
THEORETICAL BACKGROUND AND LITERATURE REVIEW
C H A P T E R  II

2.1 Alkylation of Aromatics

Alkylation of aromatic is a substitution that removes an alkyl group from 
one molecule to another molecule, one or more of the hydrogen atoms on the ring or 
side chain is replaced by an alkyl group. This reaction can occur through 
electrophilic reagent, nucleophilic reagent, or freeradical mechanism.

2.1.1 Electrophilic Aromatic Substitution
The substitution of benzene by an electrophilic reagent (E+) is 

schematically presented in Figure 2.1. The reaction occurs in two stages, the reagent 
adds to one carbon atom of nucleus, giving a carbocation in which the positive 
charge is delocalized over three carbon atoms, and a proton is then eliminated from 
this adduct.

Figure 2.1 The electrophilic aromatic substitution reaction (Norman et al., 1993).

Electrophilic aromatic substitution is the most common method used to 
synthesize substituted aromatic compounds. The reaction directly introduces 
functional groups onto the benzene ring and works with a variety of electrophilic 
reagents. All these reactions are shown below (Figure 2.2 -  Figure 2.5).
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Figure 2.2 Nitration of benzene (Daley et al, 2005).



4

Chlorobenzene

Figure 2.3 Chlorination of benzene (Daley et ai, 2005).
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Figure 2.4 Sulfonation of benzene (Daley et a i, 2005).
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Figure 2.5 Ethylation of benzene (Daley et al, 2005).

2.1.2 Nucleophilic Aromatic Substitution
Although benzene is moderately reactive towards electrophiles, it is 

inert to nucleophiles. However, just as the attachment of a group of -M  type to the 
c= c  bond in alkene activates that bond to nucleophiles, so the attachment of such 
substituent to the benzene ring activates the ring to nucleophiles. The mechanism of 
this, and most other, nucleophilic aromatic substitution is similar to that of 
electrophilic aromatic substitutions except that an anionic rather than a cationic 
intermediate is involved. The nucleophile adds to the aromatic ring to give a 
delocalized anion from which a hydride ion is eliminated (Figure 2.6)
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Figure 2.6 Nucleophilic aromatic substitution reaction (Norman et al., 1993).

2.2 Alkylation Catalysts

Catalysts for alkylation reaction used essentially to be of the homogeneous 
type. However, due to the discovery that certain molecular sieves (Zeolites) are not 
only acidic enough to promote carbonium ion or ion-pair formation, but are also 
more selective than homogeneous catalysts, they are now being used in some new 
alkylation processes

Homogeneous alkylation catalysts may be Bronsted acid such as HF and 
H 2SO 4. Using alkenes as alkylating agent, a proton is donated by the acid to the 
substrate as shown in Figure 2.7.

Figure 2.7 The formation of carbocation by using alkenes (Wade, 2009).

When alkenes are treated with a Lewis acid such as AlClj, a small amount 
of a proton acid is normally added as a co-catalyst to promote the formation of 
carbonium ions.

If alcohols are the alkylating agents in the presence of Bronsted acid, they 
are protonated and carbonium ions may be formed.

In the presence of Lewis acids, such as AICI3, a complex is first formed with 
the alcohol and HC1 is released. The complex then donates the carbocations.

ROH + H+ «  [RO + H2] > R+ + H20 (2.1)
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ROH + AlCl3 -> ROAICI2 + HCl (2.2)
ROAICI2 <-> R++ OAICI2 (2.3)

Alkyl halides have been extensively used to alkylate aromatic compounds 
when AICI3 is used as the catalyst, the reaction is normally referred to as Friedel- 
Crafts alkylation. The first step in alkylating aromatics, is the formation of a 
carbonium ion as shown in Figure 2.8.

(พ '!  I; C'<\\Ch (พ 'แ f  0(า — Al( ไ’,

Figure 2.8 Friedel-Crafts alkylation (Daley et al., 2005).

The benzene ring then undergoes electrophilic attack by the complex to 
form a o complex—completing the first step of the electrophilic aromatic 
substitution reaction. Immediately following the first step, the a complex undergoes

^  /^£g-fu  1''^ ท „n พุ'แ',

the second step and loses a proton to fonn the alkyl benzene as shown in Figure 2.9.

Figure 2.9 Friedel-Crafts alkylation (Daley et al., 2005).

Alkylation with heterogeneous catalysts has been carried out using a variety 
of acidic oxides such as AI2O3 and AI2O3 and AfCb/SiOo. These catalysts also 
promote carbonium ion-type reactions. Depending on the method of preparation, 
silica/alumina catalysts may be amorphous or crystalline. These compounds have 
both Brondsted and lewis acid sites. When alkylating toluene with methanol, on a 
zeolite catalyst for example, adsorbed methanol is protonated at a Brondsted acid site 
on the catalyst surface forming a protonated form of methanol.

Protonated form of methanol then attacks the toluene ring giving xylene
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isomer and the proton is regained by zeolite as shown in Figure 2.10.
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Figure 2.10 Mechanism of toluene alkylation with methanol using H-zeolite 
(Aboul-gheit et a i, 2011).

Zeolites were found to be more suitable alkylation catalysts than the 
amorphous types because of their higher activities and selectivities toward certain 
reactions (Matar et a i, 1989).

2.3 Zeolites

Zeolites are crystalline, micro porous, hydrated aluminosilicates that are 
built from an infinitely extending three dimensional network of [Si04]4- and [A104] 
5- tetrahedral linked to each other by the sharing of oxygen atoms [1], Generally, 
their structure can be considered as inorganic polymer built from tetrahedral T04 
units, where T is Si4+ or A13+ ion. Each o  atom is shared between two T atoms. The 
structure formula of zeolite is based on the crystallographic unit cell (Bckkum et al, 
1991).
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Mx/n [(A102)x(Si02)y] wH20,
where M is an alkali or alkaline earth cation, ท is the valence of the cation, พ is the 
number of water molecules per unit cell, X and y are the total number of tetrahedral 
per unit cell.

