
CHAPTER II

THEORY

2.1 Zeolites
Zeolites are microporous crystalline aluminosilicates that has been รณdied by 

mineralogist for more than 200 years. They are comprised o f channel and cavities o f 
molecular dimensions ranging from 3 to 10 Â  on diameter. The general formula for 
the composition o f zeolite in the hydrated form is:

M xfoK A lO îM S iO ^ yl.w H îO

Where M  is an extra framework cation that balances the anionic charge o f the 
framework, ท is the cation valence for M , X and y are the total number o f aluminates 
and silicates per unit cell and z is the number o f  water molecules per unit cell. Typical 
cation include alkali metals, e.g. Na+, K +, alkaline earth metals, e.g. Ca2+, Ba2+ and 
other cation such as NH 4+ and H+ [51].

The application area o f natural zeolite can be broadly classified as building  
materials, agriculture, ion exchange, adsorbent and others. The adsorption and ion 
exchange properties o f natural zeolites are exploited in application such as odor 
removal, fertilizer acid, soil amendment, animal feed supplement, water treatment, 
aquaculture, removal o f radioactive species and heavy metals from waste streams, 
heat storage and solar refrigeration, pollution control and miscellaneous other used.

W ith the great demand o f zeolites for commercial applications, zeolites are 
produced synthetically in large industrial quantities. More than 150 zeolite have been 
synthesized. Synthetic zeolites were firs t prepared in the 1950s by the Union Carbide 
Corporation USA. The sereral typed o f zeolites were synthesized commercially such 
as zeolite A , X , Y, mordenite and ZSM-5. Zeolite Y  was used as an isomerization 
atalyst and zeolite X  was used as a cracking catalyst in petrochemical process in 1959 
and 1962, respectively [52],

A ll the synthetic zeolite are distinguishable from each other and from natural 
zeolites on the basis o f composition, crystal structure and sorption properties. The



properties o f synthetic zeolite that are exploited commercially are adsorption, 
catalytic activity and ion exchange. Catalysis is a major area o f usage for the synthetic 
zeolites (Figure 2.1). Several catalysts developed during the 1960s have virtua lly  
revolutionized the refining o f o il to gasoline and other products. Molecular sieving 
and shape selectivity became possible w ith the synthetic catalysts. Shape selective 
catalysis can be performed inside the zeolite’ s cavities to give a single product [51]
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Figure 2.1 Zeolite utilization in united state o f American in 1995.

The earliest application o f zeolite selective catalysis is the alkylation o f  
toluene to give exclusively para-xylene, the key intermediate for a number o f  
polymers. Apart from toluene disproportionation, processes using shape-selective 
zeolite catalysts are mostly in the petroleum and petrochemical industries such as 
benzene alkylation, xylene isomerization, catalytic cracking and conversion o f 
methanol to gasoline. The successes o f these catalytic applications have assured a 
bright future for research on zeolite material [52],

2.1.1 Zeolite S tructures
Zeolite structures are composed o f an in fin ite ly extending three 

dimensional network o f  SiC>4 and A IO 4 tetrahedra. The tetrahedra are cross linked by 
the sharing o f oxygen ions resulting in the empirical formula o f [SiC>2] and [A IO 2]" 
[53], These tetrahedra refers to Primary Build ing Units (PBU) (Figure 2.2), and then 
the PBUs are assembled into Secondary Build ing Units (SBUs) (Figure 2.3), which 
are themselves assembled to form the zeolite structure framework. The PBUs o f



zeolite structure is a tetrahedral unit is composed o f a central Si or A1 atom 
surrounded by four oxygen atoms, namely [SiC>2] or [A IO 2] ’ [54], These tetrahedrals 
are linked through the oxygen atoms to form channels and cages o f discrete size w ith  
no two aluminum atoms can share the same oxygen.

