEM-5 is p-xylene which
later isomerize on strong acid sites to yield the other isomers.
For HGa-Z8M-5 and HAl-Z8M-5, p~aeléctiv1ty decreases slightly at
higher temperature probably because of diffusional effects,’
higher temperatures favoring faster diffusion of <the other
isomers. Among the trimethylbenzenes, 1,2.4 is predominant (1.0

~-1.2%) suggesting the shape selective nature of mediuvm pore
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zeolites. Benzene formation increases with the increase in
temperature due to disproportionation and dealkylation of the
alﬁylbenzenes.

Table 4.8 summarizes the results influence of time on stream
(TOS) of the feed and space velocity on methylation of toluene
over HGa-2SM-5 catalyst. The figures indicated in the brackets
are of space velocities. It is observed that conversion decreases
and p-selectivity increases with increase in TOS and the space
velocity. The increase in the p-selectivity is due to the
reduction in effective channel size due to the internal coking33
or partial blocking of the channél opening by external coke
depoaitas. Higher concentration of 1,2,4 tri-methyl benzene
among all TMB isomers indicate the predominance of transition

shape selectivity.
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Influence of time on stream (TOS) and space velocity (WHSV hfl)

on methylation of toluene over
Reaction conditions

HGa—-ZSM-5(97).

Temperature = 763 K Pressure : atmoipheric
Feed : Toluene : wethanol WHSV2 :4h
(3.6 : 1 molar)
Time
Parameter
1 2 4 8 10 12 18
Conversion ¥w/w 24.2 21.4 13.8 9.7 - 8.4 7.8
- (33.5) (28.3) (22.1) (19.8) - -
Products %¥w/w
Aliphatics 0.2 0.2 0.2 0.2 - 0.1 0.1
- (0.1) (0.2) (0.2) (0.3) (0.1 (0.1
Benzene 4.4 2.8 1.6 0.8 - 0.6 0.5
- (9.0) (4.4) (3.1) (2.3) - -
Toluene 73.1 76.8 83.1 86.2 - a8. 88.9
- (66.5) (73.7) (77.9) (80.4) - -
Ethyl-benzene 0.1 0.1 0.1 0.1 - - -
- (0.1) (0.1) (0.2) (0.1) - -
p-Xylene 4.0 3.9 3.0 2.4 - 2.0 1.9
- (5.3) (4.8) (4.3) (4.2) - -
m-Xylene 10.3 8.9 6.9 5.4 - 4.6 4.3
- (12.1) (10.2) (8.9) (8.4) - -
o—-Xylene 4.7 4.3 2.9 2.1 - 1.6 1.4
- (5.4) (4.7) (4.1) (3.9) - -
p-Ethyltoluene 0.8 0.8 0.7 0.8 - 0.6 0.5
- (0.2) (0.2) (0.4) (0.86) - -
m-Ethyltoluene 0.2 0.2 0.4 0.3 - 0.2 D.2
- (0.1) (0.4) (0.1) (0.1) - -
1,3,5 TMBP 0.1 0.1 - - - - -
- (0.1) (0.1) (0.1) (0.1) - -
1,2,4 TMB 1.0 1.1 1.2 1.3 - 1.1 0.9
- (1.0) (1.0) (1.7) (1.0) - -
1,2,3 TMB 0.1 0.2 0.5 0.6 - 0.4 0.3
- (0.2) (0.1) - (0.2) - -
Xvlenes %w/w
Para 21.0 22.4 23.4 24.2 - 24 .4 25.0
- (23.1) (24.3) (24.8) (25.4) - -
Meta 51.7 Hhl.1 53.9 55.6 - 57.5 58.9
- (63.1) (51.4) (38.9) (36.8) - -
Ortho 23.6 24.7 22.6 21.6 - 20.0 19.1
- (23.8) (23.7y (17.9) (17.2) - -

a,b Refer Table 4.4
Figures in brackets are of WHSV h_l and without brackets are of TOS in

hours.
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Pentasil ngI) zeolite belongs to a medium pore, high
"silica zeolite family. Aluminosilicate framework of pentasil
(MFI) has a configuration of linked tetrahedra consisting of
- eight five-membered ringa. The three dimensional channel asystem

is defined by ten—membered rings of tetrahedra, consisting of

““intersecting straight [010] and sasinusoidal (zig-zag) [100)