The primary building unit of zeolites as shown in Figure 2.11 is the 
tetrahedron and the secondary building units (SBUs) are the geometric arrangements 
of tetrahedral (Breck et al., 1974). The SBUs may be simple polyhedral such as 
cubes, hexagonal prisms, or cube-octahedral (Bekkum et al., 1991). The structures 
can be formed by repeating SBUs and according to them zeolites can be classified 
into eight groups. In Figure 2.12 are presented components of the structure zeolite.

Figure 2.11 Primary building unit of zeolite structure
(http://www.sustz.eom/Proceedinir09/Papers/Technical%20studies/D GEORGIEV.p 
df).

Figure 2.12 Chemical structure of zeolite
(http://www.sustz.eom/Proceedinir09/Papers/Technical%20studies/D GEQRGIEV.p 
df).

Z eo lite  o p e n -s tru c tu re  fram ew o rk  co n sis ts  o f  m a n y  ch an n e ls  an d /o r
in te rc o n n e c ted  v o id s  o f  d isc re te  s ize  (in  the  ran g e  0 .3 -2 0  Â ) w h ich  are  o ccu p ied  by
ca tio n s  and  w a te r  m o lecu les . E ach  A 1 0 4 te trah ed ro n  in th e  fram ew o rk  b ea rs  a net

http://www.sustz.eom/Proceedinir09/Papers/Technical%20studies/D_GEORGIEV.p
http://www.sustz.eom/Proceedinir09/Papers/Technical%20studies/D_GEQRGIEV.p
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negative charge which is balanced by a cation. Typically, these counter ions are 
elements from the IA and IIA groups of the periodic table. The cations can reversibly 
be exchanged for other ions possessing the same sign charge when aqueous passed 
through channels and voids. This replacement results in the narrowing of the pore 
diameter of the zeolite channels. The water may be removed reversibly by the 
application of heat. The SBUs can be simple arrangements of tetrahedral such as 
four, six, eight, ten or more complicated membered ring. Other factors such as the 
location, size and coordination of the extraframework cations can also influence the 
pore size. Some simple zeolite SBUs and their shorthand notations are given in Table
2.1 (Breck, 1974).

Table 2.1 Classification of zeolite structures (Breck ,1974)

Number of linked 
tetrahedral

SBU created Shorthand
description

4 4oxygen ring S4R
5 5oxygen ring S5R
6 6 oxygen ring S6R
8 8 oxygen ring S8R
8 4-4 oxygen rings D4R
12 6-6 oxygen rings D6R
16 8-8 oxygen rings D8R

One of the main properties that make zeolites attractive catalysts for a broad 
spectrum of chemical conversions is their high thermal stability. While most zeolites 
remain intact at temperature up to ca. 650 HC, structural collapse of some high-silica 
zeolites only occurs at temperatures above 1000 °c (Basaldella ct at., 1995). In the 
following, three further key properties of zeolite catalysts, namely acidity, shape 
selectivity and the Si/Al ratio effect, will be briefly addressed.
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2.3.1 Acidity
Zeolites consist of a 3-D network of metal-oxygen tetrahedral which 

provide the microporous structure, in which the active sites are part of the structure. 
Acid sites result from the imbalance of the metal and the oxygen formal charge in the 
primary building unit. Acid sites in zeolites can be divided into Bronsted acid sites 
and Lewis acid sites. The formation of Bronsted acid sites arising from the creation 
of “ bridging hydroxyl groups’’ within the pore structure of the zeolites. These 
“ bridging hydroxyl groups’’ are usually formed either by ammonium or polyvalent 
cation exchange followed by a calcinations step. The Bronsted acid sites are shown 
in Figure 2.13.

H h '
o .  ,0 ^  ,0 ^  ,0 .  ,0 ^  ,c r'S i A i-  Si > 1 -  ;S i/ \ / \ / \ / \ / \
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Figure 2.13 Bronsted acid sites (“ bridging hydroxyl groups” ) in zeolites (Stocker,
2005).

The protons are quite mobile at higher temperatures, and at 550 ๐c  
they are lost as water molecules followed by the formation of Lewis acid sites 
(Figure 2.14).

H~ H'

Bronsted acid site
5 5 0  °c

* H.o 
V

Lewis acid site

Figure 2.14 Formation of Lewis acid sites in zeolites (Stocker, 2005).
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2.3.2 Shape Selectivity
The dimensions of the species involved in chemical reactions are of 

the same order of magnitude as those of the pores and cavities of zeolites often 
imposes a strong influence on the selectivity of zeolite-catalyzed reactions. A 
catalytic reaction proceeds in a shape-selectivity manner, if its selectivity depends 
unambiguously on the pore width or pore architecture of the solid catalyst. Shape 
selectivity is a unique feature of heterogeneous catalysis by zeolite.

The shape selectivity does not only depend on the pore system zeolite 
catalyst but also on the dimension of the species involved, i.e., the reactant 
molecules, the products molecules, the reaction intermediates and the transition 
states. After the classical concept of Weisz et al. (1980) and Csicsery et al. (1986) 
shape selectivity effects are usually classified into the three different types.

2.3.2.1 Reactant Shape Selectivity
It describe the phenomena, only those reactants can be 

converted that are of proper size to enter the intrazeolitic pores as shown in Figure 
2.15. Consequently, the reaction is selective toward the conversion of suitable size 
reactant molecules.
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Figure 2.15 Reactant shape selectivity (Baerns et al., 2004).

2.3.2.2 Product Shape Selectivity
When a chemical reaction inside a zeolite leads to products of 

different molecular size, the diffusion of the smaller product molecules out of the 
zeolite pores will be preferred, and only this product may be detected in the reactor 
effluent. The other product which is too bulky to leave the zeolite pores may undergo
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consecutive reactions to either smaller molecules or to higher molecular species that 
remain adsorbed in the zeolite as shown in Figure 2.16, eventually leading to catalyst 
deactivation by pore blockage. Product shape selectivity maybe viewed as the 
reverse of reactant shape selectivity.

