
CHAPTER III

THEORY

3.1 Structure of Zeolite

Z e o l i t e  a r e  h i g h l y  c r y s t a l l i n e ,  h y d r a t e d  a l u m i n o s i l i c a t e s  t h a t  u p o n  d e h y d r a t i o n  

d e v e l o p  i n  t h e  i d e a l  c r y s t a l  a  u n i f o r m  p o r e  s t r u c t u r e  h a v i n g  m i n i m u m  c h a n n e l  

d i a m e t e r s ( a p e r t u r e )  o f  f r o m  a b o u t  0 . 3  t o  1 . 0  n m .  T h e  s i z e  d e p e n d s  p r i m a r i l y  o n  t h e  

t y p e  o f  z e o l i t e s  a n d  s e c o n d a r i l y  o n  t h e  c a t i o n s  p r e s e n t  a n d  t h e  n a t u r e  o f  t r e a t m e n t s  

s u c h  a s  c a l c i n a t i o n ,  l e a c h i n g ,  a n d  v a r i o u s  c h e m i c a l  t r e a t m e n t s .  Z e o l i t e s  h a v e  b e e n  o f  

i n t e n s e  i n t e r e s t  a s  c a t a l y s t s  f o r  s o m e  t h r e e  d e c a d e s  b e c a u s e  o f  t h e  h i g h  a c t i v i t y  a n d  

u n u s u a l  s e l e c t i v i t y  t h e y  p r o v i d e ,  m o s t l y  i n  a  v a r i e t y  o f  a c i d - c a t a l y z e d  r e a c t i o n .  I n  

m a n y  c a s e s ,  b u t  n o t  a l l ,  t h e  u n u s u a l  s e l e c t i v i t y  i s  a s s o c i a t e d  w i t h  t h e  e x t r e m e l y  f i n e  

p o r e  s t r u c t u r e ,  w h i c h  p e r m i t s  o n l y  c e r t a i n  m o l e c u l e s  t o  p e n e t r a t e  i n t o  t h e  i n t e r i o r  o f  

t h e  c a t a l y s t  p a r t i c l e s ,  o r  o n l y  c e r t a i n  p r o d u c t s  t o  e s c a p e  f r o m  t h e  i n t e r i o r .  I n  s o m e  

c a s e s  u n u s u a l  s e l e c t i v i t y  s e e m s  t o  s t e m  i n s t e a d  f r o m  c o n s t r a i n s  t h a t  t h e  p o r e  s t r u c t u r e  

s e t s  o n  a l l o w a b l e  t r a n s i t i o n  s t a t e s ,  s o m e t i m e s  t e r m e d  s p a c i o  -  s e l e c t i v i t y .

T h e  s t r u c t u r e  o f  t h e  z e o l i t e  c o n s i s t s  o f  a  t h r e e - d i m e n s i o n a l  f r a m e w o r k  o f  t h e  

S i 0 4 a n d  A I O 4  t e t r a h e d r a  a s  p r e s e n t e d  i n  F i g u r e  3 .1  [ 4 9 ] ,  e a c h  o f  w h i c h  c o n t a i n s  a  

s i l i c o n  o r  a l u m i n u m  a t o m  i n  t h e  c e n t e r .  I n  1 9 8 2 ,  B a r r e r  d e f i n e d  z e o l i t e s  a s  t h e  p o r o u s  

t e c t o s i l i c a t e s  [ 5 0 ] ,  t h a t  i s ,  t h r e e - d i m e n s i o n a l  n e t w o r k s  b u i l t  u p  o f  T O 4 - t e t r a h e d r a  

w h e r e  T  i s  s i l i c o n  o r  a h i m i n u m .  T h e  o x y g e n  a t o m s  a r e  s h e a r e d  b e t w e e n  a d j o i n i n g  

t e t r a h e d r a l ,  w h i c h  c a n  b e  p r e s e n t  i n  v a r i o u s  r a t i o s  a n d  a r r a n g e  i n  a  v a r i e t y  o f  w a y s .  

T h e  f r a m e w o r k  t h u s  o b t a i n e d  p o r e s ,  c h a n n e l s ,  a n d  c a g e s ,  o r  i n t e r c o n n e c t e d  v o i d s .

A  s e c o n d a r y  b u i l d i n g  u n i t  ( S B U )  c o n s i s t s  o f  s e l e c t e d  g e o m e t r i c  g r o u p i n g s  o f  t h o s e  

t e t r a h e d r a l .  T h e r e  a r e  s i x t e e n  s u c h  b u i l d i n g  u n i t s ,  w h i c h  c a n  b e  u s e d  t o  d e s c r i b e  a l l  o f  

k n o w n  z e o l i t e  s t r u c t u r e s ;  f o r  e x a m p l e ,  4  ( S 4 R ) ,  6  ( S 6 R ) ,  a n d  8  ( ร 8 R )  -  m e m b e r  

s i n g l e  r i n g ,  4 - 4  ( D 6 R ) ,  8 - 8  ( D 8 R ) - m e m b e r  d o u b l e  r i n g s .  T h e  t o p o l o g i e s  o f  t h e s e  

u n i t s  a r e  s h o w n  i n  F i g u r e  3 . 2  [ 5 1 ] .  A l s o  l i s t e d  a r e  t h e  s y m b o l s  u s e d  t o  d e s c r i b e  t h e m .  

M o s t  z e o l i t e  f r a m e w o r k  c a n  b e  g e n e r a t e d  f r o m  s e v e r a l  d i f f e r e n t  S B U ’ s .  D e s c r i p t i o n s



o f  k n o w n  z e o l i t e  s t r u c t u r e s  b a s e d  o n  t h e i r  S B U ’ s  a r e  l i s t  i n  T a b l e  3 . 1  [ 5 2 ] .  B o t h  

Z S M - 5  z e o l i t e  a n d  F e r r i e r i t e  a r e  d e s c r i b e d  b y  t h e i r  5 - 1  b u i l d i n g  u n i t s .  O f f e r t i l e ,  

Z e o l i t e  L ,  C a n c r i n i t e ,  a n d  E r i o n i t e  a r e  g e n e r a t e d  u s i n g  o n l y  s i n g l e  6 - m e m b e r  r i n g s .  