- channels. The straight channel has elliptical opening of free
diameter, 0.52 X' 0.58 nm and the sinusoidal channel has circular .
openings of free diameter 0.54 X 0.58 mm. The isomorphous
substitution not only alters the physico-chemical properties but
‘also changes their catalytic behaviour. Hence in view of the
‘above” the " peculiar structure and interesting characteristic
properties ™ the detailed study of synthesis and characterization

of ‘‘gallosilicate framework of MFI type configuration was

.. undertaken. 'The " phyasitco-chemical propertiea of gallosilicate

" molecular sieve with MFI type structure were studied and eo?parad
with Al= and"Fe- analogs of comparable ratio. The various factors’
like .temberature, OH~ ion concentration, time and gross
composition of the gel influencing the synthesis of Ga-28M-5°
zeolite using'tfieth&l—n—bufyiammonium bromide (TEBA-Br) template
have been investigated. Crystallization data were analyzed in
terms of a first order kinetic equation. The apparent activation
energy for mucleation (En,=4155.7 kJ mole-l) and crystal growth
(B, = 94.3 kJ mole"l) were evaluated Dby applying

Arhenius equation. These En and Ec values obtained during the

present studies appear to be higher than those reported
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" "previously for the Al- and Fe- analog of pentasil (MFI)" -zeolite. "

To describe mathematically, the crystallization data obtained
:. during the process of pentasil (MFI) gallosilicate, were fltted

‘to the Avrami-Erofeev equation. The increase in K values
(cbtained from intercept) and decrease in m values (obtained from
slope) with the increase in synthesis temperature corresponds to
the temperature dependent on nucleation and crystallizgtion
processes. The morphology of the pentasil gallosilicate was
examined by =scanning electron microscope during the crystal
growth. The shape of all the crystallites was found to be
spherical ‘irrespective of temperature and the composition. With

* increase " in the concentration of gallium, the crystallite size

T was found to decrease without any change in shape. The

crystallite size of Al- analog was found to be smaller (1.5 am)
' than Ga- analog of pentasil zeolite (3.6 am) of the same
8i05/Mq03 “ratio.
“The aynthesizs of pentasil (MFI) gallosilicate with partial °

" and totgl isomorphous substitution of Ga3* for A13* in
tetrahedral position has been attempted. The physico-chemical
characterization was done by X-ray diffraction, thermal analysis,
NMR, IR, XPS and sorption of differgnt probe molecules such as
water, benzene, mnitrogen and hydrocarbons. X-ray diffraction
patterns and IR spectra in the framework vibration region reveals
structural characteristics, analogous to MFI framework alumino-
gilicate. XRD pattern of pentasil (MFI) gallosilicate shows
slight shift in interplaner *d” spacings towards higher values in
comparison with that of the Al amalog. IR sapectra of



178

" gallosilicate (MFI) shows a shift in the frequenéy of the main’'" "
asymnetric band in the region'of 1250-950 cmﬁl. Higher shift in
interplaner “d” spacings, shift in the IR fregquency in the region
1250 - 950-cm~l and the FTIR apectroscopic atu&ies of pyridine
" sorption revealed the presence of GaS' in the tetrahedral
framework of pentasil zeolitgs. The increase in unit cell volume
with the increase in Ga content; 2951 and 71Ga MASNMR; high
(>80%) ion-exchange capacity confirms the occupancy of GaS* in
" the pentasil (MFI) framework. Thermo-analytical studies showed °
the stability of pentasil gallosilicate (MFI) phase upto 1263 K.
XPS data showed a silicon rich surface suggesting inhomogeneous
distribution of gallium. °

