
CHAPTER II 
LITERATURE REVIEW

2.1 /7-Xylene
/7-Xylene is an aromatic hydrocarbon, based on benzene with two methyl 

substituents. The “/ 7” stands for para, identifying the location of the methyl groups as 
across from one another. It is an isomer of xylene. Other isomers include o-xylene 
and 777-xylene. It is used primarily for the production of polyester fibers, films and 
resins, such as PET (polyethylene terephthalate).

A significant fraction of the demand for /7-xylene has been driven by use of 
PET for packaging of carbonated beverages and bottled water. PET resin has gas 
barrier properties making it particularly well suited for these applications. Other 
major uses of polyester are in the production of textile fibers and engineering 
thermoplastics. This broad applicability in polyester utilization is due to its impact 
resistance and superior performance as a gas barrier material. Prior to 
polymerization, /7-xylene is first oxidized to terephthalic acid (TA) or dimethyl 
terephtalate (DMT). These diacid or dimethyl ester monomers are then polymerized 
via a condensation reaction with ethylene glycol to form the polyester.

Since the early 1970s /?-xylene has grown to become a large volume 
petrochemical. Demand for /7-xylene has increased tenfold since 1970 to about 26 X  

106 t/year. Almost all of this additional production has been by the UOP Parex ™ 
process as shown in Figure 2.1.
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Figure 2.1 Worldwide /7-xylene production capacity (Kulprathipanja, 2010).
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2.2 UOP Aromatics Complex Process (Kulprathipanja, 2010)
The commercial production of /7-xylene begins with petroleum naphtha, as 

does the production of the other mixed xylene components, benzene and toluene. 
Naphtha is chemically transformed to the desired petrochemical components and the 
individual components are recovered at required purity in what is known in the 
industry as an aromatics complex. A generic aromatics complex flow scheme is 
shown in Figure 2.2. The process block is labeled according to the corresponding 
UOP process units.

Naphtha enters the aromatics complex and is hydrotreated to remove sulfur, 
oxygen and nitrogen. The naphthenes and paraffins in the treated naphtha are then 
reformed to aromatics in the UOP OCR Platforming ™ process unit, producing a Cj+ 
stream referred to as reformate. The reformate is then sent to Column 1 where 
toluene and lighter boilers (A 7 -)  are split from mixed xylene and heavier components 
(Ag+). The Ag+ components go to Column 2 where they are sent along with an Ag 
recycle stream from the UOP Isomar ™ process unit and an Ag+ stream from the 
UOP Tatoray ™ process unit. A portion of the o-xylene and all the Aç+ leaves the 
bottom of Column 2.
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The mixed xylenes go overhead and on to the UOP Parex ™ process unit. 
The Parex unit extracts the /?-xylene in the stream at 99.7 -  99.9% purity at a 
recovery in excess of 97%. The other stream exiting the Parex unit contains the 
unextracted mixed xylene components. This Parex raffinate stream is sent to the 
Isomar unit where the mixed xylenes are reacted in the presence of hydrogen over a 
zeolite catalyst to an equilibrium mixture of mixed xylenes containing about 2 2% p- 
xylene. The equilibrated xylenes are recycled to Column 2 to remove trace A9+ by 
product formed in the xylene isomerization reaction.

Some o-xylene is recovered in Column 3 from the bottoms stream of 
Column 2 to produce a > 98.5% purity o- xylene product. The A9+ from Column 3 is 
rerun in Column 4 so that the An+ components are removed before sending the A9 -  
Aio components to the Tatoray unit. Meanwhile, the A7-aromatics from the Column 
1 overhead are extracted by extractive distillation using Sulfolane solvent in the UOP 
Sulfolane ™ process unit.

The non-aromatics in the C5-C 8 range are rejected as raffinate for use as 
gasoline or feed to a naphtha steam cracker for ethylene and propylene production. 
The extracted benzene and toluene are sent to Column 4 along with Aô+ 
produced in the Tatoray unit. A > 99.9% benzene product is produced from the 
overhead of Column 4. The bottoms of Column 4 are sent to Column 5 where the 
toluene is taken overhead and returned to the Tatoray unit to be transalkylated over a 
zeolite catalyst in the presence of hydrogen with the A9 -  Aio material from Column 
6 , to produce more benzene and mixed xylenes. The A8+ material from the bottom of 
Column 5 is sent to Column 2'for recovery of the mixed xylenes produced in the 
Tatoray unit.

2.3 Biomass as a Feedstock (Stefaan Stevens, 2010)

Biomass used for the production as energy source of organic basic block can 
be divided into two main “generations”. In the first generation is biomass in 
competition with the food industry (sugarcane, corn, and cassava) which is not the 
case for second generation biomass. Two types of second biomass types can be 
distinguished: lignocellulosic biomass (corn stover, switch grass) and microalgae.
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The first generation biomass contains starch, sugars and lipids. Sugarcane 
can after a physical pretreatment directly be transformed through fermentation to bio 
ethanol. Starch containing bio ethanol requires an additional preliminary 
saccharification step. Lipids can through catalytic transesterfication be converted into 
biodiesel.

Converting processes starting from second generation biomass are not 
commercially attractive yet but- offers, as mentioned before great advantages 
compared to the first generation biomass. There are three main routes for the 
conversion of lignocellulosic materials into biofuels: thermo chemical, bio chemical 
and chemo catalytic.

Many routes exist for converting biomass to biochemical/fuels. An 
overview of the main routes of biomass to biofuels is illustrated in Figure 2.3. 
Depending of the type of biomass different conversion routes are possible.

I s' generation 2nd generation
Lipids Starch
-Soy beans or -Corn grain
vegetable oils

Lignocellulose
-Agro-food or wood residues 
-Herbaceous energy crops 
-Municipal solid waste

Lipids
-Aigae

X X

Biodiesel

-5» Biological routes 
-> Genetic eng. routes

Heat/Power Catalytic routes 
—> Thermal routes

Figure 2.3 Main routes to biofuels (Stefaan Stevens, 2010).

Reactions of methanol and higher alcohols over H-ZSM-5 were studied as a 
function of time, temperature, total pressure and FI2 partial pressure in a batch 
reactor. The observed yields were compared to the theoretical yields of C8 species 
(typical gasoline species) based on the number of carbon atoms to give the
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2.3.1 Ethanol
Ethanol is an alcohol-based fuel made by fermenting and distilling 

starch crops, such as corn and cassava. It can also be made from "cellulosic biomass" 
such as trees and grasses. The use of ethanol can reduce our dependence upon 
foreign oil and reduce greenhouse gas emissions.

Ethanol has been made since ancient times by the fermentation of 
sugars. All beverage ethanol and more than half of industrial ethanol is still made by 
this process. Simple sugars are the raw material. Zymase, an enzyme from yeast, 
changes the simple sugars into ethanol and carbon dioxide. The -fermentation 
reaction, was represented by the simple equation.

C6H 120 6 -------* 2 CH3CH2OH + 2 CO,
In 2006, global production of bioethanol reached 13.5 billion 

gallons, up from 12.1 billion gallons in 2005. Bioethanol currently accounts for more 
than 94% of global biofuel production, with the majority coming from sugar cane. 
About 60% of global bioethanol production comes from sugar cane and 40% from 
other crops Brazil and the United States are the world leaders, which exploit sugar 
cane and corn, respectively, and they together account for about 70% of the world 
bioethanol production. Thailand also produces a lot of ethanol. The top ten 
bioethanol producers are presented in Table 2.1 (Balat et al., 2008).

percentage of theoretical yield as to show that longer chain alcohols produce more
C8-type hydrocarbons (Gujar e t  a l ,  2009).
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Table 2.1 The top ten bioethanol producers (billion gallons)

Country 2004 2005 2006
USA 3.54 4.26 4.85
Brazil 3.99 4.23 4.49
China 0 96 1 00 1.02
India 0.46 0.45 0.50
France ■  0.22 0.24 0.25
Germany 0.07 0.11 0.20
Russia 0.20 0.20 0 17
Canada 0.06 0 06 0.15
South Africa 0. 11 0.10 0.10
Thailand 0 07 0.08 0.09

2.3.1.1 Reaction Mechanism o f Ethanol
At low temperatures, the preferable formation of diethylether 

by intermolecular dehydration between two ethanol molecules occurs.
However, the formation of ethylene by intramolecular 

dehydration of ethanol or diethylether exclusively occurs at higher reaction 
temperature. It appears that diethylether can be converted to C 4  olefins as well as to 
ethylene by dehydration,

C2H5OH ~  c 2h 4+ h20
c 2h 5o c 2h 5 «-* c 4h 8+ h 20

C2H5OC2H5 2C2H4+ H20
Ethylene and c 4 olefins, formed by dehydration, could 

undergo further reactions such as oligomerization, arômatization(cyclization), H 
transfer or cracking, to give higher hydrocarbons (olefins, paraffins,BTX and other 
aromatic products such as ethylbenzene and C 9 +). These reactions are enhanced by 
using solid acid catalyst especially H-ZSM-5 zeolite and some metals supported on 
zeolites can enhance the formation of BTX (Inaba et al., 2006).
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Figure 2.4 Reaction pathway of ethanol to hydrocarbon.

Moreover, benzene and toluene in aromatics can be produced from 
dealkylation reaction of ethlybenzene and C9+ with hydrogen (Choudhary et al., 
1984).

In general, catalysts yielding hydrocarbon product (olefins, 
paraffins and aromatics) can be deactivated by depositing of carbon from 
hydrocarbon products via carbonization reaction at high temperature.

Carbonization 
high T

Hydrocarbon
products

Carbon
deposition

Figure 2.5 Deposition of carbon.

2.3.2 Propanol
Propanol is a secondary alcohol that is commonly used as a solvent. It 

can be found in most paints and wood stains as well as cleaners, cosmetics, and 
adhesives. The alcohol also finds use in industrial processes as a dehydrating agent. 
Its most commonly known domestic use is in rubbing alcohol at generally a mixture 
of 70% isopropanol and 30% water. Isopropanol, or isopropyl alcohol, is a clear, 
flammable liquid which smells of acetone. The ร:ructure of isopropanol consists of a
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three carbon chain with the alcohol attached at the middle carbon. Its formula is
c 3h 8o .

Due to its dehydrating nature, propanol has been used as a biological 
specimen preservative. This allows for a non-toxic alternative to formaldehyde while 
still accomplishing proper preservation. In regards to safety concerns, propanol is a 
volatile liquid which is highly flammable. Therefore, caution should be exercised 
When using the solvent near hea^sources.