S o m e  z e o l i t e  s t r u c t u r e s  c a n  b e  d e s c r i b e d  b y  s e v e r a l  b u i l d i n g s .  T h e  s o d a l i t e  

f r a m e w o r k  c a n  b e  b u i l t  f r o m  e i t h e r  t h e  s i n g l e  6 - m e m b e r  r i n g  o r  t h e  s i n g l e  4 - m e m b e r  

r i n g .  F a u j a s i t e  ( t y p e  X  o r  t y p e  Y )  a n d  z e o l i t e  b e  c o n s t r u c t e d  u s i n g  4  r i n g  o r  6  r i n g  

b u i l d i n g  u n i t s .  Z e o l i t e  a  c a n  a l s o  b e  f o r m e d  u s i n g  d o u b l e  4  r i n g  b u i l d i n g  u n i t s ,  

w h e r e a s  F a u j a s i t e  c a n n o t .

Z o l i t e s  m a y  b e  r e p r e s e n t e d  b y  t h e  e m p i r i c a l  f o r m u l a :
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M  2 / ท A h O a x S i C h y F h O

o r  b y  a  s t r u c t u r a l  f o r m u l a :

M x/n [(AI2O3) X (SiC>2)y] WH2O

W h e r e  t h e  b r a c k e t e d  t e r m  i s  t h e  c r y s t a l l o g r a p h i c  u n i t  c e l l .  T h e  m e t a l  c a t i o n  ( o f  

v a l e n c e  ท )  i s  p r e s e n t  i t  p r o d u c e s  e l e c t r i c a l  n e u t r a l i t y  s c i e n c e  f o r  e a c h  a l u m i n u m  

t e t r a h e d r o n  i n  t h e  l a t t i c e  t h e r e  i s  a n  o v e r a l l  c h a r g e  o f  -  1 . A c c e s s  t o  t h e  c h a n n e l s  i s  

l i m i t e d  b y  a p e r t u r e  c o n s i s t i n g  o f  a  r i n g  o f  o x y g e n  a t o m s  o f  c o n n e c t e d  t e t r a h e d r a .  

T h e r e  m a y  b e  4 ,  5 ,  6 ,  8 ,  1 0 ,  o r  1 2  o x y g e n  a t o m s  i n  t h e  r i n g .  I n  s o m e  c a s e s  a n  i n t e r i o r  

c a v i t y  e x i s t s  o f  l a r g e r  d i a m e t e r  i n  t h e  a p e r t u r e ;  i n  o t h e r s ,  t h e  c h a n n e l  i s  o f  u n i f o r m  

d i a m e t e r  l i k e  a  t u b e  [ 5 3 ] .

Figure 3 . 1  T O 4 t e t r a h e d r a  ( T = S i  o r  A 1  )  [ 4 9 ]
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Figure 3 . 2  S e c o n d a r y  b u i l d i n g  u n i t s  ( S B U ’ s )  f o u n d  i n  z e o l i t e  s t r u c t u r e s  [ 5 1 ]



Table 3.1 Zeolites and their secondary building units. The nomenclature used is 
consistent with that presented in Figure 3.4 [52]
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ZEOLITE SECONDARY BUILDING UNITS
6 4 4-4 6-6  8-8  4-1 5-1 4-4=1

Bikilaite 
Li-A (BW) X X X

X
Analcime X X
Yagawaralite
Episibite

X X
X

ZSM-5 X
ZSM-11 X
Ferrierite X
Cachiardite
Brewsterite
Laumonite

X
X

X

Modenite
Sodalite
Henulandite

X X
X

X
Stibite
Natrolite X

X
Thomdonite X
Edingtonite
Cancrinite X

X
Zeolite L 
Mazzite X

X
Merlinoite X X X
Philipsite 
Zeolite Losod

X
X

X
Eriomte X X
Paulingite
OfFeretite

X
X

TMA-E(AB) X X
Gismondine
Levyne

X
X

X
ZK-5 X X X X
Chabazite X X X
Gmelinite X X X X
Rho X X X X
Type A X X X X
Faujasite X X X



3.2 Category of Zeolite

There are over 40 known natural zeolites and more than 150 synthetic zeolites 
have been reported [54], The number of synthetic zeolites with new structure 
morphologies grows rapidly with time. Based on size of their pore opening, zeolites 
can be roughly divided into five major categories, namely 8 -, 10 -, and 12- member 
oxygen ring systems, dual pore systems and mesoporous systems [2]. Their pore 
structures can be characterized by crystallography, adsorption, measurements and/or 
through diagnostic reactions. One such diagnostic characterization test is the 
“constraint index” test. The concept of constraint index was defined as the ratio of the 
cracking rate constant of n-hexane to 3-methylpenthane. The constraint index of a 
typical medium-pore zeolite usually ranges from 3 to 12 and those of the large-pore 
zeolites are the range 1-3. For materials with an open porous structure, such as 
amorphous silica alumina, their constraint indices are normally less than 1. On the 
index for erionite is 38.

A comprehensive bibliography of zeolite structures has been published by the 
International Zeolite Association [54]. The structural characteristics of assorted 
zeolites are summarized in Table 3.2

Zeolite with 10-membered oxygen rings normally possesses a high siliceous 
framework structure. They are of special interest in industrial applications. In fact, 
they were the first family of zeolite that was synthesized with organic ammonium 
salts. With pore openings close to the dimensions of many organic molecules, they 
are particularly useful in shape selective catalysis. The 10-membered oxygen ring 
zeolites also possess other important characteristic properties including high activity, 
high tolerance to coking and high hydrothermal stability. Among the family of 10- 
membered oxygen ring zeolites, the MFI - type (ZSM-5) zeolite as presented in 
Figure 3.3 is probably the most useful one.ZSM-5 zeolite has two types of channel 
systems of similar sized, one with a straight channel of pore opening 5.3x5.6Â and the 
other with a tortuous channel of pore opening 5.1x5.5 Â. Those intersecting channels 
are perpendicular to each other, generating a three dimensional framework. ZSM-5 
zeolites with a wide range of Si0 2 /Al20 3  ratio can easily be synthesized. High 
siliceous ZSM-5 zeolites are more hydrophobic and hydro thermally stable compared
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with many other zeolites. Although the first synthetic ZSM-5 zeolite was discovered 
more than two decades ago (1972) new interesting applications are still emerging to 
this day. For example, its recent application in NOx reduction, especially in the 
exhaust of lean-burned engine, has drawn much attention. Among various zeolite 
catalysts, ZSM-5 zeolite has the greatest number of industrial applications, covering 
from petrochemical production and refinery processing to environmental treatment.