XZZ£z z z z z z z z z ^ z a
0« r n \ OH

■ 1J -  b—- 
E £ z z z z z z z z z z z z 3

para-ethyl-
toluene

CK, - ÇH,

Figure 2.16 Product shape selectivity (Baerns et a i, 2004).

2.3.2.3 Restricted Transition State Shape Selectivity
Under the local constraints inside a zeolite pore one reaction 

may be favored over other parallel or consecutive reactions, if the corresponding 
transition state (or intermediate) is less bulky. For instance, the pores of a zeolite 
may provide sufficient space for the transition state of the intramolecular 
isomerization of w-xylene, while the transition state of the bimolecular 
transalkylation reaction is too bulky to be accommodated inside the pores and hence, 
no disproportionation products can be formed as shown in Figure 2.17.
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Figure 2.17 Restricted transition state shape selectivity (Baerns et a l., 2004).
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ZSM-5 zeolites have made it possible to develop a new 
process for the selective production of p-xylene due to shape of ZSM-5, which is 
suitable for mono-aromatic selective reactions.

2.4 Zeolite Si/Al molar ratio

When the SiCb/AhCfi molar ratio decreased, Zeolite acidity increases in 
strength due to the increase in AIO4 sites, which strengthens the electro-static field in 
the zeolite and increases the number of acid sites. However, the wide array of cage 
and channel arrangements and electrochemical properties that result from various 
crystalline structures and different SiCF/AFCfi ratios also affect zeolite acid strength. 
In certain conditions, a high density of AIO4 in the zeolite framework could actually 
lower the acid strength of the adsorbent the reverse in acid strength can be 
explanined by the dipolar repulsion of the AIO4 Groups outweighing the increase in 
polarizability. For the reasons stated, an increase in zeolite activity as the molar ratio 
of SiCb/AhCb increases is normally observed. Manipulating both the exchanged 
cations and the SiCF/AhCfi ratio offers a great flexibility in tailoring adsorbents for a 
specific application. However, the more variables that are altered, the more difficult 
the adsorption behavior becomes to predict ( Kulprathipanja, 2010).
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2.5 ZSM-5 zeolite

A primary unit cell of zeolite ZSM-5 is shown in Figure 2.18. The 
secondary building unit for ZSM-5 is the T12O20 block .and the ZSM-5 unit cell 
contains 96 T-atoms also shown in Figure 2.18.

( a )

Figure 2.18 (a) A Primary unit cell of ZSM-5 (b) The secondary building unit of 
ZSM-5 (c) Unit cell of ZSM-5 (Breck ,1974).

The complete zeolite structure does not fill the complete space. It contains 
cavities in the form of cages and channels. These pores will contain the adsorbed 
species when the zeolite is filled with an adsorbate. The intracrystalline space is 
substantial: a zeolite can have a void volume of up to 0.48 ml/ml (0.31 ml/g for H20  
adsorption in CaA zeolite, (Breck, 1974). Zeolite ZSM-5 has a pore system as shown 
in Figure 2.19, it consists of a system of intersecting straight and sinusoidal channels. 
For clarity, the channels in the schematic drawing in Figure 2.18 are drawn with a 
smaller diameter than actually is the case. In the photograph the channels are shown 
in the right scale. The void volume of this zeolite is 0.17 ml/g, so this zeolite has a 
higher structural density than for instance zeolite A. The channels in ZSM-5 have a 
diameter of 0.50 to 0.56 nm, leaving enough space to allow passage of aromatic 
nuclei like benzene, p-xylene and pyridine(s).
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F ig u r e  2 .1 9  C h a n n e l  s tr u c tu r e  o f  Z S M -5  (B re c k , 1 9 7 4 ).

2 .6  M o d i f i c a t i o n  o f  C a t a l y s t

A s  th e  c o m m e r c ia l  H Z S M -5  z e o l i te  w h ic h  s h o w  th e  lo w  s e le c t iv i ty  to  / 7- 
x y le n e . It w a s  s u g g e s te d  th a t  th e  s e le c t iv i ty  to  /7 -x y le n e  c o u ld  b e  im p ro v e d  b y  th e  
c a ta ly s t  m o d if ic a t io n  w ith  v a r io u s  m e th o d s  su c h  as im p re g n a t io n  o f  m e ta l l ic  o r  
n o n m e ta l l ic  c o m p o u n d s ,  c o k e  d e p o s i t io n ,  d e a lu m in a t io n ,  c h e m ic a l  l iq u id  d e p o s i t io n  
( C L D ) , c h e m ic a l  v a p o r  d e p o s i t io n  ( C V D ) , e tc . D e p o s i t io n  o f  a n  in e r t  s i l ic a  la y e r  
o n to  th e  e x te rn a l  s u r fa c e  o f  th e  H Z S M -5  c a ta ly s t  b y  C L D  h a s  b e e n  d e m o n s t r a te d  to  
b e  e f f e c t iv e  fo r  o b ta in in g  a  h ig h  /7 -x y le n e  s e le c t iv i ty  d u e  to  th e  d e a c t iv a te d  e x te rn a l  
a c id  s ite s  w h ic h  c a n  c a u s e  a n  i s o m e r iz a t io n  o f  /7 -x y le n e  to  o - a n d  m -x y le n e  r e s u l t in g  
in  d e c r e a s in g  th e  s e le c t iv i ty  to  /7 -x y le n e  ( C e jk a e t  al., 19 96 ). In  a d d i t io n ,  th e  a c id  
p r o p e r t ie s  a n d  r e s u l ta n t  c a ta ly t ic  a c t iv i ty  o f  z e o l i te  m a te r ia ls  a re  k n o w n  to  b e  r e la te d  
to  th e  d e g re e  o f  s u b s t i tu t io n  o f  a lu m in u m  fo r  s i l ic o n  in  th e  f r a m e w o rk . A s  th e  
d e a lu m in a t io n  w i th  a c id  a g e n t  w h ic h  h a v e  m o le c u la r  d ia m e te r s  la r g e r  th a n  z e o l i te  
p o re  o p e n in g s ,  th e y  c o u ld  b e  u s e d  to  s e le c t iv i ty  r e m o v e  th e  f r a m e w o r k  a lu m in u m  a t 
th e  e x te rn a l  s u r fa c e  o f  H Z S M -5  c a ta ly s t  a s  w e ll.