Biopropanol can be derived from E. coli bacteria via fermentation 
the direct conversion of untreated plant biomass to 1-propanol in aerobic growth 
conditions using an engineered strain of the actinobacterium, Thermobifidafusca. 
(Yu Deng et ai, 2011).

Glucose

Acetyl-CoA

L-Aspartate <- - Oxatoacetate
' X

Citrate

Figure 2.6 Schematic illustration of 1-propanol production via the threonine and 
succinyl-CoA:propanoyl-CoA path way the genetically engineered T. fusca.
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2.3.2.1 Reaction Mechanism o f Propanol

Figure 2.7 Reaction mechanism of n-propanol and iso-propanol decomposition.

From Figure, 2.7 H-abstraction reactions form three different 
intermediate radicals C3H7O whose major decomposition product is acetone, ท- 
propanol is the most reactive of the two isomers (n-propanol and isopropanol) due to 
the larger importance of radical pathways with the significant formation of propanal 
(C2H5CHO). As usual, H-abstraction reactions of OH and H radicals are the 
dominant ones. On the contrary, molecular dehydration of iso-propanol is the main 
source of propylene. The formation of 1-propyl radical and the successive dé­
méthylation reaction.

2.3.3 Butanol
Butanol (C4H10O) or butyl alcohol is an alcohol that can be used as a 

solvent or fuel. Biobutanol refers to butanol that has been produced from biomass. 
Biobutanol is produced by a microbial fermentation, similar to ethanol and can be 
made from the same range of sugar, starch or cellulosic feedstocks. Biobutanol
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production is currently more expensive than ethanol so it has not been 
commercialized on a large scale. However, biobutanol has several advantages over 
ethanol and is currently the focus of substantial research and development.

Metabolic and engineered pathways leading to butanol show in Figure
2.8 Starch or sugars are degraded by glycolysis to pyruvate, which is converted to 
acetyl-CoA, CO2, and reduced ferredoxin by pyruvate: ferredoxin oxidoreductase. 
Two molecules of acetyl-CoA are then combined to acetoacetyl-CoA, which in turn 
is formed into 3-hydroxybutyryl-CoA, crotonyl-CoA, butyryl-CoA, butyraldéhyde, 
and finally butanol (Fermentative production of butanol — the academic perspective 
Peter Durre)

(D  s ta rch , sugars ------ ►  pyruvate ------►  ace ty l-C oA ----►  c4--- ►  butanol

(2) s tarch, sugars

(3) butane
(4V lignoce llu lose  

hydro lysate
(5) syngas, C 0 2 / แ2

keto isovalera te
ketovalera te

-►  isobu tano l 
>■  bu tanol

------------------------------------------------------- ►  bu tanol

> c5, c6 -------------------- ---►  butanol

------------------------------------------------------- ►  bu tanol

(ร ิ) b iom ass ------------------------►  syngas ---------------------------------- ►  bu tanol
Current Opinion in Biotechnology

Figure 2.8 Metabolic and engineered pathways leading to butanol.

2.3.3.1 Transformation o f Isobutyl Alcohol
Figure 2.9 describes the major reaction pathways for the 

conversion of isobutyl alcohol to aromatics over the ZSM-5 zeolites. Starting from 
isobutyl alcohol, aromatics are formed through the steps of dehydration, 
oligomerization, cyclization, and the parallel hydrogen transfer reactions. Butane 
isomers are generated at the expense of isobutene and butene isomers as the balanced 
products of aromatics due to the hydrogen transfer reactions. Another major balanced 
product of propane is generated through the combined oligomerization-cracking and 
hydrogen transfer of C6-C9 oligomers.
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c/. c.

(a) Transformation of isobutanol over purely acidic ZSM-5 zeolites
c2*.c,

Figure 2.9 T ra n s f o r m a t io n  p a th w a y s  o f  is o b u ty l  a lc o h o l o v e r  Z S M -5  a n d  Z n /Z S M -5  
C a ta ly s ts .

2 .3 .4  G ly c e r o l
B io d ie s e l  is  m a in ly  p r o d u c e d  th ro u g h  a  p ro c e s s  k n o w n  a s  

t r a n s e s te r i f ic a t io n ,  a s  s h o w n  in  F ig u r e  2 .1 0  B io d ie s e l  p r o d u c t io n  w ill g e n e r a te  a b o u t  
1 0 %  ( พ /พ )  g ly c e r o l  a s  th e  m a in  b y p r o d u c t .  In  o th e r  w o rd s , e v e ry  g a l lo n  o f  b io d ie s e l  
p r o d u c e d  g e n e ra te s  a p p r o x im a te ly  1 .05  p o u n d s  o f  g ly c e ro l .

o

C1Ç - o  - c  - R,

! o

C H  - 0 - C - R 2 +  3 C f h O H

C H 2 -  o  -  c  - R 3

Triglyceride Methanol

o

C H 3 - o  - c  - R ,

อ  C I12 - O H

—  C H 3 - O - C - R 2 +  C H - O H  
(c a ta ly s t)  I

o  C H 2 - O H

c h 3 - o  - c  - r 3

Mixture of fatty esters Glycerin

Figure 2.10 T r a n s e s te r i f i c a t io n  re a c t io n .
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W h e re  R I ,  R 2 , a n d  R 3  a r e  lo n g  h y d r o c a r b o n  c h a in s ,  s o m e t im e s  c a l l e d  fa tty  
a c id  c h a in s .  T h e r e  a r e  o n ly  f iv e  c h a in s  th a t  a r e  m o s t  c o m m o n  in  s o y b e a n  o i l  a n d  
a n im a l fa ts  (o th e r s  a r e  p r e s e n t  in  s m a l l  a m o u n ts ) .

2 .3 .4 .1  Conversion o f Glycerol into Other Chemical Products
F ig u re  2 .1 1  s u m m a r iz e s  th e  d i f f e r e n t  p o s s ib le  r e a c t io n  

p a th w a y s  a n d  p r o d u c ts .  M o s t  o f  th e  s tu d ie s  fo c u s e d  o n  th e  d e h y d r a t io n  o f  g ly c e ro l  
in to  a c r o le in  ( p ro p e n a l ) ,  th e  s y n th e s i s  o f  a lc o h o ls ,  p a r t i c u la r ly  1 ,2 - p r o p a n e d io l ,  a n d  
th e  p r o d u c t io n  o f  a d d i t iv e s  fo r  fu e ls .

T s u k u d a  a n d  c o - w o r k e r  s tu d ie d  th e  s y n th e s i s  o f  a c r o le in  f ro m  
g ly c e ro l .  T h e  a im  o f  th e  s tu d y  w a s  to  o p t im iz e  th e  c o m p o s i t io n  o f  th e  c a ta ly s t .  T h e  
b e s t  r e s u l t s  w e re  o b ta in e d  w i th  th e  h ig h e s t  t e m p e ra tu re  a n d  a  Q 1 0 - S I W - 3 0  
( F f iS iW u O / to ^ d F ^ O )  c a ta ly s t .  C o r m a  a ls o  s tu d ie d  th e  c o n v e r s io n  o f  g ly c e r o l  to  
a c r o le in  in  tw o  d i f f e r e n t  r e a c to r s :  a  f lu id iz e d  b e d  r e a c to r  s im i la r  to  a n  F C C  a n d  a 
f ix e d -b e d  re a c to r .  It w a s  fo u n d  th a t  lo w e r  te m p e ra tu re s  f a v o r  th e  c o n v e r s io n  in to  
a c r o le in  (y ie ld  o f  5 5  to  6 2 % )  a n d  h ig h e r  t e m p e r a tu r e s  f a v o r  th e  c o n v e r s io n  in to  
a c e ta ld e h y d e .

G u o  a n d  c o - w o r k e r s  in v e s t ig a te d  th e  r e d u c t io n  o f  g ly c e r o l  
in to  1 ,2 -p ro p a n e d io l  w i th  a  b i fu n c t io n a l  C o /M g O  c a ta ly s t .  T h e  m a x im u m  g ly c e r o l  
c o n v e r s io n  w a s  a b o u t  5 5 %  a n d  th e  s e le c t iv i ty  fo r  th e  d e s i re d  p r o d u c t  d id  n o t  e x c e e d  
4 2 % . A k iy a m a  a ls o  s tu d ie d  th e  c o n v e r s io n  o f  g ly c e ro l  in to  1 ,2 - p r o p a n e d io l  (1 ,2 -  
P D O ). A  g ly c e ro l  c o n v e r s io n  o f  1 0 0 %  w a s  o b ta in e d  w i th  c o p p e r  c a ta ly s ts  
( C u/A 120 3).

F ru s te r i  a n d  c o - w o r k e r  p r e p a r e d  fu e l a d d i t iv e s  b y  
e th e r i f i c a t io n  o f  g ly c e r o l  w i th  /e r / - b u ty l  a lc o h o l .  B o th  th e  g ly c e r o l  c o n v e r s io n  a n d  
th e  s e le c t iv i ty  w e r e  h ig h  a n d  e x c e e d e d  9 3 % . K i je n s k i  a lso  s tu d ie d  th e  c o n v e r s io n  o f  
g ly c e ro l  in to  its  /7 -b u ty l e th e r  d e r iv a t iv e .  A  g ly c e ro l  c o n v e r s io n  o f  5 0 %  w a s  
a c h ie v e d  a n d  a  h ig h  s e le c t iv i ty  to  e th e r s  w a s  o b ta in e d  fo r  lo n g  r e a c t io n  t im e s .
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Figure 2.11 M e th o d s  o f  c o n v e r s io n  o f  g ly c e ro l  in to  u s e fu l  p r o d u c t s  (M a re k  
S te lm a c h o w s k i ,  2 0 1 1 ) .

2.4 Structure of Zeolite

Z e o l i te s  a re  w a te r - c o n ta in in g  c r y s ta l l in e  a lu m in o s i l i c a te s  w ith  h ig h ly  
o rd e re d  s t r u c tu r e s  c o n s i s t in g  o f  SiC>4 a n d  A 1 0 4 te t r a h e d r o n  u n it . A c tu a l ly  a lu m in u m  
h a s  a  s ta b le  c o o rd in a t io n  n u m b e r  o f  th re e . In  o r d e r  to  fo rc e  a lu m in u m  to  h a v e  
te t r a h e d r o n  s t r u c tu r e  o r  c o o rd in a t io n  n u m b e r  o f  fo u r , th e  A IO 4 te t r a h e d r o n  c o m e  to  
h a v e  th e  o x id a t io n  n u m b e r  o f  - 1 .