Table 3.2 Structural characteristics of selected zeolites [55]
Zeolite Number Pore Pore/Channel Void Cérame’ Clb

of rings opening structure volume (g/ml)
A (ml/g)

8-membered oxygen ring 
Erionite 8 3.6x5.1 Intersecting 0.35 1.51 38
10-membered oxygen ring 
ZSM-5 10 5.3x5.6 

5.1x5.5
Intersecting 0.29 1.79 8.3

ZSM-11 10 5.3x5.4 Intersecting 0.29 1.79 8.7
ZSM-23

10
4.5x5.2 One-dimensional ■ • 9.1

Dual pore system 
Ferrierite (ZSM-35, FU-9) 1 0 ,8 4.2x5.4 One-dimensional 0.28 1.76 4.5

3 5x4.8 10:8  intersecting
MCM-22 12 7.1 Capped by 6  rings - - 1-3

10 Elliptical
Mordenite 12 6.5x7.0 One-dimensional 0.28 1.70 0.5

8 2.6x5.7 12:8  intersecting
Omega (ZSM-4) 12 7.4 One-dimensional - - 2.3

8 3.4x5.6 One-dimensional - - 0 .6

12membered oxygen ring 
ZSM-12 12 5.5x5.9 One-dimensional 2.3
Beta 12 76x6.4 

5.5x5.5
Intersecting - - 0 .6

Faujasite (X,Y) 12 7.4 Intersecting 0.48 1.27 0.4
12 7.4x6.5 12:12  intersecting

Mesoporous system 
VPI-5 18 12.1 One-dimensional
MCM41-S - 16-100 One-dimensional - - -

“Framework density
Constraint index



(a) channel pattern (b) framework projection

(c) tortous channel (d) straight channel

Figure 3.3 Structure of ZSM-5 [54]

Although the 10-membered oxygen ring zeolite was found to possess 
remarkable shape selectivity, catalysis of large molecules may require a zeolite 
catalyst with a large-pored opening. Typical 12-membered oxygen ring zeolites, such 
as faujasite-type zeolites, normally have pore opening greater than 5.5 Â and hence 
are more useful in catalytic applications with large molecules, for example in 
trimethylbenzene (TMB) conversions. Faujasite (X or Y; Figure 3.4 [54]) zeolites can 
be synthesized using inorganic salts and have been widely used in catalytic cracking 
since 1960s. The framework structures of beta zeolite and ZSM-12 are shown in 
Figure 3.5 and 3.6, respectively.



2 0

(a) framework structure (b) pore opening

Figure 3.4 Structure of Faujasite [54]

Figure 3.5 Structure of beta zeolite [54]
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(c) tortous channel (d) straight channel

Figure 3.5 Structure of beta zeolite [54]

(a) framework projection (b) pore opening

Figure 3.6 Structure of zeolite ZSM-12 [54]
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(a) framework projection (b) pore opening

Figure 3.7 Structure of Mordenite [54]

Zeolites with a dual pore system normally possess interconnecting pore 
channels with two different pore opening sizes. Mordenite is a well-known dual pore 
zeolite having a 12-membered oxygen ring channel with pore opening 6.5x6.7 Â 
which id interconnected to 8-membered oxygen ring channel with opening 2.6x5.7 Â 
(Figure 3.7 [44]). MCM -22, which was found more than 10 years, also possess a dual 
pore system. Unlike Mordenite, MCM-22 consists of 10- and 12-membered oxygen 
rings (Figure 3.8 [54] ) and thus shows prominent potential in future applications.

In the past decade, many research efforts in synthetic chemistry have been 
invested in the discovery of large-pored zeolite with pore diameter greater than 12- 
membered oxygen rings. The recent discovery of mesoporous materials with 
controllable pore opening (from 12 to more than 100 Â) such as VPI-5, MCM-41 ร 
undoubted will shed new light on future catalyst applications.
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Figure 3.8 Framework structure of MCM-22 [54]

3.3 Zeolite Active sites

3.3.1 Acid sites

Classical Bronsted and Lewis acid models of acidity have used to classify the 
active sites on zeolites. Bronsted acidity is proton donor acidity; a tridiagonally 
coordinated alumina atom is an electron deficient and can accept an electron pair, 
therefore behaves as a Lewis acid [56, 57].

In general, the increase in Si/Al ratio will increase acidic strength and thermal 
stability of zeolite [58]. Since the numbers of acidic OH groups depend on the 
number of aluminium in zeolites framework, decrease in A1 content is expected to 
reduce catalytic activity of zeolite. If the effect of in crease in the acidic centers, 
increase in A1 content, shall result in enhancement of catalytic activity

Based on electrostatic consideration, the charge density at a cation site 
increased with increase Si/Al ratio. It was conceived that these phenomena are related 
to reduction of electrostatic interaction between framework sites, and possibly to



difference in the order of aluminum in zeolite crystal-the location of A1 in crystal 
structure [57].

An improvement in thermal or hydrothermal stability has been ascribed to the 
lower density of hydroxyl groups, which id parallel to that of A1 content [56]. A 
longer distance between hydroxyl groups decreased the probability of 
dehydroxylation that generates defects on structure of zeolites.

3.3.2 Generation of Acid Centers

Protonic acid centers of zeolite are generated in various was. Figure 3.9 
depicts the thermal decomposition of ammonium-exchanged zeolite yielding the 
hydrogen form [53],

The Bronsted acidity due to water ionization on polyvalent cations, described 
below, is depicted in Figure 3.10 [59].