Oxygen atom

( ^ )  Silicon or Aluminum atom
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Figure 2.2 A  primary build ing unit (PBU) ะ [SiC>2] or [A IO 2] ’

As a result o f  the negative charge from the framework charge o f zeolite 
is negative and hence must be balanced by cations, typica lly from the alkali or 
alkaline earth metal cations. These cations can be exchanged by various types o f  
cations, particularly +1 to +3 species. The position, size and number o f cations can 
significantly alter the properties o f zeolites. Figure 2.4 depicts schematically the 
buildings o f zeolite framework [55]. Several tetrahedral units are jo ined so that each 
o f four oxygen atoms is shared w ith  another tetrahedral silica or alumina to form  
a wide range o f small SBUs, as shown in Figure 2.4b. These SBUs are interconnected 
to produce a wide range o f tertiary building units or polyhedra which in turn are 
arranged in a three dimensional pattern to form  extended characteristic framework o f  
various zeolite crystal structures (Figure 2.4c). In these structures the comers o f  
polyhedra represent Si or A1 atoms and the connecting line are the distance between 
the centers o f neighboring tetrahedral units while oxygen atoms an omitted fo r the 
ease o f structure demonstrated.

Zeolite pore consist o f 8 , 10 and 12 membered oxygen ring systems to 
form channels and pores which is interrelated to each other on zeolite framework. The 
channels may one, two or three dimension w ith different sizes. Zeolites can be 
classified according to their diameter o f pore size (<j)); small pore which consist o f  
8 -membered o f oxygen ring systems w ith  <t> < 4 Â  such as zeolite A , chabazite and



erionite; mrdium pore zeolite which concists o f  1 0 -membered o f oxygen ring 
systems w ith in 4.5 Â  < (j)< 6.5 Â  such as ZSM-5, ferierite and TS-1 and large pore 
zeolite w ith 12-membered oxygen ring systems w ith  <|) > 6.5 Â  such as mordenite, 
faujasite and zeolite beta [53], Pore size o f zeolite is around 3.5 Â  to 8.0 À  which can 
separate the selective organic molecules based on their sizes.
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Figure 2.3 The secondary build ing units (SBU) found in zeolite framework [56]
\
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Figure 2.4 Schematic representative o f the build ing o f zeolite framework [561 
(a) Primary building units (b) Secondary building units and 
(c) Structure o f zeolite A
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2.1.2 A c id ity  o f Zeolites

Acid ity is one o f the most important characteristics o f zeolites and is 
very useful in acid catalysis. A  good understanding o f the nature and number o f acid 
sites in a zeolite in needed in developing improved and novel catalysts for 
applications in the chemical industries [57]. The activity o f zeolites as acid catalysts is 
related to the acidity o f  active sites on their surface [58],

The framework aluminum atoms are negatively charged and balanced by 
extra-framework cations, represent potential active acid site it the cations are H+ [54], 
The acidic properties o f  zeolites are mainly dependent on the S i/A l molar ratio as well 
as the temperature o f activation. In zeolites, acid sites are classified according to the 
classical Bronsted and Lewis acid models (Figure 2.5). Bronsted acid corresponds to 
proton donor, while Lewis acid corresponds to electron pair acceptor. Bronsted acid 
occurs when the cations used for balancing the negatively charged framework are 
proton (H+). A  trigonally coordinated aluminum atom possessing a vacant orbital that 
can accept an electron pair, behaves like a Lewis acid site.

2X ° X ° > ( x ° x  X * +x ° x ° x +Hî°
Brensted Lewis acid center
acid center

Figure 2.5 Bronsted and Lewis acid site in zeolites

In the majority o f  the as-synthesized commercial zeolites, the cation is 
sodium ions (Na+) and the corresponding zeolite is referred to the sodium form  
(Figure 2.6a). To obtain the acid form o f zeolites, Na+ are replaced by protons via  
ion-exchange w ith an aluminum salt (Figure 2.6b), followed by calcination at high 
temperature to decompose NH4+ ions into H+ and NH 3 (Figure 2.6c). A fte r the 
liberation o f ammonia, protons are bonded w ith surface oxygen to give the bridging 
form -S iO (H )A l- o f Br<t>nsted acid sites. An equilibrium exists between this bridging 
form and the other form in which silanol (-S iOH) group is adjacent to a tricoordinate 
aluminium that constitutes the Lewis acid site (Figure 2.6 d). A  further increase in



calcination temperature (>500°C) in the presence o f steam results in the 
dehydroxylation process where Bntnsted acid sites are converted to Lewis acid sites.