T h e  S iC >4 a n d  A IO 4 t e t r a h e d r o n  u n i t  a r e  c o n n e c te d  e a c h  o th e r  th r o u g h  
c o m m o n  o x y g e n  a to m s  to  g iv e  a  th re e - d im e n s io n a l  n e tw o rk . N e g a t iv e  c h a r g e s  f ro m  
A lO 4" te t r a h e d r o n s  u s u a l ly  c o m p e n s a te d  b y  p r o to n s , m e ta l  c a t io n s ,  o r  N H 4+ T h e  
in te r io r  o f  th e  p o re  s y s te m , w ith  its  a to m ic - s c a le  d im e n s io n s ,  is  th e  c a ta ly t ic a l ly  
a c t iv e  s u r fa c e  o f  th e  z e o l i te s .  T h e  in n e r  p o re  s t r u c tu r e  d e p e n d s  o n  th e  c o m p o s i t io n ,  
th e  z e o l i te  ty p e , a n d  th e  c a t io n s .

A d v a n ta g e s  o f  z e o l i te  s t r u c tu r e  o v e r  o th e r  s o l id  m a te r ia l :
W e ll  d e f in e d  c r y s ta l l in e  s t r u c tu r e ,  g o o d  r e p r o d u c ib i l i ty  in  p r o d u c t io n .  
W e ll  d e f in e  in n e r  p o re s  in  w h ic h  a c t iv e  s p e c ie s  c a n  b e  r e s id e d . 
A d ju s ta b le  f r a m e w o rk  c o m p o s i t io n  a n d  c a t io n s  a s s o c ia te d  w i th  
d i f f e re n t  a c id  p r o p e r t ie s  a n d  s ta b il i ty .
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V a r io u s  s t r u c tu r e s  th a t  c a n  b e  u s e d  a s  s h a p e - s e le c t iv i ty  c a ta ly s ts  fo r  
d i f f e r e n t  r e a c t io n s .
Z e o l i te  c a ta ly s ts  a re  th e r m a l ly  s ta b le  in  h ig h  te m p e r a tu r e  a n d  c a n  b e  
r e g e n e r a te d  b y  c o m b u s t io n  o f  c a rb o n  d e p o s i ts .

Table 2.2 S tru c tu re  o f  z e o l i te  (T s a i , et âl., 19 99 )

Zeolite Number of rings Pore size (A) Pore- channel structure
S-me.mbe.red oxy gen ring
Erionite 8 3 6x5.1 Intersecting

10-membered oxygen ring
ZSM-5 10 5.1x5.6 

5.1x5.6
Intersecting

ZSM-11 10' 5.3x5.4 Intersecting

Dual pore system
Ferriertte 10. ร 42x5.4 

3 5x4.8
One dimension.!] 
10:8 intersecting

Mordemte 12 65x7.0 One dimensional
8 26x5.7 12:8 intersecting

12-membered oxygen ring
ZSM-12 12 5-5x5.i> One dimensional
Faujasite

Mesoporous system

12 7.4
74x6.5

intersecting 
12:12 intersecting

VPI-J IS 12.1 One dimensional
MCM41-S - 16-100 One dimenstoual

Z S M - 5  z e o l i te  o r  M F I  is  o n e  o f  th e  m o s t  im p o r ta n t  z e o l i te s  u s e d  in  
p e t ro le u m  a n d  p e t ro c h e m ic a l  in d u s try . T h e  s tru c tu re  o f  Z S M -5  z e o l i te ,  s h o w n  in  
F ig u re  2 .1 2 ,  h a s  1 0 -m e m b e re d  o x y g e n  r in g  w h ic h  c o m p o s e  o f  5 - r in g s  a s  s e c o n d a r y  
b u i ld in g  u n its .  T h e s e  s o -c a l le d  5 - 1  u n its  a re  s t r u c tu r a l ly  a n a lo g o u s  to  
m e th y c y c lo p e n ta n e .  It h a s  tw o  ty p e s  o f  c h a n n e ls :  s t r a ig h t  c h a n n e ls  ( 5 .3 x 5 .6  Â )  a n d  
s in u s o id a l  c h a n n e ls  (5 .1  x 5 .5  À ). T h e s e  tw o  c h a n n e ls  a re  p e r p e n d ic u la r  to  e a c h  o th e r  
a n d  g e n e r a te  in te r s e c t io n s  w ith  d ia m e te r s  o f  8 .9  Â . T h e  a b s e n c e  o f  la rg e  c a g e s  w i th  
s m a ll  w in d o w s  le a d s  to  th e  s p e c ia l  c o k e - r e s is ta n t  p r o p e r t ie s  o f  F IZ S M -5  z e o l i te  
(C h e n  ฟ  ฟ ,  1 9 7 9 ).
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Tetrahedra

Figure 2.12 S tr u c tu re  o f  Z S M -5  z e o l i te .

2.5 Acidity of Zeolite

H Z S M - 5  is  th e  p r o to n ic  ty p e  o f  Z S M -5  z e o l i te  th a t h a v e  b e e n  u s e d  in  a c id  
c a ta ly z e d  r e a c t io n .  T y p ic a l ly ,  H Z S M -5  z e o l i te  c a n  b e  d e r iv e d  b y  f o l lo w in g .s te p s :

i) C a lc in a t io n  to  d e c o m p o s e  th e  o rg a n ic  a m in e  te m p la te
ii)  Io n  e x c h a n g e  o f  z e o l i te  in  s o d iu m  fo rm  w ith  N H 4N O 3 s o lu t io n  to  b e  

N H 4+ fo rm
ii i)  C a lc in a t io n  o f  N H 4+ fo rm  in to  p r o to n ic  fo rm
In  p r in c ip le ,  th e  a c id i ty  a n d  a c id  s tr e n g th  a r e  th e  k e y  p r o p e r t i e s  o f  z e o l i te  

w h ic h  p la y  a n  im p o r ta n t  r o le  in  th e  s e le c t iv i ty  a n d  a c t iv i ty  o f  z e o l i te
T h e  a c id  p r o p e r t ie s  o f  z e o l i te s  c a n  b e  c h a r a c te r iz e d  b y  u s in g  a lk a n e  

c ra c k in g , te m p e r a tu r e  p r o g ra m m e d  d e s o rp t io n ,  m ic r o - c a lo r im e tr y ,  IR  s p e c t r o s c o p y  
a n d  M A S  N M R  o b s e r v a t io n s .  T w o  d i f f e r e n t  ty p e  o f  a c id  s ite  a r e  B r 0 n s t e d  a n d  
L e w is  a c id  s ite s . T y p ic a l ly ,  IR  s p e c t ro s c o p y  o f  p y r id in e  a d s o rp t io n  c a n  b e  u s e d  to  
d i f f e r e n t ia te  a n d  m e a s u r e  r a t io  o f  B r 0 n s t e d  p e r  L e w is  a c id  s ite s . B r 0 n s t e d  a c id  s i te  
a re  re la te d  to  a lu m in u m  lo c a te d  in  th e  f r a m e w o rk  o f  z e o l i te s .  H o w e v e r ,  L e w is  a c id  
s i te  a re  r e la te d  to  th e  e x t r a - f r a m e w o rk  a lu m in u m  ( E F A L )  o r  d i s to r te d  a lu m in u m  in  
th e  f ra m e w o rk . E F A L  is  u s u a l ly  g e n e ra te d  d u r in g  th e  s y n th e s is ,  c a lc in a t io n  o r /a n d  
io n  e x c h a n g e  p r o c e s s  ( F a m e th  a n d  G o r te . ,  1 9 9 5 ).

T h e  a c id  s t r e n g th  o f  z e o l i te  is  m a in ly  d e p e n d  o n  S i/A l r a t io .  A s  th e  S i/A l 
d e c r e a s e ,  th e  n u m b e r  o f  n e ig h b o r in g  A ] a to m s  a r o u n d  th e  h y d r o x y l  g ro u p  in c re a s e :  
th e re f o r e ,  th e  a c id i ty  in c r e a s e  b u t a c id  s t r e n g th  d e c r e a s e . T h e  s t r o n g e s t  B r 0 n s t e d  
a c id  s ite  c a n  b e  o b ta in e d  u p o n  c o m p le te ly  is o la te d  A1 in  f r a m e w o rk  d u e  to  th e  h ig h e r  
e le c t r o n e g a t iv i ty  o f  S i c o m p a re d  to  A l.
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T h e  c o n c e n t r a t io n  o f  th e  a c id  s i te s  lo c a te d  o n  th e  e x te rn a l  s u r f a c e  a n d  in  th e  
p o r e  m o u th  r e g io n  o f  z e o l i te s  c a n  be  d e te r m in e d  u s in g  p ro b e  m o le c u le s  w i th  la rg e r  
k in e t ic  d ia m e te r s  c o m p a re d  to  th e  e n tra n c e  o f  th e  z e o l i te s  a n d  th u s  th e s e  m o le c u le s  
a r e  b e l ie v e d  to  in te r a c t  o n ly  w i th  th e  a c id  s i te s  lo c a te d  o n  th e  e x te rn a l  s u r fa c e  a n d  in  
th e  p o re  m o u th  r e g io n .

In  1 9 9 8 , W e b e r  et al. m e a s u re d  th e  c o n c e n t r a t io n  o f  th e  a c id  s i te s  o f  
s i ly la te d  H Z S M - 5  z e o l i te s  u s in g  te m p e ra tu re  p r o g ra m m e d  d e s o r p t io n  (T P D )  o f  4 -  
m e th y l - q u in o l in e .  A s  th e  k in e t ic  d ia m e te r  o f  4 - m e th y l - q u in o l in e  (7 .3  Â )  is  la r g e r  
th a n  th e  p o re  o p e n in g s  o f  H Z S M -5  z e o l i te s  (5 .6  X  5 .3  Â ) , th is  m o le c u le  is  in c a p a b le  
o f  c o m p le te ly  e n te r in g  in to  th e  p o re s  a n d , th e re fo re ,  th e  a c id  s i te s  o n  th e  e x te rn a l  
s u r f a c e  o f  H Z S M - 5  c a n  b e  q u a n t i ta t iv e ly  d e te rm in e d .