M n+ + xH20  ---------------- > M(OH)x (n'x) + xH+ (3.1)

The exchange of monovalent ions by polyvalent cations could improve the 
catalytic property. Those highly charged cations create very centers by hydrolysis 
phenomena. Bronsted acid sites are also generated by the reduction of transition 
metal cations. The concentration of OH groups of zeolite containing transition metals 
was note to increase by hydrogen at 2.5 -  450 °c to increase with the rise of the 
reduction temperature [49].
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Cu 2+ + H 2 ------------- > C o ° + 2 H+ (3.2)
Ag+ + 1/2H2------------>Ag° + H (3.3)
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Ammonium Exchange
''

N H *

Si Si

Deammoniumtation
+H

Si Si

Equilibrium

Figure 3.9 D iagram  o f the surface o f a zeolite  fram ew ork [52 ],

a) In  the as-synthesis form  M + either an organic ca tion  o r an a lka li m etal 

cation.

b) A m m onium  in  exchange produces the N H + exchanged form .

c) Therm al treatm ent is used to remove amm onia, producing the H +, acid

form .

d) The acid fo rm  in  (c) is in  e qu ilib rium  w ith  the shown in  (d ), where is a 

s ilano l group adjacent to tricoord ina te  a lum in ium .



The formation of Lewis acidity from Bronsted acid sites is depicted in Figure
3.11 [59]. The dehydration reactions decrease the number of protons and increase that 
of Lewis sites. Bronsted (OH) and Lewis (-A1-) sites can be present simultaneously in 
the structure of zeolite at high temperature. Dehydroxylation is thought to occur in 
ZSM-5 zeolite above at 500 °c and calcination at 800 to 900 °c produces irreversible 
dehydroxylation, which causes defection in crystal structure of zeolite.
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[C a(O H )]+ H

Si Si

Figure 3.10 Water moleclues co-ordinated to polyvalent cation are dissiciated 
by heat treatment yielding Brensted acidity [59].

Figure 3.11 Lewis acid site developed by dehydroxylation of Bronsted acid



Dealumination is believed to occur during dehydroxylation, which may result 
from the steam generation within the sample. The dealumination is indicated by an 
increase in the surface concentration of aluminum on the crystal. The dealumination 
process is expressed in Figure 3.12 [59]. The extent of dealumination monotonously 
increases with the partial pressure of steam.
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HO\  / o
Si

+ AI(OH)3

+ AI(OI l)2 + 11,0

Figure 3.12 Steam dealumination process in zeolite [59]

The enhancement if the acid strength of OH groups is recently proposed to be 
pertinent to their interaction with those aluminum species sites tentatively expressed 
in Figure 3.13 [59]. Partial dealumination might therefore yield a catalyst of higher 
activity while severe steaming reduces the catalytic activity.

3.3.3 Basic Sites

In certain instances reactions have been shown to be catalyzed at basic (cation) 
site in zeolite without any influences from acid sites. The best-characterized example 
of this is that K -Y  which splits n-hexane isomers at 500 0 c . The potassium cation 
has been shown to control the unimolecular cracking (|3-scission). Free radial 
mechanisms also contribute to surface catalytic reactions in these รณdies.



28

Figure 3 . 1 3  T h e  e n h a n c e m e n t  o f  t h e  a c i d  s t r e n g t h  o f  O H  g r o u p s  b y  t h e i r  

i n t e r a c t i o n  w i t h  d i s l o d g e d  a l u m i n u m  s p e c i e s  [ 5 9 ] ,

3.4 Shape Selective

M a n y  r e a c t i o n s  i n v o l v i n g  c a r b o n i u m  i n t e r m e d i a t e s  a r e  c a t a l y z e d  b y  a c i d i c  

z e o l i t e .  W i t h  r e s p e c t s  t o  a  c h e m i c a l  s t a n d p o i n t  t h e  r e a c t i o n  m e c h a n i s m s  a r e  n o r  

f u n d a m e n t a l l y  d i f f e r e n t  w i t h  z e o l i t e s  o r  w i t h  a n y  t h e  a c i d i c  o x i d e s .  W h a t  z e o l i t e  a d d s  

i s  s h a p e  s e l e c t i v i t y  e f f e c t .  T h e  s h a p e  s e l e c t i v e  c h a r a c t e r i s t i c s  o f  z e o l i t e s  i n f l u e n c e  

t h e i r  c a t a l y t i c  p h e n o m e n a  b y  t h r e e  m o d e s :  s h a p e  s e l e c t i v i t y ,  r e a c t a n t s  s h a p e  

s e l e c t i v i t y ,  p r o d u c t s  s h a p e  s e l e c t i v i t y  a n d  t r a n s i t i o n  s t a t e s  s h a p e  s e l e c t i v i t y .  T h e s e  

t y p e s  o f  s e l e c t i v i t y  a r e  i l l u s t r a t e d  i n  F i g u r e  3 . 1 4 .

R e a c t a n t s  o f  c h a r g e  s e l e c t i v i t y  r e s u l t s  f r o m  t h e  l i m i t e d  d i f f u s i b i l i t y  o f  s o m e  o f  

t h e  r e a c t a n t s ,  w h i c h  c a n n o t  e f f e c t i v e l y  e n t e r  a n d  d i f f u s e  i n s i d e  c r y s t a l  p o r e  s t r u c t u r e s  

o f  t h e  z e o l i t e s .  P r o d u c t  s h a p e  s e l e c t i v i t y  o c c u r s  a s  s l o w l y  d i f f u s i n g  p r o d u c t  

m o l e c u l e s  c a n n o t  e s c a p e  f r o m  t h e  c r y s t a l  a n d  u n d e r g o  s e c o n d a r y  r e a c t i o n .  T h i s  

r e a c t i o n  p a t h  i s  e s t a b l i s h e d  b y  m o n i t o r i n g  c h a n g e s  i n  p r o d u c t  d i s t r i b u t i o n  a s  a  

f u n c t i o n  o f  v a r y i n g  c o n t a c t  t i m e .