2 .6 .1  D e a lu m in a t io n
T h e  te rm  d e a lu m in a t io n  g e n e ra l ly  r e fe r s  to  th e  r e m o v a l  o f  a lu m in u m  

f ro m  th e  z e o l i te  f r a m e w o rk ,  e v e n  th o u g h  th e  o v e ra l l  a lu m in u m  c o n te n t  o f  th e  z e o l i te  
m a y  n o t d r a s t i c a l ly  c h a n g e . A lu m in a  m a y  s ti ll  r e s id e  in  th e  p o re s  e i th e r  o n  c a t io n  
p o s i t io n s  o r  a s  d e p o s i ts  o f  o th e r  c o m p o u n d s  l ik e  a m o r p h o u s  s i l ic a - a lu m in a  o f
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a lu m in u m  s a l ts  w ih ic h  is  a ll r e fe r re d  to  a s  “ e x t r a - f r a m e w o rk  a lu m in u m ” . M a n y  
p r o c e d u r e s  fo r  f r a m e w o rk  d e a lu m in a t io n  a re  k n o w n  w h ic h  m a y  b e  s u b d iv id e d  in to  
th e rm a l t r e a tm e n ts ,  h y d r o th e r m a l  t r e a tm e n t ,  e x t r a c t io n  o f  f r a m e w o rk  a lu m in u m  w ith  
a c id  a n d  r e p la c e m e n t  o f  f ra m e w o rk  a lu m in u m  w ith  s i l ic o n  f ro m  s i l ic o n  h a l id e s  o r  
h e x a f lu o r o s i l ic a te  ( พ e i tk a m p  et al. , 1 9 9 9 ) .In  F ig u re 2 .2 0  s h o w  d e a lu m in a t io n  v ia  
h y d r o th e r m a l  t r e a tm e n t  a n d  a c id  le a c h in g  D u e  to  th e  s o m e tim e s  h a r s h  c o n d i t io n s  
a p p lie d , c r e a t io n  o f  s e c o n d a r y  p o re s  ( m e s o p o r e s )  a n d  p r o d u c t io n  o f  c ry s ta l  d e f le c ts  
w i th  p a r t ia l ,  b u t  c o n s id e ra b le  lo s s  o f  c r y s ta l l in i ty  c a n  o c c u r  d u r in g  d e a lu m in a t io n .

H' (Ex*ra-frameworic alumina) At, o ,
H;0

o  .0 o . socPc * . 0  .OH HO
,s f  .Si. At. .ร!, (steaming) Si, ร! ร!

RT HCI(ao)

v (acid leaching)

รเ Si
500°c
-H-o

ร!

F ig u r e  2 .2 0  D e a lu m in a t io n  v ia  h y d r o th e r m a l  t r e a tm e n t  a n d  a c id  le a c h in g .

L u c a s  et al. ( 1 9 9 7 )  h a s  o b s e rv e d  th e  e f fe c t  o f  s te a m in g  o n  a c id i ty  a n d  
a r o m a t iz a t io n  a c t iv i ty  w i th  d e a lu m in a t io n  o f  H Z S M -5  z e o l i te s .  T h e  r e s u l t  s h o w e d  
th a t  d e a c t iv a t io n  v ia  s te a m in g  t r e a tm e n t  p r o d u c e s  a d e c r e a s e  in  a c id  s i te s  s t r e n g th  
a n d  d e n s i ty ,  w h ic h  is  r e la te d  to  c o k e  f o rm a t io n . In f ra re d  d a ta  s h o w  a n  in c re a s e  in  
w e a k  a n d  L e w is  a c id  s ite s . F u r th e rm o r e , m e d iu m /s t r o n g  a c id  s i te s  r a t io  is  c lo s e  to  
u n i ty  fo r  c a ta ly s t  w i th  th e  b e s t  d e a c t iv a t io n  b e h a v io r .  S te a m - H C l  t r e a tm e n t  a lso  
p r o d u c e s  a d e c r e a s e  in  th e  a c id  s t r e n g th  a n d  d e n s i ty ,  le a d in g  to  a  s im i l a r  a c id  
s t r e n g th  d is t r ib u t io n  th a n  s te a m e d  c a ta ly s ts .  T h e  b e s t  d e a c t iv a t io n  b e h a v io r  fo u n d  in
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th e s e  c a ta ly s ts  m u s t  b e  e x p la in e d  in  te rm s  o f  to x ic i ty  o f  c o k e , w h ic h  is  d e p e n d e n t  o n  
c o k e  c o n te n t ,  lo c a t io n  a n d  n a tu re .