The catalytic activity o f  proton-exchange zeolite is also determined by 
the strength o f the acid. In general, the lower o f aluminium content o f a zeolite or the 
higher the S i/A l ratio, the stronger the Bronsted acidity is several characterization 
techniques have been developed to qualitatively and quantitatively estimate the acid 
sites and the relation between catalytic behavior o f zeolite and their acidity. The most 
widely used techniques are temperature programmed desorption (TPD) o f  ammonia, 
FTIR spectroscopy and a catalytic testing in reaction [59].

The temperature programmed desorption o f adsorbed N H 3 molecules is 
used fo r determination the amount and strength o f acid sites. Ammonia is the 
preferred adsorbing or desorbing gas because o f its small size (kinetic diameter, 
2.62 Â  ) and its weak basicity (pKb = 4.75). It can reach practically all the acid sites at 
the given temperature. Upon desorption at rising programmed temperatures, N H 3 

molecules w ill gradually desorp from the acid sites. The latter aspect is followed up o f  
the amount o f NH 3 desorption plotted against the temperature.

FTIR spectroscopy has been also applied extensively to study the nature 
and the amount o f acid sites present in zeolite. Infrared spectroscopy (IR ) has proven 
to be a valuable tool in characterizing hydroxyl species on the surface o f molecular 
sieves and in measuring Bronsted and Lewis acidity [60]. IR studies o f zeolite Beta 
have revealed two hydroxyl stretching bands, one at approximately 3605 cm ' 1 and 
another at approximately 3740 cm '1. The band at 3605 cm ' 1 has been identified as the 
hydroxyl stretch associated w ith  the bridging A l-0 (H )-S i [61-63],

The band at 3740 cm ' 1 has been attributed to the terminal silanol Si-OH  
groups on the external crystal surface. Weak bases such as pyridine and ammonia 
have been w idely used as probe molecules in adsorption or desorption studies for the 
determination o f Bronsted and Lewis acidity by IR spectroscopy. A  stretching 
vibration at 1545 cm ' 1 is attributed to the pyridinium  ion, i.e. the Bronsted-bound 
pyridine, whereas the stretching vibration at 1450 cm ' 1 is attributed to the coordinated 
pyridine to extra framework alum inium and well known as Lewis acid site [61]. 
A  combination band or overlapping band at 1490 cm ' 1 is due to both Lewis and 
Bronsted bound pyridine stretching vibration and band at 1620 cm ' 1 due to Lewis 
bound pyridine.
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Figure 2.6 Diagram o f zeolite framework surface (a) In the as-synthesized form, M + 
is either an organic cation or an alkali metal cation, (b) Ammonium ion 
exchange produces the NH 4+ exchanged form, (c) Thermal treatment is 
used for removal o f  ammonia, producing the H+, acid form, (d) 
Equilibrium  form showing a silanol group adjacent to a tricoordinate 
aluminium.
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2.1.3 Shape and Size Selectivity

Shape and size selectivity plays a very important role in catalysis. H ighly  
crystalline and ordered channel structures are among the principal features that 
zeolites used as catalysts offer over other materials. Shape selectivity is divided into 
3 types: reactant shape selectivity, product shape selectivity and transition-state shape 
selectivity. They are illustrated in Figure 2.7. Reactant shape selectivity results from  
the lim ited d iffus iv ity  o f some reactants, which cannot effectively enter and diffuse 
inside the zeolites. Product shape selectivity occurs when diffusing product molecules 
cannot rapidly escape from  the zeolite pore and undergo further reactions. Restricted 
transition-state shape selectivity is a kinetic effect arising from the local environment 
around the active site: the rate constant for a certain reaction mechanism is reduced i f  
the necessary transition state is too bulky to form readily.