R e s t r i c t e d  t r a n s i t i o n  s t a t e  s h a p e  s e l e c t i v i t y  i s  a  k i n e t i c  e f f e c t  f r o m  l o c a l  

e n v i r o n m e n t  a r o u n d  t h e  a c t i v e  s i t e ,  t h e  r a t e  c o n s t a n t  f o r  a  c e r t a i n  r e a c t i o n  m e c h a n i s m  

i s  r e d u c e d  o f  t h e  s p a c e  r e q u i r e d  f o r  f o r m a t i o n  o f  n e c e s s a r y  t r a n s i t i o n  s t a t e  i s  

r e s t r i c t e d .
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Figure 3 . 1 4  D i a g r a m  d e p i c t i n g  t h e  t h r e e  t y p e  o f  s e l e c t i v i t y  [ 5 2 ]

T h e  c r i t i c a l  d i a m e t e r  ( a s  o p p o s e d  t o  t h e  l e n g t h )  o f  t h e  m o l e c u l e s  a n d  t h e  p o r e  

c h a n n e l  d i a m e t e r  o f  z e o l i t e s  a r e  i m p o r t a n t  i n  p r e d i c t i n g  s h a p e  s e l e c t i v e  e f f e c t s .  

H o w e v e r ,  m o l e c u l e s  a r e  d e f o r m a b l e  a n d  c a n  p a s s  t h r o u g h  o p e n i n g ,  w h i c h  a r e  s m a l l e r  

t h a n  t h e i r  c r i t i c a l  d i a m e t e r s .  H e n c e ,  n o t  o n l y  s i z e  b u t  a l s o  t h e  d y n a m i c s  a n d  s t r u c t u r e  

o f  t h e  m o l e c u l e s  m u s t  b e  t a k e n  i n t o  a c c o u n t .

3.5 Zeolite Synthesis

Z e o l i t e s  a r e  g e n e r a l l y  s y n t h e s i z e d  b y  a  h y d r o t h e r m a l  p r o c e s s  f r o m  a  s o u r c e  o f  

a l u m i n a  ( e . g . ,  s o d i u m  a l u m i n a t e  o r  a l u m i n i u m  s u l f a t e )  a n d  o f  s i l i c a  ( e . g . ,  a  s i l i c a  s o l ,  

f u m e d  s i l i c a ,  o r  s o d i u m  w a t e r  g l a s s )  a n d  a n  a l k a l i  s u c h  a s  N a O H ,  a n d / o r  a  q u a t e r n a r y  

a m m o n i u m  c o m p o u n d .  A n  i n h o m o g e n e o u s  g e l  i s  p r o d u c e d  w h i c h  g r a d u a l l y  

c r y s t a l l i z e s ,  i n  s o m e  c a s e s  f o r m i n g  m o r e  t h a n  o n e  t y p e  o f  z e o l i t e  i n  s u c c e s s i o n .  

N u c l é a t i o n  e f f e c t s  c a n  b e  i m p o r t a n t ,  a n d  a n  i n i t i a l  i n d u c t i o n  p e r i o d  a t  n e a r  a m b i e n t  

t e m p e r a t u r e  m a y  b e  f o l l o w e d  b y  c r y s t a l l i z a t i o n  t e m p e r a t u r e  t h a t  m a y  r a n g e  u p  t o  2 0 0  

°c o r  h i g h e r .  T h e  p r e s s u r e  i s  e q u a l  t o  t h e  s a t u r a t e d  v a p o r  p r e s s u r e  o f  t h e  w a t e r

p r e s e n t .



T h e  f i n a l  p r o d u c t  d e p e n d s  o n  a  c o m p l e x  i n t e r p l a y  b e t w e e n  m a n y  v a r i a b l e s  

i n c l u d i n g  S iC > 2 / A l 2 0 3  r a t i o  i n  t h e  s t a r t i n g  m e d i u m ,  n u c l e a t i n g  a g e n t s ,  t e m p e r a t u r e ,  

p H ,  w a t e r  c o n t e n t ,  a g i n g ,  s t i r r i n g ,  a n d  t h e  p r e s e n c e  o f  v a r i o u s  i n o r g a n i c  a n d  o r g a n i c  

c a t i o n s .  M u c h  r e m a i n s  t o  b e  l e a r n e d  a b o u t  h o w  t h e  i n i t i a l  r e a c t i o n  m i x t u r e  f o r m s  t h e  

p r e c u r s o r  s p e c i e s  a n d  h o w  t h e s e  a r r a n g e  i n t o  t h e  f i n a l  c r y s t a l l i n e  p r o d u c t s .  A  k e y  

c o n c e p t  i s  t h a t  t h e  c a t i o n s  p r e s e n t  g i v e  r i s e  t o  a  t e m p l a t i n g  a c t i o n ,  b u t  c l e a r l y  t h e  

p r o c e s s  i s  m o r e  c o m p l e x .

B a u e r  a n d  c o w o r k e r s  i n  t h e  e a r l y  1 9 6 0 s  d e v e l o p e d  t h e  u s e  o f  r e a c t i o n  m i x t u r e s  

c o n t a i n i n g  q u a t e r n a r y  a m m o n i u m  i o n s  o r  o t h e r  o r  o t h e r  c a t i o n s  t o  d i r e c t  t h e  

c r y s t a l l i z a t i o n  p r o c e s s .  I n  t h e i r  w o r k  a n d  s u c c e e d i n g  s t u d i e s ,  a  p r i m a r y  m o t i v a t i o n  

w a s  t o  a t t e m p t  t o  s y n t h e s i z e  z e o l i t e s  w i t h  l a r g e  a p e r t u r e s  t h a n  X  a n d  Y .  T h i s  d i d  n o t  

o c c u r ,  b u t  i n s t e a d  o r g a n i c  s p e c i e s  w e r e  f o u n d  t o  m o d i f y  t h e  s y n t h e s i s  p r o c e s s  i n  a  

v a r i e t y  o f  w a y s  t h a t  l e d  t o  t h e  d i s c o v e r y  o f  m a n y  n e w  z e o l i t e s  a n d  n e w  m e t h o d s  o f  

s y n t h e s i z i n g  z e o l i t e  w i t h  s t r u c t u r e s  s i m i l a r  t o  p r e v i o u s l y  k n o w  z e o l i t e .