M ih a ly i  et al. (2 0 1 2 )  s tu d ie d  th e  e f fe c t  o f  e x t r a - f r a m e w o r k  A l (E F A 1) 
fo rm e d  b y  s u c c e s s iv e  s te a m in g  a n d  a c id  le a c h in g  o f  z e o l i te  M C M -2 2  o n  its  s t r u c tu r e  
a n d  c a ta ly t ic  p e r f o rm a n c e . T h e  r e s u lt  s h o w e d  th a t  1.) th e  p r e s e n t  o f  E FA 1 e n t i t ie s  
c a u s e s  b lo c k in g  o f  th e  z e o l i te  m ic r o p o re s  a n d  le a d s  to  s ig n if ic a n t  r e d u c t io n  in  th e ir  
a d s o rp t io n  c a p a c i ty  a n d  c a ta ly t ic  a c t iv i ty s .  T h is  e f fe c t  is a s s u m e d  to  b e  a  p a r t i c u la r  
f e a tu re  o f  th e  s te a m - a c id  d e a lu m in a te d  M C M -2 2 . 2 .)  th e  p r o p o s e d  b y  o th e r  a u th o rs  
s e le c t iv e  r e p la c e m e n t  o f  p r o to n  s ite s  b y  s u c h  s te a m - a c id  d e a lu m in a t io n  o f  M C M -2 2  
Z e o l i te  s h o u ld  b e  im p l ie d  n o t o n ly  a s  d e f in i te  e x t ra c t io n  a n d  e l im in a t io n  o f  th e  
f r a m e w o rk  A1 a to m s  c o n n e c te d  to  b r id g in g  p r o to n s  b u t a lso  a s  a  p r o c e s s  o f  b u r y in g  
o f  th e s e  a c id  s i te s  in a c c e s s ib le  a n d  in e f f ic ie n t  a n d  is  th e  r e a s o n  fo r  th e  o b s e rv e d  
e n h a n c e d  - x y le n e  s e le c t iv i ty .  3 . )T h e  p r e s e n c e  o f  re s id u a l  E FA 1 s p e c ie s  l im i ts  th e  
a c c e s s  o f  th e  r e a c ta n t  m o le c u le s  to  th e  c a ta ly t ic a l ly  a c t iv e  s ite s , le a d s  to  r e d u c e d  
a c t iv i ty  in  m - x y le n e  c o n v e r s io n ,  a f fe c ts  th e  p ro d u c ts  d i s t r ib u t io n  in  b o th  r e a c t io n s  o f  
m -x y le n e  is o m e r iz a t io n  a n d  d i s p r o p o r t io n a t io n  a n d  d e te rm in e s  th e  m o d e  o f  c o k e  
f o rm a t io n .

2 .6 .2  S i ly la t io n
S i ly la t io n  is  a p r o c e s s  in  w h ic h  z e o l i te  w a s  t r e a te d  w ith  s i l ic o n  

c o m p o u n d s  s e le c te d  f ro m  th e  g ro u p  o f  a lk o x y s i la n e  a n d  p o ly s i lo x a n e s .  S i ly la t io n  c a n  
m o d if y  th e  e x te rn a l  a c id  s i te  o f  z e o l i te s  b y  an  in t r o d u c t io n  o f  a s i l ic o n  c o m p o u n d s  
w h ic h  h a v e  a la r g e r  k in e t ic  d ia m e te r  th a n  th e  p o re  o f  z e o l i te s  s u c h  a s  te t ra e th y l  
o r th o s i l ic a te  ( T E O S ) , te t r a m e th y l  o r th o s i l ic a te  ( T M O S )  a n d  p o ly s i lo x a n e .  E x a m p le  
s t r u c tu r e s  o f  s i ly la t io n  a g e n ts  a re  s h o w n  in  F ig u re  2 .2 1 .

w °x  . ^  \  / S i  ^  O M
\ J  . ๐ / ร - o \ JS i  TSi j s \/" ๐ 1 \ l  /  1( /

(a ) (b ) (c )

F ig u r e  2 .2 1  S i ly la t io n  a g e n ts  (a )  T E O S , (b )  T M O S  a n d  (c )  p o ly s i lo x a n e .
In S i ly la t io n  p ro c e s s  th e  s i l ic o n  c o m p o u n d  w il l  r e a c t  w i th  th e
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h y d r o x y l  g ro u p  o f  z e o l i te s  a t th e  e x te rn a l  s u r f a c e  w h ic h  r e s u lt  in  s i l ic a  d e p o s i t io n  o n  
th e  e x te rn a l  s u r fa c e . A f te r  c a lc in a t io n ,  s i l ic a  d e p o s i t io n  a t  th e  e x te rn a l  s u r f a c e  w ill 
d e c o m p o s e  a n d  le a v e  c o a t in g  o f  in a c t iv e  SiC >2 o n  th e  e x te rn a l  s u r f a c e  o f  z e o l i te ,  
r e s u l t s  in  d e a c t iv a t io n  o f  th e  a c t iv e  s ite s  a n d  r e d u c in g  th e  p o re  s iz e  o n  e x te rn a l  
s u r fa c e . T h e  s c h e m a t ic  o f  s i ly la t io n  p ro c e s s  is  s h o w n  in  F ig u re  2 .2 2 .

OEt
EtO-^-OEt 

6 Et
TJ I J  T J u  iน  L I

A A A A A A
OEt

H H H H
A A A A

HOEt
EtO-^-OEt

H H H H H H H H H
A A A A 1 ^ A A A A

____ 1 1น:i  iurtiCê Calcine -  Au
]

OH OH OH OH OH

F ig u r e  2 .2 2  S c h e m a tic  o f  th e  s i ly la t io n  p ro c e s s
(h t tp : / /w w w .s l id e b o o m .c o m /p r e s e n ta t io n s /2 7 9 4 9 7 /S i ly la t io n - A n d - M e ta l - o x id e - o n -
s o l id - A c id s ) .

H u i et al. ( 2 0 1 1 )  s tu d ie d  th e  e f fe c t  o f  m o d if ie d  Z S M -5  Z e o l i te  
C a ta ly s t  w i th  u s in g  c h e m ic a l  l iq u id  d e p o s i t io n  w ith  te t ra e th y l  o r th o s i l ic a te  (T E O S )  
fo r  d i s p r o p o r t io n a t io n  o f  to lu e n e . T h e  c a ta ly s t  w e r e  p r e p a r e d  b y  th e  m o d if ic a t io n  o f  
th e  c y l in d e r - s h a p e d  Z S M -5  z e o l i te  e x t ru d a te s  w i th  c h e m ic a l  l iq u id  d e p o s i t io n  w ith