2.6 Mechanisms of the Shape Selectivity

Z e o l i te  u s u a l ly  s h o w s  s p e c if ic  s e le c t iv i ty  in  s o m e  r e a c t io n s  d u e  to  th e i r  
w e l l -  d e f in e d  p o re  s t r u c tu r e .  It g e n e ra l ly  b e l ie v e d  th a t  th e  m a jo r i ty  o f  a c t iv e  s i te  is  
lo c a te d  in  th e  p o r e s  o f  z e o l i te .  T y p ic a l ly ,  s e v e n  fu n d a m e n ta l  s te p s  a r e  in v o lv e d  in  a n  
o v e ra l l  g a s  p h a s e  re a c t io n  u s in g  z e o l i te  a s  c a ta ly s t .

1) D if fu s io n  o f  th e  s ta r t in g  m a te r ia ls  th r o u g h  th e  b o u n d a r y  la y e r  to  th e  
c a ta ly s t  s u r fa c e .

2 )  D if f u s io n  o f  th e  s ta r t in g  m a te r ia ls  in to  th e  p o re s  (p o re  d i f f u s io n ) .
3 )  A d s o r p t io n  o f  th e  r e a c ta n ts  o n  th e  in n e r  s u r fa c e  o f  th e  p o re s .
4 )  C h e m ic a l  r e a c t io n  o n  th e  c a ta ly s t  s u r fa c e .
5 ) D e s o rp t io n  o f  th e  p ro d u c ts  f ro m  th e  c a ta ly s t  s u r fa c e .
6 ) D if f u s io n  o f  th e  p ro d u c ts  o u t  o f  th e  p o re s .
7 )  D if f u s io n  o f  th e  p ro d u c ts  a w a y  f ro m  th e  c a ta ly s t  th ro u g h  th e  

b o u n d a ry  la y e r  a n d  in to  th e  g a s  p h a se .
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layer

Figure 2.13 I n d iv id u a l  s te p s  o f  a  h e te r o g e n e o u s ly  c a ta ly z e d  g a s - p h a s e  r e a c t io n  
( H a g e n ,  et al 2 0 0 6 ) .

T h e  s h a p e  s e le c t iv i ty  o f d h e  z e o l i te  fo r  a  s p e c if ic  r e a c t io n  m a y  b e  in v o lv e d  
in  s te p  2 , 4  o r /a n d  6 . B a s e d  o n  d i f f e r e n t  c o n t r o l l in g  s te p s , th e  s h a p e  s e le c t iv i ty  o f  
z e o l i te  c a n  b e  c la s s i f ie d  in to  th r e e  ty p e s  ;

2 .6 .1  R e a c ta n t  S h a p e  S e le c t iv i ty
R e a c ta n t  s h a p e  s e le c t iv i ty  c a n  b e  s e e n  in  th e  c a s e  o f  d i f f e r e n t  r e a c ta n t  

m o le c u le  w i th  b u lk ie r  a n d  s m a l le r  s iz e  w h e n  c o m p a re d  to  th e  p o re  m o u th  o f  z e o l i te . 
T h e  s m a l le r  k in e t ic  d ia m e te r  c a n  d i f f u s e  in to  th e  p o re  o f  z e o l i te  a n d  th e n  a p p r o a c h  to  
th e  a c t iv e  s i te s  lo c a te d  in s id e  th e  p o re  o f  z e o l i te .  O n  th e  o th e r  h a n d , th e  r e a c ta n t  w i th  
la r g e r  k in e t ic  d i a m e te r ,  c a n n o t  d i f f u s e  in to  th e  p o re  o f  z e o l i te

Figure 2.14 R e a c ta n t  s h a p e  s e le c t iv i ty  o f  n - a lk a n e  c o m p a re  w i th  is o - a lk a n e  (H a g e n , 
2 0 0 6 ) .
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2 .6 .2  T r a n s i t i o n  S ta te  S e le c t iv i ty
T r a n s i t i o n  s ta te  s e le c t iv i ty  d e p e n d s  o n  th e  f a c t  th a t  th e  c h e m ic a l  

r e a c t io n s  u s u a l ly  u n d e r g o  v ia  in te r m e d ia te s .  D u e  to  th e  p o re  s y s te m , o n ly  th o s e  
in te r m e d ia te s  w h ic h  h a v e  a  s u i ta b le  g e o m e tr ic a l  in  th e  c a g e  o f  z e o l i te  c a n  b e  fo rm e d  
d u r in g  c a ta ly s is  r e a c t io n .

F o r  e x a m p le ,  d i s p r o p o r t io n a t io n  o f  w - x y le n e  to  to lu e n e  a n d  
t r im e th y lb e n z e n e s  in  th e  w id e - p o r e d  z e o l i te  Y . In  th e  z e o l i te  c a v i ty ,  b u lk y  
d ip h e n y lm e th a n e  c a r b é n iu m  io n  t r a n s i t io n  s ta te s  c a n  b e  f o rm e d  a s  p r e c u r s o r s  fo r  
m e th y l  g r o u p  r e a r r a n g e m e n t ,  w h e r e b y  th e  le s s  b u lk y  c a r b é n iu m  io n  B  is  fa v o re d . 
T h u s  th e  r e a c t io n  p r o d u c t  c o n s is ts  m a in ly  o f  th e  u n s y m m e tr ic a l  1 ,2 ,4 - 
t r im e th y lb e n z e n e  r a th e r  th a n  m e s i ty le n e  (c a s e  A ) .

Figure 2.15 T r a n s i t i o n  s ta te  s e le c t iv i ty  o f  d i s p r o p o r t io n a t io n  o £ /r? -x y le n e  ( H a g e n  , 
2 0 0 6 ) .

2 .6 .3  P r o d u c t  S h a p e  S e le c t iv i ty
P r o d u c t  s h a p e  s e le c t iv i ty  r e la te  to  th e  c a v i ty  s iz e  o f  a  z e o l i te ,  o n ly  

p r o d u c ts  o f  a  c e r ta in  s iz e  a n d  s h a p e  th a t  c a n  e x i t  f ro m  th e  p o r e  s y s te m  a r e  fo rm e d . 
D e v ia t io n  o f  p r o d u c t  d is t r ib u t io n  f ro m  e q u i l ib r iu m  c o m p o s i t io n  c a n  b e  s e e n  in  th is  
s e le c t iv i ty  i f  th e  p r o d u c t s  in v o lv in g  in  th e  r e a c t io n  a re  la rg e  d if f e r e n c e  in  k in e t ic  
d i a m e te r  le a d in g  to  la rg e  d i f f e r e n c e  in  th e ir  d i f f u s iv i t ie s .
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F o r  e x a m p le ,  th e  m é th y la t io n  o f  to lu e n e  F ig u r e  2 .1 6  a n d  th e  
d i s p r o p o r t io n a t io n  o f  to lu e n e  o n  Z S M - 5 . In  b o th  r e a c t io n s  a ll  th r e e  i s o m e r s  o -x y le n e , 
777- x y le n e ,  a n d  / 7- x y le n e  a re  f o rm e d . T h e  d e s i r e d  p r o d u c t  / 7- x y le n e  c a n  b e  o b ta in e d  
w ith  s e le c t iv i t ie s  o f  o v e r  9 0  % , a l th o u g h  th e  th e r m o d y n a m ic  e q u i l ib r iu m  c o r r e s p o n d s  
to  a  / 7- x y le n e  f ra c t io n  o f  o n ly  2 4  % . T h is  is  e x p la in e d  b y  th e  f a c t  th a t  f o r  th e  s m a l le r  
m o le c u le  / 7-x y le n e  h a s  a  r a te  o f  d i f f u s io n  th a t  is  f a s te r  th a n  th o s e  o f  th e  o th e r  tw o  
is o m e rs .

Figure 2.16 P ro d u c t  s h a p e  s e le c t iv i ty  o f  m é th y la t io n  o f  to lu e n e  ( H a g e n , 2 0 0 6 ) .

T h e r e  a re  m a n y  d i f f e re n t  z e o l i te  s t r u c tu r e s  th a t  s u i ta b le  f o r  m a n y  
p e t ro c h e m ic a l  in d u s tr ia l  p r o d u c ts  a s  s h o w n  in  F ig u r e  2 .1 7  b e lo w .

DDR. CHA. LIA MF I MOR. NaY. NaX
1,3.5-TlPB *-----*•
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Figure 2.17 K in e t ic  d ia m e te r  o f  c o m m o n  in d u s t r i a l  m o le c u le s  s h o w n  r e la t iv e  to  th e  
p o re  s iz e s  o f  c o m m o n  z e o l i te  s t r u c tu r e s  ( K u lp r a th ip a n ja ,  2 0 1 0 ) .
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2.7 Modification of Zeolites

C o n v e r s io n  o f  a lc o h o ls  to  a ro m a tic s  o n  Z S M -5  z e o l i te  w a s  s tu d ie d  in  19 8 4  
b y  V a s a n t  a n d  c o - w o rk e r .  T h e y  fo u n d  th a t, a s  S i /A l ra t io  is d e c r e a s e d ,  th e  c o n v e r s io n  
o f  e th a n o l  a n d  m e th a n o l  to  a r o m a t ic s  a re  in c re a s e d  d u e  to  a n  in c re a s e  in  a c id  s ite s  
w h ic h  a re  in v o lv e d  in  th e  a r o m a t iz a t io n  r e a c t io n s .  F o r  th e  a r o m a tic s  p r o d u c ts  
d is t r ib u t io n ,  in  c a s e  o f  m e th a n o l  c o n v e r s io n ,  th e  c o n c e n t r a t io n  o f  x y le n e  in  a r o m a tic s  
p a s s e s  th ro u g h  a  m in im u m  a t S i /A l ra tio  o f  1 7 .2 , b e n z e n e  a n d  A 9+ a re  in c re a s e d ,  
e th y lb e n z e n e  is d e c r e a s e d  a n d  to lu e n e  is  n o t s ig n i f ic a n t ly  a f fe c te d . In  c a s e  o f  e th a n o l  
c o n v e r s io n ,  th e re  is  n o t  s ig n i f ic a n t  v a r ia t io n  in  c o n c e n t r a t io n s  o f  b e n z e n e  a n d  
x y le n e s  b u t  th e  c o n c e n t r a t io n  o f  e th y lb e n z e n e  a n d  Aç+ a re  d e c r e a s e d  a n d  th a t  o f  
to lu e n e  is  in c re a s e d .