T h e  m e c h a n i s m  o f  a c t i o n  o f  t h e  o r g a n i c  s p e c i e s  i s  s t i l l  c o n t r o v e r s i a l .  I t  w a s  

o r i g i n a l l y  t h o u g h t  t o  b e  p r i m a r i l y  a  t e m p l a t i n g  e f f e c t ,  b u t  l a t e r  i t  w a s  f o u n d  t h a t  a t  

l e a s t  s o m e  o f  z e o l i t e s  c o u l d  b e  s y n t h e s i z e d  w i t h o u t  a n  o r g a n i c  t e m p l a t e .  F u r t h e r ,  

o r g a n i c  s p e c i e s  o t h e r  t h a n  q u a t e r n a r y  a m m o n i u m  c o m p o u n d s  h a d  d i r e c t i n g  e f f e c t s  n o t  

r e a d i l y  a s c r i b e d  t o  t h e i r  s i z e  o r  s h a p e .  H o w e v e r ,  a n  i m p o r t a n t  r e s u l t  w a s  t h e  z e o l i t e s  

o f  h i g h e r  S i C f y A ^ C ^  r a t i o  t h a n  b e f o r e  c o u l d  b e  s y n t h e s i z e d .  P r e v i o u s l y ,  o n l y  

s t r u c t u r e s  w i t h  S i 0 2 / A l 2 0 3  r a t i o s  o f  a b o u t  1 0  o r  l e s s  c o u l d  b e  d i r e c t l y  f o r m s ,  b u t  w i t h  

o r g a n i c  a d d i t i v e s ,  z e o l i t e s  w i t h  r a t i o  o f  2 0  t o  1 0 0  o r  m o r e  c a n  b e  d i r e c t l y  p r e p a r e d .

A f t e r  s y n t h e s i s  t h e  z e o l i t e  a r e  w a s h e d ,  d r i e d ,  h e a t e d  t o  r e m o v e  w a t e r  o f  

c r y s t a l l i z a t i o n ,  a n d  c a l c i n e d  i n  a i r ,  e . g . ,  a t  a b o u t  550 °c. O r g a n i c  s p e c i e s  a r e  a l s o  t h u s  

r e m o v e d .  F o r  m o s t  c a t a l y t i c  p u r p o s e ,  t h e  z e o l i t e  i s  c o n v e r t e d  i n t o  a c i d i c  f o r m .  F o r  

s o m e  z e o l i t e s  t h i s  c a n  b e  a c h i e v e d  b y  t r e a t m e n t  w i t h  a q u e o u s  HC1 w i t h o u t  

s i g n i f i c a n t l y  a l t e r i n g  t h e  f r a m e w o r k  s t r u c t u r e .  F o r  o t h e r  z e o l i t e s  N a + i s  r e p l a c e d  w i t h  

NHfy v i a  a n  a m m o n i u m  c o m p o u n d  s u c h  a s  NH4OH, NH4CI o r  NH4NO3. U p o n  

h e a t i n g  NH3 i s  d r i v e n  o f f ,  l e a v i n g  t h e  z e o l i t e  i n  t h e  a c i d  f o r m .  F o r  s o m e  r e a c t i o n  a  

h y d r o g e n a t i o n  c o m p o n e n t  s u c h  a s  p l a t i n u m  o r  n i c k e l  i s  i n t r o d u c e d  b y  i m p r e g n a t i o n  o r  

i o n  e x c h a n g e  [ 5 3 ] .
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3.6 Beta zeolite

B e t a  Z e o l i t e  i s  a n  o l d  z e o l i t e  d i s c o v e r e d  b e f o r e  M o b i l  b e g a n  t h e  “ Z S M ”  

n a m i n g  s e q u e n c e .  B e t a  Z e o l i t e  w a s  i n i t i a l l y  s y n t h e s i z e d  b y  W a d l i n g e r  e t  a l .  [ 1 ]  u s i n g  

t e t r a e t h y l a m m o n i u m  h y d r o x i d e  a s  t h e  o r g a n i c  t e m p l a t e .  T h e  s t r u c t u r e  o f  b e t a  z e o l i t e  

w a s  r e c e n t l y  d e t e r m i n e d  b e c a u s e  t h e  s t r u c t u r e  i s  v e r y  c o m p l e x  a n d  i n t e r e s t  w a s  n o t  

h i g h  u n t i l  i t  b e c o m e s  i m p o r t a n t  f o r  s o m e  d e w a x i n g  p r o c e s s .

T h e  t a t r a h e d r a l  f r a m e w o r k  s t r u c t u r e  o f  b e t a  z e o l i t e  i s  d i s o r d e r e d  a l o n g  t h e  

[ 0 0 1 ] .  T h e  d i s o r d e r e d  s t r u c t u r e  a n d  t h e  t h r e e  s i m p l e  o r d e r e d  p o l y t y p e s  a r e  r e l a t e d  

t h o u g h  l a y e r  d i s p l a c e m e n t s  o n  0 0 1  p l a n e s .  T h e s e  p o l y t y p e s  h a v e  m u t u a l l y  

p e r p e n d i c u l a r  1 2 - r i n g  c h a n n e l  s y s t e m s ,  a n d  b e t a  z e o l i t e  e x h i b i t s  c h a r a c t e r i s t i c  

p r o p e r t i e s  o f  t h e  p r e s e n c e  o f  1 2 - m e m b e r - r i n g  c h a n n e l s  a n d  t h e  i n t e r s e c t i n g  6 . 5  x  5 . 6  

a n d  7 . 5 x 5 . 7 Â .  T h e  s m a l l e r  b u i l d i n g  u n i t s  a r e  d o u b l e  s i x - r i n g  u n i t s  c o n n e c t e d  b y  t w o  

f o u r - r i n g s  a n d  f o u r  f i v e - r i n g s  u n i t .  T h e s e  a r e  c o n n e c t e d  t o  f o r m  c h a i n s  a l o n g  t h e  

[ 0 0 1 ]  d i r e c t i o n .  P o l y t y p e s  A  a n d  B  c o n t a i n  9 u n i q u e  T  s i t e s ,  w h e r e a s  p o l y t y p e  c  
c o n t a i n  3 2  [ 5 6 ] ,