+ It is observed that with the decrease in Ga content, the
" equilibrium sorption capacities of sorbates 1like water,
cyclohexane, tributylamine are also decreased. However, Iat
comparable 5i0p/M,0g (M = A13* or Ga®), Al-analogs showed higher
gorption capacity than for corresponding Ga analog. ’

. 'The isotherms "of n-butylamine (nBA) in pentasil (MFI)
alumino and ‘gallosilicates in the range (323-523 K) have been
measured. The sorption data were analyzed in terms of different
. sorption models of sorption isotherm equations. The nBA sorption
isotherm data could satisfactorily be represented by Langmuir,
‘BET, Dubinin - Radushkevich and ' Freundlich sorption isotherm

equations. The Sips and Roble-Corrigan equations failed to follow

. nBA sorption in HAl- and HGa-Z5M-5 zeolites. The amount of nBA

o rgtained during desorption at different temperatures was found to

be ‘correlated,’ at_leaat gualitatively, to the astrength of the

A 1 e
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‘ acidic centers. The decrease in chemical affinity ~*(="Aji) “Wwas
founé to be slower in zeolites containing increasing amounts of
gallium in HGa-ZSM-5 zeolites. Isosteric heats of nBA sorption
extpgpolated to zero coverage were found to be in the range of
 84:24 k3 -molel. Isosteric heat data showed that the acidic
+ centers in HGa-Z5M-5 zeolites are much weaker than those in HAl-
Z5M-5 zeolites.

Hydrocarbon conversion reactiona such as aromatization of n-

" 'hexane, isomerization of o-xylene, disproportionation of toluene

and methylation of toluene over Al-, Ga-~ and Fe- analogs of MFI
zeolites and their modified forms are described and discussed.
. The trend observed in the cracking az well as in the’

selectivity towards aromatica at the amame conversion level in n-

" hexane: aromatization reaction waas HA1Ga~-ZS5M-5 » 63203 impregnated
HA1-ZSM-5 > HGa-ZS8M-6. The presence of Ga in the zedlite modifies ™

. the product distribution pattern depending upon nature of site
occupancy. -
. The fature and concentration of the framework cation in the’
"pentasil MFI framework is found to ' influence the o-xylene
isomerization reaction under identical reaction conditions. The
trend observed for selectivity for isomerization is HAl-Z8M-5 >
HGa-25M-5 > HFe-Z5M-5 > Gajy0g impreg. silicalite > silicalite.
The Al~, Ga- and Fe- analoga of pentasil (MFI) =zeolite
having same B5i0,/M03 (M = Al, Ga, Fe) were tested for
disproportionation of toluene under identical conditions. The

influence of temperature, space velocity and time on stream (TOS)

of the ' feed on the product distribution was also studied. The

NN

13
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trend -observed in the conversion for this ‘resdction ig  *

HAl1-Z5M~-5 > HGa-Z5M-5 > HFe-Z8M-5 which is in';ccordance with the
acid atrength associated with the site. The p-selectivity
increases with temperature and follows the order, HFe-Z5M-5 >
* HGa-28M-5 "> HA1l-Z5M-5. The particle =size, blockgge "of the
channels ‘during diffusion of the products and acidity of the
catalyat; was found responsible for the p;selectivity. The
influence of temperature, space velocity and time on stream on
the methylation of toluene was also studied. Higher temperature
favours the alkylation. Increase in space velocity and TOS,
decreases the conversion for ‘the reaction and increases the p-
selectivity. In methylation of toluene, p-xylene was found in
equilibrium wvalues for Al and Ga analogs (MFI) while the Fe
analog (MFI) showed higher (upto 40%) than the equilibrium value.
The -sequence’ observed in the X% conversion is HA1-Z25M-56 >
" HGa-ZEM-5 > HFe—-258M-5 which demonstrates the relationship between
the conversion and the strength of the acidity of the catalyst.
The order of p-selectivity is ohéerved as HPe-Z5M-5 > HBa-Z5M-5
> HAl-Z5M-5.
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