http://www.slideboom.com/presentations/279497/Silylation-And-Metal-oxide-on-
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T E O S .V a r io u s  p a r a m e te r s  fo r  p r e p a r in g  c a ta ly s t  w e r e  c h a n g e d  to  in v e s t ig a te  
in c lu d in g  S iC ty A E C E  ra t io  o f  Z S M -5  z e o l i te ,  th e  ty p e  a n d  a m o u n t  o f  d e p o s i t io n  
a g e n t ,  th e  ty p e  o f  a c id - t r e a tm e n t  fo r  d e a lu m in a t io n ,  th e  t im e  a n d  c y c le  o f  d e p o s i t io n  
tr e a tm e n t .  T h e  r e s u l t s  s h o w e d  th a t, 1.) T h e  Z S M -5  z e o l i te  e x t ru d a te s  w ith  
S iC ri/A E C E  r a t io  o f  3 8  d e m o n s tr a te d  th e  h ig h e s t  c o n v e r s io n  o f  4 8 .7 %  2 ) T E O S  as 
C L D  a g e n t  e v id e n t ly  b e h a v e d  th e  b e s t  fo r  its  h ig h e s t  p a r a - x y le n e  ร e le c t iv i ty  to g e th e r  
w i th  a v e r y  h ig h  to lu e n e  c o n v e r s io n ,  th e  a m o u n t  o f  T E O S  w a s  0 .4 m l p e r  g ra m  
c a ta ly s t .  3 )  T h e  a c id  t r e a tm e n t  Z S M -5  s h o w e d  th e  s a m e  le v e l p a r a - x y le n e  s e le c t iv i ty  
to  th e  u n tr e a te d  s a m p le . H o w e v e r ,  w h e n  th e  a c id - t r e a te d m e n t  Z S M - 5  z e o l i te  
e x t ru d a te s  w e r e  fu r th e r  m o d if ie d  b y  C L D , th e  r e s u l t in g  c a ta ly s ts  s h o w e d  v e r y  
d i f f e r e n t  a c t iv i t ie s  c o m p a re d  w ith  th e  s a m p le  w ith o u t  a n  a c id - t r e a tm e n t  p a ra  x y le n e  
s e le c t iv i ty  o v e r  th e  th re e  o r g a n ic  a c id - t r e a te d  c a ta ly s ts  w a s  e n h a n c e d  s u b s ta n t ia l ly .  
M o re o v e r ,  o x a l ic  a c id  s im u l ta n e o u s ly  c a u s e d  a h ig h e r  c o n v e r s io n .4 .)  T h e  a p p ro p r ia te  
C L D  t im e  w a s  7 -1 0  h  w ith  tw o - c y c le  C L D .

2 .7  P r o d u c t i o n  o f  X y le n e s

2 .7 .1  A lk y la t io n  o f  T o lu e n e  w i th  M e th a n o l
X y le n e s  a r e  m a in ly  p r o d u c e d  b y  a d is t i l la t io n - e x t r a c t io n  s c h e m e  f ro m  

re fo rm e d  g a s o lin e s .  X y le n e s  a re  im p o r ta n t  p r e c u r s o r s  fo r  m a n y  c h e m ic a ls .  T h e  ra t io  
o f  th e  is o m e r s ,  p a r a :o r th o :m e ta  is  a p p ro x im a te ly  1 :1 :2 , w h ic h  is  v e r y  c lo s e  to  th e  
th e r m o d y n a m ic  e q u i l ib r iu m  v a lu e s  fo r  th e  th re e  is o m e r s  a t th e  r e f o r m in g  te m p e r a tu r e  
a s  s h o w n  in  T a b le  2 .2

/> X y le n e  is  th e  m o s t  im p o r ta n t  o f  th e  th re e  is o m e r s  s in c e  it is u t i l iz e d  
fo r  th e  s y n th e s is  o f  te r e p h a th a l ic  a c id  fo r  p o ly e s te r  p r o d u c t io n .  A  p r o c e s s  th a t  
s e le c t iv e ly  p r o d u c e s  /7 -x y le n e  m a y  b e  e c o n o m ic a l ly  c o m p e t i t iv e  to  th e  c u r r e n t ly  u s e d  
s c h e m e .

p - X y le n e  is  p ro d u c e d  b y  d is p r o p o r t io n a t io n  o f  to lu e n e  a n d  p - x y le n e -  
o r ie n te d  i s o m e r iz a t io n  o f  m ix e d  x y le n e  is o m e r . H o w e v e r ,  th e s e  p r o c e s s e s  w ill 
p r o d u c e  a la rg e  q u a n t i t i e s  o f  b e n z e n e  so  th e  c o s t  o f  is o la t io n  a n d  p u r i f i c a t io n  is 
r e la t iv e ly  h ig h .T h e  c a ta ly t ic  m é th y la t io n  o f  to lu e n e  is  a  v e r y  p r o m is in g  a l te rn a t iv e  
m e th o d  o f  p r o d u c in g  p - x y le n e  w ith o u t  a n y  b y -p ro d u c t .  A  v a r ie ty  o f  z e o l i te s  h a v e
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b e e n  u s e d  fo r  c a ta ly z in g  th is  r e a c t io n .
R e c e n t  w o rk  fo r  a lk y la t io n  o f  to lu e n e  w i th  m e th a n o l  u s in g  H Y -z e o l i te  

a n d  Z S M -5  a t a  te m p e r a tu r e  r a n g e  o f  3 0 0 -7 0 0 ° C  h a s  s h o w n  th a t  o v e r  9 0 %  s e le c t iv i ty  
fo r  p - x y le n e  c o u ld  b e  re a c h e d . I f  th is  p ro c e s s  p ro v e s  f e a s ib le ,  th e  a lk y la t io n  o f  
to lu e n e  o v e r  s h a p e - s e le c t iv e  z e o l i te s  m a y  b e  u t i l iz e d  in  th e  fu tu re .

T a b l e  2 .2  T h e r m o d y n a m ic  e q u i l ib r iu m  v a lu e s  fo r  x y le n e  is o m e r s  a t th r e e  
te m p e r a tu r e s  ( M a ta r  et a i, 1 9 8 9 ).