T h e  c h e m i c a l  c o m p o s i t i o n  o f  b e t a  z e o l i t e  i s :

( T E A , N a  ) 2 0  . A I 2 O 3 . 5 - 1 0 0 S i O 2 , 4 H 20

T h e  z e o l i t e  m a y  o f f e r  i n t e r e s t i n g  o p p o r t u n i t i e s  a s  a  c a t a l y s t ,  s i n c e  i t  c o m b i n e s  

t h r e e  i m p o r t a n t  c h a r a c t e r i s t i c s :  l a r g e  p o r e  ( 1 2  m e m b e r e d  o x y g e n  r i n g ) ,  h i g h  s i l i c a  t o  

a l u m i n a  s y n t h e s i s  r a t i o ,  t h r e e  d i m e n s i o n  n e t w o r k  o r  p o r e s .  I n  a d d i t i o n ,  t h e  

d i m e n s i o n s  o f  o n  t y p e  o f  p o r e s  ( 5 . 5 Â )  c a n  g i v e  a  c e r t a i n  l e v e l  o f  s h a p e  s e l e c t i v i t y .  

T h i s  h a s  b e e n  s u i t a b l e  f o r  i s o m e r i z a t i o n  o f  C4-C7 h y d r o c a r b o n s  t o  g a s o l i n e  f r a c t i o n  

w i t h  i n c r e a s i n g  o c t a n e  n u m b e r  [ 2 8 , 4 9 ] ,  t o  t r a n s a l k y l a t i o n  o f  x y l e n e s  [ 6 1 ] ,  a n d  t o  

c o n d e n s a t i o n  o f  b e n z e n e  a n d  f o r m a l d e h y d e  [ 6 2 ] ,

R e c e n t l y ,  b e t a  z e o l i t e  h a s  b e e n  s t u d i e d  i n  a  l a r g e  r a n g e  o f  r e a c t i o n ,  a n d  i t  i s  a  

p o t e n t i a l  c a t a l y s t  i n  s e v e r a l  p r o c e s s e s  [ 2 3 ]  b e c a u s e  i t  h a s  a  u n i q u e  s t r u c t u r e ,  a c i d i t y ,  

a n d  a c t i v i t y  a s  a  s o l i d  a c i d  c a t a l y s t ,  h y d r o t h e r m a l  a n d  a c i d  t r e a t m e n t  s t a b i l i t y  i n  

r e a c t i o n  s u c h  a s  c r a c k i n g ,  i s o m e r i z a t i o n ,  a l k y l a t i o n ,  d i s p r o p o r t i o n a t i o n  o f
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h y d r o c a r b o n  c o m p o u n d s  [ 6 3 - 6 5 ]  a n d  c o n v e r s i o n  o f  m e t h a n o l  t o  h y d r o c a r b o n  o v e r  

b e t a  z e o l i t e  h a s  b e e n  i n v e s t i g a t e d  e a r l i e r  [ 3 7 ] .
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3.7 Methanol Conversion

T h e  c o n v e r s i o n  o f  m e t h a n o l  i n t o  h y d r o c a r b o n s  u s i n g  z e o l i t e  c a t a l y s t s  h a s  

a t t r a c t e d  s i g n i f i c a n t  r e s e a r c h  a t t e n t i o n  s i n c e  t h e  p u b l i c a t i o n  o f  t h e  l a n d m a r k  p a p e r  b y  

C h a n g  a n d  S i l v e s t r i  i n  1 9 7 7  [ 3 8 ] .  T h e y  h a v e  b e e n  r e p o r t e d  t h i s  r e a c t i o n  u s i n g  H -  

Z S M - 5  a s  c a t a l y s t .  S u b s e q u e n t l y ,  i t  w a s  s h o w n  t h a t  W O 3 s u p p o r t e d  o n  Y - A I 2 O 3 c o u l d  

a l s o  c a t a l y z e  t h i s  r e a c t i o n  [ 6 6 ] ;  h o w e v e r ,  t h e  h y d r o c a r b o n  y i e l d  w a s  f a r  s u p e r i o r  w i t h  

z e o l i t e  c a t a l y s t s .  T h e  e x t e n s i v e  l i t e r a t u r e  c o n c e r n i n g  t h e  c o n v e r s i o n  o f  m e t h a n o l  t o  

h y d r o c a r b o n s  o v e r  z e o l i t e  c a t a l y s t s  h a s  r e c e n t l y  b e e n  r e v i e w e d  b y  V o r a  e t  a l .  [ 6 7 ]  f o r  

t h e  f o r m a t i o n  o f  l i g h t  a l k i n e s ,  a n d  e a r l i e r  r e v i e w s  h a v e  d i s c u s s e d  t h e  c o n v e r s i o n  o f  

m e t h a n o l  t o  g a s o l i n e  [ 6 8 - 7 0 ] ,  T h e  r a c t i o n  h a s  b e e n  o b s e r v e d  w i t h  a r r a n g e  o f  z e o l t e s  

a n d  m i c r o p o r o u s  m a t e r i a l s ,  e . g . ,  Y  z e o l i t e  [ 7 1 ] ,  b e t a  z e o l i t e  [ 3 8 ] ,  m o d e n i t e  [ 7 2 ] ,  

A I P O 4 - 5 , S A P O - 5  a n d  M e A P O - 5  [ 7 3 ] ,  E U - 2  [ 7 4 ] ,  c l i n o p t i t o l i t e  [ 7 5 ]  a n d  S A P O - 3 4  

[ 6 7 ] ,  a s  w e l l  a s  n o n z e o l i t e  c a t a l y s t s ,  e . g . ,  1 2 - t u n g s t o p h o s p h o s p h o r i c  a c i d  [ 7 7 ] .