F igure 2.7 Three types o f selectivity in zeolites: reactant, product and transition-state 
shape selectivity. [60]
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2.1.4 Synthesis o f Zeolites

Zeolites form in nature or in the laboratory at elevated temperatures and 
under hydrothermal conditions [54]. In zeolite synthesis, the reaction mixture is 
composed o f the main reactants which are silica, alumina, sodium hydroxide and 
water w ith the amounts corresponding to the composition o f the desired product. The 
reaction maintained for a period o f time at constant pressure and temperature. The 
usual sources o f aluminium are aluminium hydroxide or sodium aluminate, while 
amorphous silica, sodium silicate, sodium metasilicate, silica glass, s ilic ilic  acid and 
various concentrations o f silica sol are the common silica sources used in zeolite 
synthesis and they are available commercially. Beside the commercial silica, the uses 
o f high silica content o f low cost and waste materials such as fly  ash and rice husk ash 
as a silica sources are desirable. Rice husk ash is already known as a silica sources for 
synthesizing zeolite Beta [36], zeolite Y  [64], ZSM-5 [65] and mordenite [6 6 ]. The 
conditions for preparation zeolites depend on the type o f zeolites that one needs to 
synthesize. The reaction m ixture and the synthesis condition are different depending 
on the type o f zeolites, and the silica content in the product, i.e. low silica zeolite 
(S i/A l < 5) or a high silica zeolite (S i/A l > 5). The temperature to prepare high silica 
zeolites is generally higher than that for low  silica zeolites. Besides, the synthesis o f  
high silica zeolites requires the addition o f templates, which are alkylammonium  
cations. Templates and silica were used in considerable amounts as reactants in 
zeolite synthesis compared to other reactants. Many types o f organic templates are 
regularly used in the synthesize o f zeolites w ith high silica content such as 
tetraethylammonium hydroxide (TEAOH), tetrapropylammonium hydroxide, 
tetraethylammonium halide [67] and etc. One type o f template can be used for 
crystallize various types o f zeolites whereas the same type o f zeolite may be formed 
by using different templates. For example tetraethylammonium hydroxide was used as 
an organic template in the synthesis o f  zeolite Beta, mordenite and ZSM-20. Zeolite 
Beta can also be synthesized by using tetraethylammonium bromide as an organic 
template. The template is functioned as the structure directing agent while organic or 
inorganic compounds functioned as the cations to neutralize the anionic framework 
charge. This template is removed by calcination to obtain the porous structure. The 
zeolite formed is detennined by the synthesis parameter such as alkalinity, 
temperature, crystallization period and gel ratio o f the reactants. The alka lin ity is



related to the total sum o f tetrahedron [S i(OH)4] and [A l(O H )4]~ concentrations, 
which are functioned as structure builder o f  zeolite framework. The optimum  
condition for zeolite synthesis is in the region o f pH 11 to 13 which is suitable for 
zeolite crystallization. Temperature is a thermodynamic factor which influences the 
rates o f nucléation, crystal growth, crystal types and crystal size which w ill be 
formed. A t certain temperature, certain crystal w ill be formed. For example, a gel 
mixture produced crystal o f analcime when hydrothermal synthesis wasried out at 
150°c, although at 110°c the mixture o f analcime and gismondine was formed. A t 
lower temperature; 80°c only gismondine crystal was formed [53]. The crystallization  
period also influences nucléation and crystal growth. The crystallization period 
decreases rapidly w ith  increasing temperature. A t the same temperature, different 
phases o f zeolites w ill be formed depending on the crystallization period. For example 
at 170°c, ZSM-48 and ZSM-39 were formed in the synthesis reported by Suzuki and 
Hayakawa [6 8 ]. A ll components in the in itia l reaction mixture play their own role on 
influencing the crystallization o f zeolite. The type o f silica phase w ill determine the 
rate o f so lubility o f the silica. For example, amorphous silica dissolves faster than 
crystalline silica. The ratio o f gel m ixture also influences the nucléation, crystal 
growth and type o f zeolites formed. For example, the synthesis o f  zeolite at 
SiCVAbCb o f 1 0  in in itia l gel w ill produce analcime and mordenite while zeolite beta 
was formed at SiCk/AFCT o f 15 in in itia l gel, while the rest o f the reactants were kept 
constant. Another factor in zeolite crystallization is the concentration o f hydroxyl ion 
which is provided by sodium hydroxide. The high concentration o f hydroxyl ion 
increases the alka lin ity o f  the solution and the crystalline phase obtained m ight d iffe r 
from the lower concentration o f hydroxyl. A lka line solution w ill facilitate the 
so lubility o f silica which increases the crystallization rate. A t higher ratio SiCVAkOs, 
hydroxyl ion w ill produce unstable solution due to the lack o f charge compensation. 
For example, at a fixed SiCh/AbOs ratio and at a constant time o f crystallization, 
increase o f hydroxyl ion favors the formation o f mordenite over ZSM-5 [69].