A r o m a t ic  w t%
R e a c t io n  T e m p e r a tu r e

2 0 0  ° c 3 0 0  ° c 4 0 0  ° c

p - x y le n e 2 1 .8 21 .1 18 .9
o - x y le n e 2 0 .6 2 1 .6 2 3 .0
m -x y le n e 5 3 .5 51 .1 47 .1
E th y lb e n z e n e 4.1 6 .2 11 .0

2 .7 .2  C a ta ly s ts
T h e  c a ta ly s ts  a re  p r e d o m in a n t ly  m o d if ie d  Z S M -5  z e o l i te .  In  g e n e ra l ,  

th e  m o d if ic a t io n  is in te n d e d  to  r e s t r ic t  p o re  m o u th  s iz e  to  p r o m o te  th e  s h a p e  s e le c t iv e  
p r o d u c t io n  o f  p - x y le n e  w i th in  th e  m ic r o p o ro u s  s tru c tu re . T h e  s im i la r  m o d if ic a t io n  
a lso  s e rv e  to  r e m o v e  e x te rn a l  a c id  s ite s  a n d  e l im in a te  th e  c o n s e c u t iv e  i s o m e r iz a t io n  
o f p - x y l e n e .  M e th o d s  u s e d  to  m o d ify  th e  z e o l i te  p o re  o p e n in g  h a v e  in c lu d e d  s i la t io n , 
in c o r p o ra t io n  o f  m e ta l  o x id e s  s u c h  a s  M g O , Z n O  a n d  P2O5, s te a m in g  a n d  th e  
c o m b in a t io n  o f  s te a m in g  a n d  c h e m ic a l  m o d if ic a t io n  ( K u lp r a th ip a n ja ,  2 0 1 0 ) .

Z h u  et al. (2 0 0 5 )  in v e s t ig a te d  th e  ro le s  o f  a c id i ty  a n d  s t r u c tu r e  o f  
z e o l i te  fo r  c a ta ly z in g  to lu e n e  a lk y la t io n  w ith  m e th a n o l  b y  u s in g  a v a r ie ty  o f  z e o l i te s ,  
in c lu d in g  M O R , M C M -2 2 , S A P O -3 4 , S A P O - 1 1, S A P O -5  a n d  Z S M -5  w i th  d i f f e r e n t  
S iC W A h C b  ra t io s . T h e  r e s u l t  s h o w e d  th a t  th e  c a ta ly t ic  a c t iv i ty  o f  z e o l i te  fo r  th e  
a lk y la t io n  is  a p p r o x im a te ly  p r o p o r t io n a l  to  th e  n u m b e r  o f  its  m id - s t r e n g th  a c id ic  
s i te s , e x c e p t  fo r  S A P O -3 4  w ith  s m a ll  c h a n n e ls  (8  m e m b e r e d - r in g )  a n d  M O R  w ith  
s t r o n g  a c id ity . M o re o v e r ,  th e  a c id ic  s i te s  fo r  c a ta ly z in g  to lu e n e  a lk y la t io n  a re  w e a k e r
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in  s tr e n g th  th a n  th o s e  fo r  c a ta ly z in g  to lu e n e  d i s p r o p o r t io n a t io n ,  b u t s l ig h t ly  s t r o n g e r  
th a n  th o s e  fo r  c a ta ly z in g  th e  r e a c t io n  o f  m e th a n o l  to  h y d r o c a r b o n s .  O n  th e  o th e r  
h a n d , z e o l i te s  w i th  1 2 -m e m b e re d  r in g  (M O R , S A P O -5 )  c h a n n e ls  m a y  le a d  to  th e  
f u r th e r  a lk y la t io n  o f  x y le n e  ra p id  d e a c t iv a t io n  b y  c o k in g . Z e o l i te  w i th  8 - m e m b e re d  
r in g  c h a n n e ls  r e s t r i c t  to lu e n e  a lk y la t io n , o n ly  f a v o r a b le  fo r  f o rm in g  n o n - a r o m a t ic  
h y d r o c a r b o n s .  A s  a  r e s u lt ,  z e o l i te  w i th  10 m e m b e r e d  r in g  c h a n n e ls  a n d  m id - s t r e n g th  
a c id i ty  s h o w  h ig h  c a ta ly t ic  s e le c t iv i ty  a n d  a c t iv i ty  fo r  th e  to lu e n e  a lk y la t io n  w ith  
m e th a n o l  to  x y le n e  in c lu d in g , Z S M -5  (S iC W A fC b  =  13 6 ), S A P O -1 1  a n d  M C M -2 2 , 
th e y  s h o w  m o r e  th a n  7 0 %  s e le c t iv i ty  o f  to lu e n e  to  x y le n e  a n d  > 3 0 %  to lu e n e  
c o n v e r s io n .

B re e n  et al. ( 2 0 0 7 )  o b s e rv e d  th e  im p ro v e d  s e le c t iv i ty  in  th e  to lu e n e  
a lk y la t io n  r e a c t io n  th ro u g h  u n d e r s ta n d in g  a n d  o p t im iz in g  th e  c o n d i t io n  o f  p ro c e s s .  
T h e  to lu e n e  a lk y la t io n  w a s  c a r r ie d  o u t  a t r e a c t io n  4 4 0  HC  w i th  H Z S M -5  z e o l i te  
S iC b /A U C b  ra t io  o f  80 . T h e  r e s e a rc h  w e r e  f o c u s e d  o n  e f fe c t  o f  b o ro n  c o n te n t  o f  
c a ta ly s t ,  m e th a n o l  fe e d  c o n c e n t r a t io n ,  w e ig h t  h o u r ly  s p a c e  v e lo c i ty  ( W H S V )  a n d  
w a te r  c o n c e n t r a t io n  in  th e  fe e d . T h e  r e s u l t s  s h o w e d  th a t  th e  b o m  c o n te n t  o f  > 6 %  
e x h ib i te d  th e  h ig h e s t  p a r a - x y le n e  s e le c t iv i ty .  T o lu e n e  c o n v e r s io n  w a s  in c re a s e d  
w h e n  in c re a s in g  o f  m e th a n o l  c o n c e n t r a t io n  a n d  d e c r e a s in g  o f  W H S V  b u t  n o  e f fe c t  
o n  p a r a - s e le c t iv i ty  w h ic h  r e m a in  c o n s ta n t  a t >  9 9 .9 %  a n d  th e  h ig h e s t  to lu e n e  
c o n v e r s io n  a n d  s e le c t iv i ty  to  p - x y le n e  w e r e  o b s e rv e d  a t a  m o la r  r a t io  o f  w a te r  to  
m e th a n o l  o f  9 :1 .