T h e  in f lu e n c e  o f  d e g re e  o f  c a t io n  e x c h a n g e  w a s  a ls o  s tu d ie d , w h e n  th e  
d e g re e  o f  H + e x c h a n g e  is  in c re a s e d  f ro m  0 .5  to  1 .0  in  b o th  th e  m e th a n o l  a n d  e th a n o l  
c o n v e r s io n s ,  th e  c o n c e n t r a t io n  o f  x y le n e s  in  th e  to ta l  a r o m a tic s  p a s s e s  th ro u g h  
m a x im u m , th e  c o n c e n t r a t io n s  o f  b e n z e n e  a n d  to lu e n e  in c re a s e , a n d  th a t  o f  e th y l 
b e n z e n e  a n d  C ç + .a ro m a tic s  d e c r e a s e .  T h e s e  r e s u l t s  in d ic a te  th a t  th e  d i s t r ib u t io n  o f  
a r o m a tic s  is  c o n tr o l le d  to  s o m e  e x te n t  b y  s e c o n d a r y  r e a c t io n s ,  p a r t i c u la r ly  b y  
d e a lk y la t io n  r e a c t io n . T h e  c o n c e n t r a t io n s  o f  b e n z e n e  a n d  to lu e n e  in  a r o m a t ic s  
in c re a s e  a n d  th a t  o f  e th y l  b e n z e n e  a n d  C ç + .a ro m a tic s  d e c re a s e  d u e  to  a n  in c r e a s e  in 
th e  r a te  o f  d e a lk y la t io n  b e c a u s e  o f  th e  in c re a s e  in  th e  s tro n g  a c id  s ite s  a c c o m p a n y in g  
th e  in c r e a s e  in  th e  d e g re e  o f  H + e x c h a n g e .

In  1 9 9 2 , S a h a  a n d  S iv a s a n k e r  in v e s t ig a te  th e  in f lu e n c e  o f  Z n  a n d  G a  d o p in g  
o n  th e  c o n v e r s io n  o f  e th a n o l  to  h y d r o c a r b o n s  o v e r  Z S M -5  (8 2 ) . T h e  r e s u l t  in d ic a te s  
th a t in c o r p o r a t io n  o f  Z n  a n d  G a  n o t  o n ly  in c re a s e s  th e  y ie ld  o f  th e  l iq u id  p r o d u c ts ,  
b u t a ls o  in c r e a s e s  th e  l i f e  o f  c a ta ly s t .  M o re o v e r ,  H - tr a n s f e r  r e a c t io n  in c r e a s e s  w h e n  
Z n  a n d  G a  a re  in c o r p o ra te d  in H - Z S M -5  d u e  to  th e  lo w e r  o le f in  p r o d u c t  o f  Z n  a n d  
G a  d o p in g  c a ta ly s ts .

In  2 0 0 5 , In a b a  et al. s tu d ie d  th e  e th a n o l  c o n v e r s io n  to  h y d r o c a r b o n s  o v e r  
z e o l i te  c a ta ly s ts .  H - B e ta  (2 7 ) , H - Z S M -5  ( 2 9 ,1 9 0 ) ,  U S Y  (6 .3 )  a n d  H - m o r d e n i te  (1 8 .3 )  
w i th  n o  m e ta l  lo a d e d  w e re  u se d . H - Z S M -5  (S i/A 1 2  = 2 9 )  z e o l i te  h a d  h ig h  a c t iv i ty  fo r  
th e  p r o d u c t io n  o f  B T X  c o m p o u n d s  (b e n z e n e , to lu e n e ,  x y le n e s ) ,  w h ile  o th e r  z e o l i te s
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e x c lu s iv e ly  f o rm e d  e th y le n e .  T h e  in t r o d u c t io n  o f  G a  o n  H -Z S M -5  s u p p o r t  r e s u l te d  in  
th e  h ig h e s t  s e le c t iv i ty  o f  to lu e n e , x y le n e  a n d  to ta l  a m o u n t  o f  B T X . In  g e n e ra l ,  th e  
c a ta ly s ts  y i e ld in g  B T X  in  h ig h  s e le c t iv i ty  d e p o s i t  la rg e  a m o u n t  o f  c a r b o n , H o w e v e r ,  
a m o n g  th e  z e o l i te  a lo n e , H - B e ta  (2 7 ) , U S Y (6 .3 )  a n d  H - m o r d e n i te  (1 8 .3 )  f o rm e d  n o  
o r  l i t t le  B T X , b u t  w e r e  p r o n e  to  h e a v y  d e p o s i ts  o f  c a r b o n , w h i le  H - Z S M -5  (2 9 ) , 
w h ic h  g a v e  h ig h  y ie ld  o f  B T X , w a s  s u b je c t  to  a  m o d e ra te  q u a n t i ty  o f  c a r b o n  
d e p o s i ts ,  s u g g e s t in g  th a t  th e  la rg e r  m ic r o p o re  s t r u c tu r e  o f  z e o l i te  j n a y  e n c o u r a g e  
c a rb o n  d e p o s i t io n .  A m o n g  th e  m e ta l  c a ta ly s ts  s u p p o r te d  o n  H - Z S M -5  z e o l i te ,  A u  
c a ta ly s ts  h a s  h ig h e s t  in h ib i t io n  o f  c a r b o n  d e p o s i t io n  a n d  n o  d e c r e a s e  in  s e le c t iv i ty  o f  
B T X .

In  2 0 1 0 ,  C o n v e r s io n  o f  g ly c e r o l  to  a lk y l - a r o m a tic s  o v e r  z e o l i te s  w a s  s tu d ie d  
b y  D a n u th a i  a n d  c o - w o rk e r s .  T h e y  in v e s t ig a te d  o n  a  s e r ie s  o f  z e o l i te s  ( H Z S M -5 , H Y , 
M o rd e n ite  a n d  H Z S M - 2 2 )  a t 3 0 0 - 4 0 0  ๐c  a n d  a tm o s p h e r ic  p r e s s u r e  o r  2 M P a . 
A l th o u g h  p r o p e n a l  is  th e  m a jo r  p r im a r y  g ly c e ro l d e h y d ra t io n  p r o d u c t  o v e r  a ll 
z e o l i te s ,  th e  p o re  s t r u c tu r e  o f  z e o l i te  p la y  a  s ig n i f ic a n t  ro le  o n  th e  f in a l p r o d u c t  
d is t r ib u t io n . T h e  m a jo r  p r o d u c ts  o v e r  o n e -d im e n s io n a l  z e o l i te s  M o rd e n i te  a n d  
H Z S M -2 2  a r e  o x y g e n a te s  ( p ro p e n a l ,  a c e to l ,  a n d  h e a v y  o x y g e n a te s )  w i th o u t  a r o m a t ic  
fo rm a t io n . H Z S M - 2 2  is  s u i ta b le  fo r  th e  p r o d u c t io n  o f  a c ro le in  w i th  8 6 %  y ie ld  a t 
1 0 0 %  g ly c e r o l  c o n v e r s io n .  H o w e v e r ,  it  is  fo u n d  th a t  g ly c e ro l  c a n  b e  c o n v e r te d  to  
h ig h  y ie ld s  o f  a lk y l - a r o m a t ic s ,  m a in ly  C 8 -C 1 0  o v e r  th re e - d im e n s io n a l  H Y  a n d  
H Z S M -5 . A  lo n g e r  c o n ta c t  t im e , h ig h e r  te m p e ra tu re s ,  a n d  h ig h e r  p r e s s u r e s  f a v o r  th e  
f o rm a t io n  o f  a r o m a tic s ,  w i th  a  m a x im u m  y ie ld  o f  6 0 %  o v e r  H Z S M -5 .

A  tw o - b e d  c o n f ig u ra t io n  w i th  a  d e o x y g e n a t io n /h y d r o g e n a t io n  c a ta ly s t  
(P d /Z n O )  a s  th e  f irs t  b e d  a n d  H Z S M - 5  a s  th e  s e c o n d  b e d  c a n  f u r th e r  in c re a s e  th e  
a lk y l - a r o m a tic  y ie ld . T h e  m o n o - fu n c t io n a l  o x y g e n a te s  p ro d u c e d  b y  th e  f ir s t  b e d  w e r e  
o l ig o m e r iz e d  a n d  a r o m a t iz e d  in to  g a s o l in e - r a n g e  a lk y l - a r o m a tic s  o v e r  th e  
s e c o n d  b e d .

In  2 0 0 8 ,  C o m a  a n d  c o w o r k e r  in v e s t ig a te d  th e  r e a c t io n  p a th w a y  f o r  th e  
c a ta ly t ic  c o n v e r s io n  o f  g ly c e ro l  to  a c r o le in  o v e r  Z S M - 5  c a ta ly s t  in  a  f ix e d  m ic r o  
a c t iv i ty  te s t  (M A T )  r e a c to r .  T h e  fo u n d  th a t ,  a c r o le in  w a s  o b ta in e d  b y  r e a c t in g  g a s -  
p h a s e  g ly c e r o l /w a te r  m ix tu r e s  w ith  z e o l i te  c a ta ly s ts .  G ly c e r o l  w a s  c o n v e r te d  th r o u g h  
a  s e r ie s  o f  r e a c t io n s  in v o lv in g  d e h y d r a t io n ,  c r a c k in g ,  a n d  h y d ro g e n  t r a n s f e r  a n d
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c a ta ly z e d  b y  th e  a c id  s i te s  o f  th e  z e o l i te .  A c ro le in  w a s  th e  m a jo r  p r o d u c t ;  s h o r t  
o le f in s ,  a r o m a t ic s ,  a c e ta ld e h y d e ,  h y d r o x y a c e to n e ,  a c id s ,  a n d  a c e to n e  a ls o  w e r e  
f o r m e d  th ro u g h  a  c o m p le x  r e a c t io n  n e tw o rk .