Hydrothermal syntheses o f silica-rich zeolites generally consist o f water 
as the solvent, a silicon source, an aluminum source, and a structure-directing agent. 
Better understanding o f the effect o f the structure-directing agent has long been aimed 
at. This w ill entail better control o f the resulting structures, and even prediction o f the 
specific structure could be possible. Some progress in the fie ld has been made some
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general rules o f correlation between the structure-directing agent and the structure 
o f zeolites w ith high silica content:

1. Hydrothermal silicate syntheses result in dense crystalline and layered 
materials when no structure-directing agent is present.

2. Linear structure-directing agents usually result in one-dimensional molecular 
sieves w ith 1 0 -ring channels.

3. Branched structure-directing agents tend to form multi-dimensional zeolites 
w ith pore diameters o f  4-7 À.

4. One-dimensional, large pore zeolites often result from large polycyclic  
structure-directing agents.

2.2 Zeolite Beta
Zeolite beta was firs t synthesized by Wadlinger, Kerr and Rosinski in 1967 [24], 

Zeolite beta represents the first high silica zeolite (S i/A l = 10-100) synthesized from a 
gel w ith  alkali metal and organic template, tetraethylammonium cation. It can be 
described by the general formula:
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Nan[AlnSi64-nOi28], where ท = 7

The structure o f zeolite beta was described by Treacy et al.[70] and Higgins 
et a/.[71]. The firs t clues to the crystal structure o f zeolite beta were evident from  
chemical and physical property measurements. Ion-exchanged isotherms o f Na-Beta 
at 25°c indicated that cations as large as tetraethylammonium ion, (TEA+) exchange 
completely into the pore system. This behavior suggests that zeolite beta contains at 
least 12 membered rings opening into channel, because TEA+ is too large to be 
exchanged through 10 membered-rings such as those in ZSM-5. The complete 
exchanged o f cations in zeolite beta indicated the presence o f channels instead o f  
cages, because it is not possible to remove all the cations from the cage structures as 
found in the cage structure o f Na faujasite.

Zeo lit beta in an intergrowth hybrid o f two distinct but closely related structures 
[72] which have tetragonal and monoclinic symmetry. In both systems, straight 12 
membered-ring channels are present in  two crystallographic directions perpendicular 
to [001] (Figure 2.7), while the 12 membered-ring in the third direction, parallel to the



c axis, is sinusoidal. The sinusoidal channels have circular openings (5.6 Â ), and 
the straight channels have ellip tical openings (Figure 2.8). The only difference 
between the two polymorphs (polymorphs A  and B) is in the pore dimension o f the 
straight channels. In the tetragonal system, the straight channels have openings o f 6.0 
X 7.3 Â , whereas in the monoclinic system they are 6 . 8  X 7.3 Â  (Figure 2.8). A  third  
polymorph, named c , has recently been suggested by Higgens, et a l . [ l \ ] ,  also having 
monoclinic symmetry. Figure 2.11 shows zeolite beta framework viewed along [100] 
and [001], Figures 2.9 and 2.10 show channel system in zeolite beta structure. The 
three type o f polymorphs o f zeolite beta are shown in Figure 2.11.
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Figure 2.8 Zeolite beta framework viewed along (a) [100] and (b) [001]