Z h a o  et al., 2 0 1 0  s tu d ie d  th e  e f fe c t  o f  m e ta l  m o d if ic a t io n  o n  th e  
c a ta ly t ic  p e r f o rm a n c e ,  e s p e c ia l ly  th e  c a ta ly s t  s ta b i l i ty .  T o lu e n e  m é th y la t io n  w a s  
c a r r ie d  o u t in  a  c o n t in u o u s  f lo w  f ix e d  b e d  r e a c to r  a t 4 6 0  ° c ,2 .0  I f 1 W H S V  w i th  P - 
M G  m o d if ie d  n a n o - s c a le  H Z S M -5  ( S iC b /A f C h  =  2 6 )  .T h e  r e s u l t s  s h o w e d  th a t  P -M g  
m o d if ie d  c a ta ly s t  w i th  3 w t%  S iC >2 e x h ib i te d  e x c e l le n t  s ta b i l i ty  ( m o re  th a n  5 0 0 h )  b u t  
lo w e r e d  /7 -x y le n e  s e le c t iv i ty ( le s s  th a n  9 0 % )  U p o n  f u r th e r  in c r e a s in g  th e  a m o u n t  o f  
SiC>2, th e  c a ta ly s t  d e a c t iv a te d  in  a r e la t iv e ly  s h o r t  t im e  o n  s tr e a m , a l th o u g h  th e  p a ra -  
s e le c t iv i ty  w a s  s ig n i f ic a n t ly  in c re a s e d  u p  to  9 9 .5 % . T h e  h ig h  p - x y le n e - s e le c t iv i ty  
c a ta ly s t  m o d if ie d  fu r th e r  w i th  P t, P d , C o , N i , m e ta l  d e m o n s tr a te d  e x c e l le n t  s ta b i l i ty  
a n d  h ig h  p a r a - s e le c t iv i ty  m o r e  th a n  9 8 .3 %  w ith  to lu e n e  c o n v e r s io n  o f  2 0 %  w a s  
a c h ie v e d . H e n c e , lo a d in g  m e ta ls  w i th  g o o d  h y d r o g e n a t io n  p r o p e r t ie s  s u c h  a s  P t, P d ,
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C o  a n d  N i, w a s  a n  e f f e c t iv e  m e th o d  to  im p ro v e  th e  c a ta ly s t  s ta b i l i ty .
A b o u l- G h e i t  et al. (2 0 1 1 )  o b s e rv e d  th e  e f fe c t  o f  P d  lo a d in g  o n  H - 

Z S M -5  c a ta ly s t  fo r  to lu e n e  a lk y la t io n  w ith  m e th a n o l .  T h e  c a ta ly t ic  ru n s  w e r e  c a r r ie d  
o u t in  a f ix e d -b e d  d o w n -  f lo w  r e a c to r  a t te m p e ra tu re s  b e tw e e n  3 0 0  °c a n d  5 0 0  °c, a 
s p a c e  v e lo c i ty  o f  2 .6  h "1, a  s e r ie s  o f  c a ta ly s ts  c o n ta in in g  0 .1 , 0 .2  o r  0 .3  P d  in  H Z S M - 
5 z e o l i te .  T h e  r e s u l t  s h o w e d  th a t  p a r a - x y le n e  s e le c t iv i ty  w a s  in c re a s e  s y s te m a t ic a l ly  
w i th  in c re a s in g  th e  P d  c o n te n t  in  th e  c a ta ly s ts  b e c a u s e  P d  h a s  ta i lo r e d  th e  p o re  
d ia m e te r  a n d  c a u s e d  m o r e  r e s t r i c te d  d i f f u s io n  o f  th e  la r g e r  is o m e rs :  ( o r th o -  a n d  
m e ta - x y le n e s )  r e la t iv e  to  th e  d i f f u s io n  o f  p a r a - x y le n e . A l th o u g h ,  p a r a - x y le n e  
p r o d u c t io n  w a s  th e  h ig h e s t  o n  th e  0 .2 %  P d /H Z S M -5  c a ta ly s t .  T h e  h e a v y  u n d e s ie d  
t r im e th y lb e n z e n e s  w e r e  th e  lo w e s t  to  b e  fo rm e d  o n  th e  0 .3 %  P d  c o n ta in in g  c a ta ly s t .  
In  C o m p a r i s o n  o f  th e  p a r a - x y le n e  s e le c t iv i ty  o n  th e  c u r r e n t  P d /H - Z S M -5  c a ta ly s ts  
w i th  th a t  o n  th e  c o r r e s p o n d in g  P t/H Z S M -5  c a ta ly s ts  ( in  a r e c e n t ly  p u b l is h e d  
in v e s t ig a t io n ,  A b o u l- G h e i t  et al., 2 0 1 0 ) . E v id e n t ly ,  th e  c u r r e n t  P d /H - Z S M -5  c a ta ly s ts  
a re  m o r e  s ig n i f ic a n t ly  p a r a - s e le c t iv e  th a n  th o s e  c o n ta in in g  p la t in u m . T h is  c a n  b e  
a t t r ib u te d  to  th e  d i f f e r e n c e  in  a to m ic  w e ig h t  o f  P t a n d  P d .
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