In 2 0 1 0 , Y iw e n  a n d  c o w o r k e r  s tu d ie d  th e  c a ta ly t ic  b e h a v io r  o f  H - Z S M -5  a n d  
Z n /H - Z S M -5  f o r  th e  a r o m a t iz a t io n  o f  d im e th y l  e th e r  ( D M E )  w a s  in v e s t ig a te d .  T h e  
in c re a s e  in  th e  n u m b e r  a n d  s tr e n g th  o f  a c id  s ite s  o n  th e  H - Z S M -5  z e o l i te  w a s  
b e n e f ic ia l  fo r  D M E  a r o m a tiz a t io n .  A r o m a t iz a t io n  p e r f o r m a n c e  w a s  e n h a n c e d  b y  
lo a d in g  Z n  in to  H -Z S M -5 . T h e  y ie ld s  o f  to ta l  a n d  C 8 a r o m a t ic s  o v e r  H - Z S M -5  a t 
3 6 0  °c w e re  5 0 .0 %  a n d  2 8 .6 % , r e s p e c t iv e ly ,  a n d  o v e r  Z n /H - Z S M -5  ( Z n  2 %  in  m ass)-  
w e r e  6 6 .2 %  a n d  3 9 .0 % , r e s p e c t iv e ly . A t 4 8 0  ๐c ,  th e  to ta l  a r o m a tic s  y ie ld  in c re a s e d  
to  7 8 .0 %  o v e r  Z n /H - Z S M -5 .

In  2 0 1 2 , V a r v a r in  a n d  c o w o r k e r  in v e s t ig a te d  c o n v e r s io n  o f  n - b u ta n o l  to  
h y d r o c a r b o n s  o v e r  H - Z S M -5 , H - Z S M -1 1 . H -L  a n d  H - Y  z e o l i te s  a t  3 0 C M 0 0  ๐c  
-u s in g  a  f ix e d  b e d  f lo w  r e a c to r  h a s  b e e n  s tu d ie d . It w a s  s h o w n  th a t  a ll s tu d ie d  H -  
z e o l i t e s  p ro v id e  1 0 0 %  a lc o h o l  c o n v e r s io n  a t  3 0 0  °c. T h e  c o n v e r s io n  p r o d u c ts  a r e  
l iq u id  h y d r o c a r b o n s  C 5 - 1 0 ,  g a s e o u s  h y d r o c a r b o n s  c<5 a n d  w a te r .  T h e  y ie ld  o f  
l iq u id  h y d r o c a r b o n s  o v e r  th e  H - p e n ta s i l s  is  h ig h e r  ( 5 2 - 5 5  w t .% )  th a n  o v e r  la rg e  p o r e  
H - L  a n d  H -Y  ( 4 3 ^ 1 8  w t .% ) . T h e  l iq u id  f ra c t io n  o b ta in e d  o v e r  H - Z S M -5  in c lu d e s  
a r o m a t ic s  m a in ly  w h e re a s  o n  H -Y -o le f in s .  I t w a s  s h o w n  th a t  H -Z S M -5  (S i /A l  =  2 0 )  
is  c a p a b le  to  p r o v id e  th e  y ie ld  o f  l iq u id  h y d r o c a r b o n s  o n  th e  le v e l o f  5 0 - 5 5  w t .%  
f ro m  s p e n t a lc o h o l  a t  lo a d  o n  a  c a ta ly s t  u p  to  2 0  m m o l C 4H 9O H  g ' 1 c a t  I f 1.

In  2 0 1 2 ,  th e  c o n v e r s io n  o f  g ly c e r o l  to  o le f in s  w a s  s tu d ie d  b y  Z a k a r ia  a n d  
-  c o - w o rk e r .  T h e y  p r o p o s e d  th a t ,  th e  a c id i ty  o f  Z S M -5  r e s u l te d  in  g ly c e r o l  to  u n d e r g o  

d e h y d r a t io n  p r o c e s s  to  fo rm  3 -h y d r o x y p r o p a n a l .  In  a c tu a l ,  th e  d e h y d r a t io n  o f  
g ly c e r o l  c a n  a ls o  p r e c e d e  v ia  th e  f o rm a t io n  o f  a c e to l. H o w e v e r ,  3 - h y d r o x y p r o p a n a l  is 
a  m o r e  fe a s ib le  o p t io n  b e c a u s e  o f  its  te n d e n c y  to  b re a k  u p  fu r th e r  to  a c e ta ld e h y d e  
a n d  fo rm a ld e h y d e ;  a n d  v in y l  a lc o h o l  a n d  f o rm a ld e h y d e . V in y l  a lc o h o l  u n d e r  th e  
c a ta ly t ic  r e a c t io n  c o n d i t io n  w ill  u n d e rg o  d e o x y g e n a t io n  p r o c e s s ,  r e le a s in g  o x y g e n  to  
f o r m  e th y le n e . A t th e  s a m e  t im e , o th e r  s id e  r e a c t io n s  in v o lv in g  a c e ta ld e h y d e  w il l  
t r ig g e r  th e  fo rm a t io n  o f  p r o p y le n e  a n d  b u ty le n e .  A c e ta ld e h y d e  w ill  u n d e r g o  c a r b o n y l  
b o n d  s p e c if ic  d i s s o c ia t io n  [T S  =  E th y l id e n e  o x o - s p e c ie s ]  to  fo rm  p ro p y le n e .  A t th e  
s a m e  tim e  p r o to n a te d  a c e ta ld e h y d e  w ill c o u p le  w i th in  i t s e l f  to  u n d e r g o  r e d u c t iv e
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c o u p l in g  to  f o rm  b u ty le n e . F ro m  th e  e x p e r im e n t ,  th e  p r o d u c t io n  o f  b u ty le n e  w a s  
a lm o s t  n e g l ig ib le  a n d  th is  c a n  b e  e x p la in e d  b y  th e  c r a c k in g  o f  b u ty le n e  to  f o rm  
e th y le n e .  D e s p i te  th e  f o r m a t io n  o f  e th y le n e ,  p ro p y le n e  a n d  b u ty le n e , c o n t in u o u s  
h e a t in g  e x p e r ie n c e d  b y  o l e f in  r e m a in in g  in  th e  h y d r o c a r b o n  p o o l o f  z e o l i te  n e tw o rk  
w il l  r e s u lt  to  g r a d u a l  C - H  b o n d  e v e n tu a l ly  b r o k e n ,  v ia  d e h y d r o g e n a t io n  p ro c e s s ,  th u s  
r e s u l te d  to  c o k e  f o rm a t io n  o n  c a ta ly s t  s u r f a c e .  F u r th e rm o re , c o k e  p r e c u r s o r s  p r e f e r  to  

-  f o rm  o n  s u r f a c e  w i th  m o d e ra te  to  s t r o n g  a c id  s ite s , w h ic h  th e n  f in a l ly  le a d  to  c a ta ly s t  
d e a c t iv a t io n .

In  2 0 1 2 ,  Y u  a n d  c o w o r k e r  S tu d ie d  t r a n s f o r m a t io n  o f  is o b u ty l  a lc o h o l  to  
a r o m a tic s  in  a  g a s  p h a s e , f ix e d - b e d  r e a c to r  s y s te m  o v e r  s e v e r a l  p u re ly  a c id ic  z e o l i te s .  
( U S Y 4 .3 ,  B 3 1 .6 , Z S M -1  1266, Z S M - 5 13'3, Z S M -  534-3, a n d  Z S M - 5 42'7) Z S M -5  
z e o l i te s  a t 4 5 0  ๐c  u n d e r  a tm o s p h e r ic  p r e s s u r e  g iv e  h ig h e r  a r o m a tic s  y ie ld s  ( ~ 4 2  w t 
% )  a m o n g  th e  e v a lu a te d  z e o l i te s ,  a n d  th e  S i/  A1 ra tio s  ( S i /A l  =  1 3 - 4 3 )  o f  Z S M -5  
s l ig h t ly  in f lu e n c e  th e ir  c a ta ly t ic  p e r f o rm a n c e s .  T h e  y ie ld s  to  b e n z e n e ,  to lu e n e , a n d  
x y le n e  r e a c h  3 3 - 3 5  w t %  o v e r  th e  p u r e ly  a c id ic  Z S M -5  c a ta ly s ts ;  h o w e v e r ,  la r g e  
a m o u n ts  o f  p r o p a n e  a n d  is o b u ta n e  a re  a ls o  g e n e ra te d  a s  th e  b a la n c e d  b y p r o d u c t .  T o  
im p ro v e  th e  c o n v e r s io n  to  a r o m a tic s ,  s e v e r a l  m e ta l  s p e c ie s  (Z n , G a , M o , L a , N i ,  A g , 
a n d  P t)  a re  s u p p o r te d  o n  th e  Z S M - 5 . T h e  e n h a n c e m e n ts  in  a r o m a tic s  y ie ld s  ( ~ 6 0  w t  
% )  a re  o b s e rv e d  o n ly  o n  th e  Z n /Z S M -5  c a ta ly s ts .  W i th  th e  s u i ta b le  Z n  lo a d in g  
( 2 .3 - 5 .1  w t  % ) , th e  y ie ld s  to  b e n z e n e , to lu e n e ,  a n d  x y le n e  a re  in c re a s e d  to  4 9 - 5 2  w t 
% . M a in ly  th e  Z n  s p e c ie s  r e s id in g  a t  e x c h a n g e  s ite s  p r o m o te  th e  t r a n s f o r m a t io n  o f  
i s o b u ty l  a lc o h o l  a r e  d ecrease*  th e  s t r o n g - s t r e n g th  B r ô n s t e d  a c id i ty  o f  th e  Z S M -5  
z e o l i te s  a n d  th u s  s u p p r e s s  - th e  m u l t ip le  o l ig o m e r iz a t io n  c ra c k in g  s te p s  fo r  th e  
f o rm a t io n  o f  C 3  f r a g m e n ts  a n d  f a c i l i ta te  th e  r e c o m b in a t iv e  d e s o rp t io n  o f  FI a to m s  to  
F b  a n d  im p ro v e  th e  d e h y d ro g e n a t io n  r e a c t io n s  fo r th e  f o rm a t io n  o f  a ro m a tic s .  
T h e r e fo re ,  th e  Z n /Z S M -5  c a ta ly s ts  p r o m o te  th e  fo rm a t io n  o f  to lu e n e  a n d  x y le n e  a n d  
in h ib i t  th e  g e n e r a t io n  o f  u n d e s i r e d  p r o p a n e  a n d  b u ta n e  is o m e rs .