T h e  r e a c t i o n  o f  m e t h a n o l  t o  h y d r o c a r b o n  p r o d u c t s  i s  v i g o r o u s l y  e x o t h e r m i c ,  

w i t h  a  t h e o r e t i c a l  a d i a b a t i c  t e m p e r a t u r e  r i s e  o f  a b o u t  600°c. T h e  r e a c t i o n  p a t h  i s  

b e l i e v e d  t o  p a s s  t h r o u g h  a  n u m b e r  o f  s e r i e s  a n d  p a r a l l e l  s t e p s .  T h e  m e c h a n i s m  i s  

c o m p l e x  a n d  i s  d i s c u s s e d  e l s e w h e r e .  A  s i m p l i f i e d  p a t h  i s  g i v e n  b e l o w .

2 C H 3O H --------►

C H 3 0 C H 3 ---------►

l i g h t  o l e f i n s ---------►

h e a v y  o l e f i n s --------►

a r o m a t i c s --------►

C H 3 O C H 3 +  H 20  

l i g h t  o l e f i n s  +  H 2 0  

h e a v y  o l e f i n s  +  H 2 0  

a r o m a t i c s  +  p a r a f f i n s  

h i g h e r  a r o m a t i c s  +  H 20

T h e  f r i s t  s t e p  i n  t h e  r e a c t i o n  s e q u e n e  i s  t h e  d e h y d r a t i o n  o f  m e t h a n o l  t o  

e q u i l i b r i u m  m i x t u r e  o f  d i m e t h y e t h e r  ( D M E ) ,  m e t h a n o l  a n d  w a t e r .  T h e  D M E  t h e n  

r e a c t s  f u r t h e r  t o  f o r m  a  m i x t u r e  o f  l i g h t  o l e f i n s .  A s  t h e  c o n c e n t r a t i o n  o f  D M E  i s  

d e p l e t e d  a n d  f u r t h e r  d e h y d r a t i o n  o f  m e t h a n o l  t a k e s  p l a c e .  T h e  D M E  a l k y l a t e s  t h e



l i g h t  o l e f i n s  ( m o s t l y  p r o p y l e n e  a n d  b u t a n e s )  t o  h i g h e r  o l e f i n s .  I f  a n y  r e s i d u a l  D M E  

r e m a i n s  a t  t h e  p o i n t  w h e r e  a r o m a t i c s  f o r m ,  t h o s e  a r o m a t i c s  a r e  r e a d i l y  a l k y l a t e s  t o  

h i g h e r  c a r b o n  n u m b e r  o f  C i o .  T h e  h e a v i e s t  c o m p o n e n t  i s  d u r e n e  ( 1 , 2 , 4 , 5 -  

t e t r a m e t h y l b e n z e n e ) ,  w h i c h  l i e s  n e a r  t h e  h i g h  e n d  t h e  g a s o l i n e  b o i l i n g  r a n g e .  N o  

c o m p o n e n t s  w i t h  n o r m a l  b o i l i n g  p o i n t s  a b o v e  t h e  g a s o l i n e  b o i l i n g  r a n g e  a r e  

p r o d u c e d .

T h e  e a r l y  w o r k  o f  C h a n g  a n d  S i l v e s t r i  [ 3 8 ]  s h o w e d  t h a t ,  h i g h  t e m p e r a t u r e  

f a v o r s  s e l e c t i v i t y  t o  l i g h t  o l e f i n s .  M o b i l  f o u n d  t h a t  b y  c o m b i n i n g  t h e  f a c t o r s  o f  

r e d u c e d  c a t a l y s t  a c t i v i t y  w i t h  h i g h  o p e r a t i o n  t e m p e r a t u r e ,  i t  w a s  p o s s i b l e  t o  s w i t c h  t h e  

m e t h a n o l  t o  g a s o l i n e  ( M T G )  s e l e c t i v i t y  t o w a r d s  a n  o l e f i n  r i c h  s p e c t u m .  T h i s  r o u t e  

w a s  n a m e d  t h e  m e t h a n o l  t o  o l e f i n s  ( M T O )  p r o c e s s ,  a n d  g i v e s  a  p r o d u c t  t h a t  i s  r i c h  i n  

p r o p y l e n e  a n d  b u t e n e s .

T h e  M T O  p r o c e s s  h a d  a n  i n c i p i e n t  d e v e l o p m e n t  o n  H - Z S M - 5  z e o l i t e s ,  i n  

o r d e r  t o  i n c r e a s e  t h e  y i e l d  o f  o l e f i n s  a n d  t o  f i l l  ( b y  m e a n s  o f  t h e  p r o c e s s  o f  

o l i g o m e r i z a t i o n  o f  o l e f i n s  t o  d i e s e l  o i l )  t h e  g a p  i n  t h e  M T G  p r o c e s s  c o m m e r c i a l i z e d  

b y  M o b i l ,  w h i c h  d o e s  n o t  a l l o w  f o r  o b t a i n i n g  g a s - o i l  f o r  a u t o m o t i o n .  T h e  M T O  

p r o c e s s  m a y  b e  c o n s i d e r e d  t h e  f i r s t  s t e p  i n  t h e  M T G  p r o c e s s ,  w h i c h  m a y  b e  d e s c r i b e d  

b y  m e a n s  o f  t h e  t w o  s t e p s  i n  s e r i e s  s h o w n  i n  F i g .  3 . 1 5  [ 3 9 , 7 0 ] .

MTG Process
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MeOH/DME Light olefins

C2 - cr
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Cyclopara
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Figure 3.15 S c h e m e  o f  M T G  p r o c e s s

The primary products formed from oxygenates (methanol and dimethyl ether,
in equilibrium) are light olefins (ethene, propene and, to a lesser extent, butenes) and
the secondary products are heavier hydrocarbons, corresponding to the gasoline



f r a c t i o n  (C5-C10). S e l e c t i v e  o b t a i n i n g  o f  l i g h t  o l e f i n s  ( M T O  p r o c e s s )  i s  a t t a i n e d  b y  

s t o p p i n g  t h e  r e a c t i o n  m e c h a n i s m  s u b s e q u e n t  t o  t h e  f i r s t  s t e p  a n d ,  i n  o r d e r  t o  m a k e  t h e  

p r o c e s s  p r o f i t a b l e ,  t o t a l  c o n v e r s i o n  o f  m e t h a n o l  m u s t  b e  a c h i e v e d .
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