G a s - p h a s e  d e h y d r a t io n  o f  g ly c e r o l  o v e r  Z S M -5  c a ta ly s ts  w a s  s tu d ie d  b y  
K im  a n d  c o - w o r k e r s  in  2 0 1 0 . T h e  e f f e c t  o f  th e  S i0 2 /A b C >3 r a t io s  in  Z S M - 5  o n  th e  
g a s - p h a s e  d e h y d r a t io n  o f  g ly c e r o l  w a s  e x a m in e d  o v e r  N a - Z S M - 5  a n d  H - Z S M -5 . 
H - Z S M -5  w i th  a  S iC b /A b C b  r a t io  o f  1 5 0  s h o w e d  th e  h ig h e s t  g ly c e ro l  d e h y d r a t io n
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a c t iv i ty  a t 3 1 5  ๐c  a m o n g  th e  v a r io u s  Z S M - 5  c a ta ly s ts .  H - Z S M -5  w i th  a  S i0 2 /A l2 0 3  

r a t io  o f  3 0  s h o w e d  le s s  c a ta ly t ic  a c t iv i ty  th a n  H -Z S M -5  w i th  a  S iC V A L C L  ra t io  o f  
150 . T h e  a m o u n t  o f  a d s o rb e d  H 20  a n d  its  b in d in g  s t r e n g th  a ls o  d e c r e a s e d  w i th  
in c re a s in g  S iC L /A L C b  r a t io  in  th e  c a s e  o f  H Z S M -  5. N a - Z S M - 5 ,  h a v in g  m o d e ra te  
L e w is  a c id  s i t e s ,  s h o w e d  th e  le a s t  c a ta ly t ic  a c t iv i ty ,  w h ic h  m a y  b e  d u e  to  its  w e a k  
a c id  s tre n g th  fo r  th is  r e a c t io n  a n d  s t r o n g  a d s o rp t io n  o f  H 20  o n  th e  a c t iv e  s ite s . A s  
lo n g  a s  th e  m o la r  r a t io  b e tw e e n  w a te r  a n d  g ly c e ro l  w a s  in  th e  r a n g e  f ro m  2  to  1 1 , 
th e re  w a s  n o  n o t ic e a b le  d i f f e r e n c e  in  th e  g ly c e r o l  c o n v e r s io n  b u t th e  a c r o le in  y ie ld  
in c re a s e d  w ith  in c r e a s in g  f r a c t io n  o f  w a te r  in  th e  feed .

C o - im p r e g n a t io n  o f  Z n  a n d  L n  o n  H Z S M -5  ( 5 0 )  in  a r o m a t iz a t io n  o f  
a lc o h o ls  a n d  e th e r s  w a s  s tu d ie d  b y  Y o u m in g  a n d  c o - w o r k e r  in  2 0 1 0 . F o r  th e  
m e th a n o l  c o n v e r s io n ,  th e  r e s u l t  s h o w n  th a t ,  B T X  s e le c t iv i ty  is  in c re a s e d  in  p r e s e n c e  
o f  Z n  in  H S M -5  b u t  L n /H S M - 5  h a s  n o  im p r o v e m e n t  in  B T X  s e le c t iv i ty .  O b v io u s ly ,  
Z n  s p e c ie s  h a s  a b i l i t ie s  o f  e f f ic ie n t ly  c o n v e r t in g  a lk e n e s  o f  a lk a n e s  to  a r o m a tic s  a n d  
L a  a c ts  a s  a  p r o m o te r  in  th e  c o - im p r e g n a te d  Z n /L n /H Z S M -5  c a ta ly s t  o n ly  a f te r  th e  
p r e tr e a tm e n t  in  H 2 s t r e a m  a t 5 5 0  ๐c  fo r  3 h . M o re o v e r ,  L n  a ls o  s ta b i l iz e s  th e  li fe  t im e  
o f  th e  c a ta ly s t .  In  c a s e  o f  d i f f e r e n t  f e e d s to c k  (E th a n o l ,  D E E , a n d  D M E ) ,  th e  p r o d u c t  
d i s t r ib u t io n s  a r e  v e ry  s im ila r ,  in  w h ic h  C 3  h y d r o c a r b o n ,  to lu e n e ,  a n d  x y le n e  a re  m a in  
p ro d u c ts .

P o r o s i ty  is  a n o th e r  im p o r ta n t  p r o p e r t ie s  o f  Z S M - 5  th a t  f a c i l i ta te s  th e  
a d s o r p t io n - d e s o r p t io n  a n d  d i f f u s io n  b e h a v io r  o f  th e  m o le c u le s .  T h e  a d d i t io n a l  
p o r o s i ty  c re a te d  b y  in te r - c r y s ta l l in e  v o id  in  n a n o  p a r t ic le  s iz e  o f  Z S M -5  in  p r o c e s s  o f  
e th a n o l  to  a r o m a t ic  w a s  s tu d ie d  b y  V i s w a n a d h a m  a n d  c o - w o r k e r  in  2 0 1 1 . T h e y  

. f o u n d  th a t, th e  n a n o  c r y s ta l l in e  H -Z S M -5  ( 3 0 )  c a ta ly s t  h a v in g  h ig h  a c id i ty  a n d  s ta c k  
o r d e r  o f  m e s o p o r o s i ty  g iv e  h ig h e r  a r o m a t ic s  y ie ld  o v e r  th e  m ic r o  c r y s ta l l in e  H - Z S M -  
5 (3 0 ) .

T h e  e f f e c t  o f  a c id i ty  w a s  a ls o  s tu d ie d ,  th e  lo w  a c id i ty ,  m ic r o  c r y s ta l l in e  H -  
Z S M - 5  (1 0 0 )  y ie ld  m a in ly  p r o p y le n e  d u e  to  a m o u n t  o f  a c id i ty  n o t e f f i c i e n t  e v e n  fo r  
th e  fo rm a t io n  o f  Cs+ o le f in  le a d in g  to  s m a ll  a m o u n t  o f  a ro m a tic s .

In  2 0 0 2 ,  C h o u d h a r y  a n d  c o - w o r k e r  s tu d ie d  th e  in f lu e n c e  o f  s p a c e  v e lo c i ty  
a n d  r e a c t io n  te m p e r a tu r e  a t  a tm o s p h e r ic  p r e s s u r e  o n  a r o m a t iz a t io n  o f  d i lu te  e th y le n e  
o v e r  H -G a A IM F I  z e o l i te  c a ta ly s t .  T h e  s e le c t iv i ty  o f  a r o m a t ic s ,  p r o p e n e ,  p r o p a n e  a n d



27

C 4 h y d r o c a r b o n s  a n d  a lk a n e /a r o m a t ic s  a n d  H i /a r o m a t ic s  m o le  ra t io s  a re  s t r o n g ly  
in f lu e n c e d  b y  th e  s p a c e  v e lo c i ty .  T h e  r e s u lt s  in d ic a te  th a t  th e  a r o m a t iz a t io n  in v o lv e s  
H 2 t r a n s f e r  r e a c t io n s  p r e d o m in a n t ly  a t th e  lo w e r  te m p e r a tu r e s  a n d /o r  h ig h e r  
s p a c e  v e lo c i t ie s  w h e r e a s  d e h y d ro g e n a t io n  r e a c t io n s  b e c o m e  p r e d o m in a n t  a t  h ig h e r  
te m p e r a tu r e s  a n d /o r  lo w e r  s p a c e  v e lo c i t ie s .

H Z S M -5  z e o l i te  is  o n e  o f  th e  m o s t  w e l l - k n o w n  s o l id  a c id  c a ta ly s ts ,  a n d  h a s  
b e e n  w id e ly  u s e d  in  th e  f u e l- u p g r a d in g  a n d  p r o d u c t io n  o f  m a n y  p e t r o c h e m ic a l s .  
H Z S M -5  z e o l i te  is  a t t r ib u te d  to  th e  p r e s e n c e  o f  s tro n g  a c id  s i te s ,  w h ic h  a re  
r e s p o n s ib le  fo r  th e  c a ta ly t ic  a c t iv i ty ,  a n d  th e  in te r s e c t in g  1 0 -m e m b e r  r in g  (M R )  
m ic r o p o r e s ,  w h ic h  a c c o u n t  fo r  th e  s h a p e - s e le c t iv i ty  a n d  c o k e  r e s i s ta n c e  e x h ib i te d  
o v e r  th is  c a ta ly s t .  H o w e v e r ,  th e  c o k e  f o rm a t io n , w h ic h  u s u a l ly  d e a c t iv a te s  th e  z e o l i te  
c a ta ly s t ,  is  s ti ll  p r o n o u n c e d  o w in g  to  th e  s t r o n g  a c id  s i t e s  a s s o c ia te d  w i th  th e  
f r a m e w o r k  a lu m in u m , a n d  lo n g  d i f f u s io n  p a th l e n g th  o f  th e  r e g u la r  m ic r o p o re s .

T h e  t r a d i t io n a l  m e th o d  fo r  im p ro v in g  th e  c a ta ly t ic  s ta b i l i ty  o f  z e o l i te  
c a ta ly s t  is  r e d u c in g  th e  a c id  s i te s  d e n s i ty  b y  d e a lu m in a t io n .  S te a m in g  t r e a tm e n t  a n d  
a c id  le a c h in g  a re  u s u a l ly  e m p lo y e d  to  lo w e r  th e  n u m b e r  o f  f r a m e w o rk  a lu m in u m . In 
c o n t r a s t  to  th e  d e a lu m in a t io n ,  th e  d e s i l ic a t io n  b y  a lk a li  t r e a tm e n t  c a n  p r e f e r e n t ia l ly  
r e m o v e  th e  s i l ic o n  o f  z e o l i te ,  a n d  is  an  in t r ig u in g  n e w s tr a te g y  f o r  c r e a t in g  m e s o p o re s  
o n  th e  m a te r ia l  w i th o u t  d e s t r o y in g  th e  m ic r o p o re s .

T h e  d i s t r ib u t io n  o f  a r o m a tic s  a n d  C 8 - a ro m a t ic  is o m e r s  d e p e n d s  s t r o n g ly  
u p o n  th e  a m o u n t ( i .e . y ie ld )  o f  a r o m a t ic s  a n d  C 8 - a ro m a t ic s ,  r e s p e c t iv e ly ,  f o r m e d  in  
th e  p r o c e s s .  T h e  p r im a r y  a r o m a tic s  p ro d u c e d  in  th e  p ro c e s s  a r e  fo u n d  to  b e  m a in ly  
p - x y le n e  a n d  o - x y le n e .  T h e  a r o m a tic s  d is t r ib u t io n  is  c o n t r o l le d  b y  th e  a r o m a t ic s  
in te r t r a n s f o r m a t io n ) v iz . i s o m e r iz a t io n .a lk y la t io n /d e a lk y la t io n  a n d  d i s p r o p o r t io n a t io n )  
r e a c t io n s .  T h e  p - x y le n e /w - x y le n e  r a t io  is  d e c r e a s e d  a s  e x p e c te d ,  b u t th e  p - x y le n e /o -  
x y le n e  ra t io  is  in c re a s e d  w ith  in c re a s in g  b o th  th e  sp a c e  v e lo c i ty  a n d  te m p e r a tu r e .  
T h e  in c re a s e  o f  p - x y le n e /o - x y le n e  ra t io  is  f o u n d  to  b e  u n u s u a l ,  m u c h  a b o v e  th e  
e q u i l ib r iu m  v a lu e . T h i s  in d ic a te s  th a t ,  th e  i s o m e r iz a t io n  o f  o - x y le n e  to  p - x y le n e  a n d  
m -x y le n e  m o s t  p r o b a b ly  c o n tr o l le d  k in e t ic a l ly .

H Z S M -5  z e o l i te s  a lw a y s  s h o w  lo w  s e le c t iv i ty  d u e  to  th e  p r e s e n c e  o f  th e  
u n s e le c t iv e  a c id  s i t e s ,  w h ic h  a re  b e l ie v e d  to  b e  lo c a te d  o n  th e  e x te rn a l  s u r f a c e  a n d  in  
th e  p o r e  m o u th  r e g io n s  o f  z e o l i te s .  In  a d d i t io n ,  th e  s m a l l  d i f f e r e n c e  in  th e
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d if f u s iv i t ie s  b e tw e e n  th e  d e s i re d  p ro d u c ts  a n d  u n d e s ire d  p r o d u c ts  in  a s - s y n th e s iz e d  
z e o l i te s  a t t r ib u te s  to  th e  lo w  s e le c t iv i ty  o f  z e o l i te s .

In  2 0 0 7 , L i a n d  c o - w o r k e r  s tu d ie d  A r o m a t iz a t io n  a n d  is o m e r iz a t io n  o f  1- 
h e x e n e  o v e r  a lk a l i - t r e a te d  H Z S M -5  z e o l i te s .  T h e  re s u lts  s h o w e d  th a t  n e w  m e s o p o re s  
c o u ld  b e  c r e a te d  a n d  e n la rg e d  o n  Z S M -5  z e o l i te  b y  in c re a s in g  th e  N aO L I 
c o n c e n t r a t io n ,  t e m p e r a tu r e  a n d  t r e a tm e n t  t im e  in  th e  a lk a l i  t r e a tm e n t .  H o w e v e r ,  
e x c e s s iv e  h ig h  N a O H  c o n c e n t r a t io n  in d u c e d  th e  c o l la p s e  o f  z e o l i te  f ra m e w o rk . 
A lk a l i  t r e a tm e n t  H Z S M - 5  w e re  u s e d  a s  c a ta ly s ts  th e  re a c t io n  a c t iv i ty  o f  1-h e x e n e  
w a s  e n h a n c e d ,  a n d  th e  s ta b i l i t ie s  o f  a r o m a t iz a t io n  a n d  i s o m e r iz a t io n  r e a c t io n s  w e re  
im p ro v e d ,  w h ic h  s h o r te n e d  th e  d i f f u s io n  p a th le n g th  o f  th e  f e e d /p r o d u c ts  a n d  re d u c e d  
th e  c h a n n e l  b lo c k a g e  f ro m  c o k e .

In  2011  N i a n d  c o - w o r k e r  s tu d ie d  P re p a ra t io n  o f  h ie r a r c h ic a l  m e s o p o r o u s  
Z n /H Z S M - 5  c a ta ly s t  a n d  its  a p p l ic a t io n  in  M T G  re a c t io n . T h e y  fo u n d  th a t  th e  
m e s o p o r e s  fo rm e d  b y  a lk a l i - t r e a tm e n t  in th e  Z n /H Z 5 /0 .3 A T  z e o l i te  c a ta ly s t  e n h a n c e  
th e  s y n e rg e t ic  e f f e c t  b e tw e e n  Z n  s p e c ie s  a n d  a c id  s ite s  a n d  th e  r e s is ta n c e  to  c o k e  
d e p o s i t io n .  I m p r e g n a t io n  o f  Z n  c a t io n s  o n to  Z S M -5  z e o l i te  c a n  im p ro v e  th e  
s e le c t iv i ty  to  a r o m a t ic  h y d r o c a r b o n s .  T h e r e f o r e ,  th e  p r e p a r a t io n  o f  h ie r a r c h ic a l  
m e s o p o ro u s  H Z S M -5  z e o l i te  b y  a lk a l i  t r e a tm e n t  a n d  in t r o d u c t io n  o f  Z n  c a t io n s  o n  it 
a re  e f f e c t iv e  a n d  f a c ia l  a p p ro a c h e s  to  e n h a n c e  th e  c a ta ly t ic  p e r f o r m a n c e  o f  M T G  
r e a c t io n  o v e r  H Z S M - 5  c a ta ly s ts  w i th  o n ly  m ic r o p o re s .

T h e re  a r e  s e v e r a l  m e th o d s  to  e l im in a te  th e  e x te rn a l a n d  p o re  m o u th  a c id  s ite  
h a v e  b e e n  s tu d ie d , in c lu d in g  p r e - c o k in g ,  C V D  ( c h e m ic a l  v a p o r  d e p o s i t io n )  a n d  C L D  
( c h e m ic a l  l iq u id  d e p o s i t io n ) .

In  1 9 9 5 , B h a t  a n d  c o - w o r k e r  s tu d ie d  n - p e n ta n e  a r o m a t iz a t io n  o v e r  c h e m ic a l  
v a p o r  d e p o s i te d  M F I  z e o l i te  to  e n h a n c e  p - x y le n e  s e le c t iv i ty  in  to ta l  x y le n e .  T h e y  
fo u n d  th a t  p - x y le n e  s e le c t iv i ty  c a n  b e  e n h a n c e d  to  9 9 %  w h e n  u s in g  S i l ic a  d e p o s i t io n  
2 1 % w t.  M o re o v e r ,  w i th  in c re a s e  in  re a c t io n  te m p e ra tu re  f ro m  5 0 0  to  5 4 0  ๐c ,  p- 
x y le n e  s e le c t iv i ty  c h a n g e d  o n ly  f ro m  9 9  to  9 3 % . It c a n  e a s i ly  b e  e x te n d e d  to  
a r o m a t iz a t io n  o f  a n y  o th e r  h y d r o c a r b o n s  s u c h  a s  p ro p a n e  o r  b u ta n e .

In  2002 , Z h e n g  and  c o -w o rk e r s tu d ie d  the  in flu en ce  o f  C L D  on  th e
d is tr ib u tio n  o f  ac id  s ite s  in H Z S M -5  zeo lite  an d  co n c lu d ed  th a t th e  c o n c e n tra tio n  o f
B ro n sted  and  L e w is  acid  s ite s  w as m ark ed ly - d ec reased  and  th e  en h a n c e d
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m o d if ic a t io n  e f f e c ts  c o u ld  b e  a c h ie v e d  u s in g  m u l t i - c y c le  s i ly la t io n  fo r  z e o l i te  w i th  
s m a l l  c ry s ta ls .

In  2 0 0 7 , Z h u  a n d  c o - w o rk e r  p r e p a r e d  s h a p e  s e le c t iv i ty  c a ta ly s ts  f o r  th e  
d i s p r o p o r t io n a t io n  o f  to lu e n e  b y  th e  m o d if ic a t io n  o f  th e  Z S M - 5  w i th  c h e m ic a l  l iq u id  
d e p o s i t io n  u s in g  p o ly s i lo x a n e .  T h e  re s u lt  in d ic a te  th a t  d e p o s i t io n  o f  p o ly s i lo x a n e  to  
s i l ic a  m a in ly  o c c u r s  o n  th e  e x te rn a l  s u r fa c e  m a k in g  lo w e r  a m o u n t  o f  a c id  b u t  a n d  
d o e s  n o t  c h a n g e  th e  a c id ic  s t r e n g th  d i s t r ib u t io n  o f  ZSM ^_5. A f te r  fo u r -c y c le  
m o d if ic a t io n ,  th e  c o n v e r s io n  o f  to lu e n e  is  r e d u c e d  f ro m  4 8 .6  to  2 7 .1 %  a n d  / 7-x y le n e  
s e le c t iv i ty  is  in c r e a s e d  f ro m  2 4 .3  to  9 6 .2 % . S o  th e  e x te rn a l  s u r fa c e  o f  m o d if ie d  
Z S M - 5  m a y  b e  r e g a r d  to  b e  a lm o s t  in a c tiv e .

In  2 0 1 1 , H u i a n d  c o - w o r k e r  s tu d ie d  th e  h ig h  s h a p e  s e le c t iv i ty  Z S M -5  
m o d if ie d  b y  u s in g  c h e m ic a l  l iq u id  d e p o s i t io n  in  to lu e n e  d i s p r o p o r t io n a t io n .  T h e y  
fo u n d  th a t  th e  b e s t  S iC V A h O î  r a t io  is  38  to  o b ta in  h ig h  to lu e n e  c o n v e r s io n  a n d  p- 
x y le n e  s e le c t iv i ty .  F o r  th e  e f fe c t  o f  C L D  c o n d i t io n ,  th e  r e s u l t s  in d ic a te  th a t  T E O S  is 
th e  b e s t  C L D  a g e n t ,  c y c lo h e x a n e  a n d  o x a lic  a c id  is  th e  a p p r o p r ia te  C L D  s o lv e n t  a n d  
t r e a tm e n t  a c id  r e s p e c t iv e ly  fo r  T E O S . E x te rn a l  d e a lu m in a t io n  b y  a c id  t r e a tm e n t  c a n  
im p r o v e  a c t iv i ty  o f  c a ta ly s t  o n ly  c o rp o ra te  w i th  C L D . M u l t i - c y c le  d e p o s i t io n  n o t 
o n ly  in c re a s e d  th e  a m o u n t  o f  s i l ic a  d e p o s i te d  o n  e x te rn a l  s u r f a c e ,  b u t a ls o  im p ro v e d  
th e  u n i f o r m i ty  o f  th e  s i l ic a  la y e r . O n  th e  o th e r  h a n d , th e  c o n v e r s io n  is  d e c r e a s e d  a s  
s e le c t iv i ty  is  in c re a s e d .
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