F igure 2.9 Three-dimensional structure o f zeolite beta



Figure 2.10 Zeolite beta structure

Polym orph A  po lym orph B

F igure 2.11 Zeolite beta polymorphs [73]



Zeolite beta is an efficient acid catalyst due to the presence of large 
intersecting pores in a highly siliceous framework. It possesses high thermal and acid 
treatment stability, high strength acid site and hydrophobic [53], Examples of 
successful applications of zeolite beta include aromatic alkylation of biphenyl with 
propylene [74], indole synthesis, aromatic nitration and aliphatic alkylation. It is 
effective in lowering the pour point of petroleum oil by isomerizing the nonnal 
alkanes to their branched isomers, rather than cracking them to lighter alkanes, as is 
done by other zeolites such as ZSM-5 and erionite [75]. Zeolite beta was found to be 
active for cracking of n-hexane [37], polyolefins [11] and pentane hydroisomerization 
[35], The shape selective catalytic properties of zeolite beta, especially in the cracking 
of alkanes and in the isomerization of m-xylene, have recently been investigated [76].

2.3 SBA-15
2.3.1 S tructure and Properties o f SBA-15

Recently, SBA-15 mesoporous material has been synthesized under 
acidic condition using triblock copolymer as a structure directing agent. This novel 
mesoporous material exhibits higher hydrothermal stability as compared to MCM-41 
due to its thicker pore walls (3.1-6.4 nm). It also has uniform and hexagonal- 
structured chamiel similar to MCM-41 as shown in Figure 2.12 but with larger pore 
size which makes it more desirable to deal with bulky molecules.
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Figure 2.12 Hexagonal mesoporous structure.



MCM-41 and FSM-16 can be synthesized using quaternary 
ammonium salt as a template. In case o f SBA-15, amphiphilic tribock copolymer can 
be modified as a template and must be synthesized in acid condition o f hydrochloric 
acid. On the other hand, HMS can be prepared in neutral and environmentally benign 
condition using primary amine as a template. A lthough these materials have the same 
hexagonal structure, some properties are different as shown in Table 2.1.

Table 2.1 Properties o f some hexagonal mesoporous materials [77-83]
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Material
Pore size

(À )
W all thickness 

(nm)

BET specific 
surface area 

(m2/g)

Framework
structure

MCM-41 15-100 1 > 1 0 0 0 Honey comb
FSM-16 15-32 - 680-1000 Folded sheet
SBA-15 46-300 3-6 630-1000 Rope-like
HMS 29-41 1 - 2 640-1000 Wormhole

2.3.2 Synthesis and Mechanism fo r Form ation o f SBA-15
For SBA-15 materials, aging time and temperature are particularly 

important. K ruk e t a l. found that mesoporous SBA -15 prepared from calcination o f  
an ‘ as-prepared’ hybrid precursor contained a significant fraction o f m icroporosity; 
further aging o f the precursor in the mother liquors leads to an improvement on the 
pore size distribution (Figure 2.13), in  agreement w ith the firs t work by Zhao et a l. 
[84].
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Aged SBA-15 Pure niesdporousImproved PEO-silica SBA-1Îsegregation
F igure 2.13 Pore evolution upon thermal treatment, depending on pre-treatment 

and aging [85].

Aging o f an as-prepared precipitate at 80-100°c seems to help 
segregation o f the PEO blocks and the inorganic framework, by promoting 
condensation o f the latter. H igh temperatures also change the polymer behavior. It is 
known that at temperature above 0°c, PEO blocks become less hydrophilic and expel 
water (the same is valid for the more hydrophobic PPO blocks, at temperature above 
40°C) [85]. For a mechanism, firs tly alkoxysilane species (TMOS or TEOS) are 
hydrolyzed as:

hydrolysis
Si(OEt) 4 + «H 30 + --------  ►  Si(OEt)4-„ (H 20 +)„ + ท EtOHpH<2

which is followed by partial oligomerization at the silicon atom. Furthermore, at this 
condition, the PEO parts o f surfactant associate w ith hydronium ions as followed:

H2O-PEOm- + jH X ► -p e o ,„.>.[(e o ).3h 2o +]>. - - x >;



Next, coordination sphere expansion around the silicon atom by anion 
coordination o f the form X 'S i0 2 + may play an important role. The hydrophilic PEO 
blocks are expected to interact w ith the protonated silica and thus to be closely 
associated w ith  the inorganic wall. During the hydrolysis and condensation o f the 
silica species, intermediate mesophase is sometimes observed and further 
condensation o f silica species and organization o f the surfactant and inorganic species 
result in the formation o f the lowest energy silica-surfactant mesophase structure 
allowed by so lid ify ing network.

Thus, the block copolymer has been used to solve these problems. 
Generally, amphiphilic block copolymer has been used in the fie ld o f surfactants, 
detergent manufacturing, emulsifying, coating, etc. The properties o f block copolymer 
can be continuously tuned by adjusting solvent composition, molecular weight, or 
type o f polymers. Figure 2.14 shows typical block copolymer used as templates.
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Figure 2.14 Block copolymer used in mesostructured generation [8 6 ].

Some advantages o f using these block copolymer are:
(1) The th ic k e r  w a ll  th ickness (about 15-40 Â ), enhancing hydrothermal and 

thermal stability o f materials.
(2) P o re  d ia m e te r can  he tu n e d  e a s ie r by varying type or concentration o f  

polymer.
(3) E a s ie r to  rem ove f r o m  m in e ra l f ra m e w o rk  by thermal treatment or solvent 

extraction. Due to the hydrogen bonding interaction between template and



inorganic framework, therefore, it should be easier to dissociate as 
compared to ionic templates (electrostatic interaction).
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Interaction between block copolymer template and inorganic species, 
called hybrid interphase (H I), is particularly important, especially in PEO-PPO based 
one. Different possible interactions taking place at the H I are schematized in Figure 
2.15. Most o f  the fine H I characterization has been performed on PEO-based (di or 
trib lock) templates. Melosh et a l. [ 8 6 ] determined that in F127-templated silica 
monoliths, organization arose for polymer weight fractions higher than 40%. For 
lower polymericsilica ratios, non-ordered gels were formed. This lack o f order was 
due to a relatively strong interaction (probably o f  H-bonding type) o f the (S i—O -S i) 
polymers form ing the inorganic skeleton w ith both PEO and PPO blocks.
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Figure 2.15 (a) Schematic view o f the ( { p H ^)(X r  ), ร ° f  , and (5° hybrid
interphases (H is) (b) Three possible structures o f a H I composed by a 
nonionic polymer and an inorganic framework [8 6 ],
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2.4 Characteriza tion o f Mesoporous and M icroporous M a te ria l

2.4.1 X -ray D iffra c tio n  (XRD)
The most frequently used method for identifying and describing 

structures o f zeolite and mesoporous material are the X-ray powder diffraction  
(XRD). The simplic ity o f the powder diffraction technique is easily applied to the 
small structure o f zeolites where single crystal method cannot be used. X-rays are 
electromagnetic radiation o f very short wavelength about 1 Â  that occurs between 
gamma-rays and ultra-violet on the electromagnetic spectrum. This wavelength is 
approximately the same length as the diameter o f an atom, making it ideally suitable 
fo r probing the structural arrangement o f atoms and molecules in a wide range o f  
materials. The energetic X-rays penetrate deep into the materials and provide 
information about the bulk structure. X-rays are produced generally by either X-ray 
tubes radiation. In a X-ray tube, which is the primary X-ray source used in laboratory 
instruments, X-rays are generated when a focused electron beam, accelerated across a 
high voltage fie ld bombards a stationary or rotating solid target. As electrons collide  
w ith atoms in the target and slow down, a continuous spectrum o f X-rays are emitted. 
The high energy electrons also eject inner shell electrons from the atoms through the 
ionization process. When a free electron fills  the shell, an X-ray photon, w ith energy 
characteristics equal to the target material, is emitted. Common targets used in X-ray 
tubes include Cu and Mo, which emit wavelengths o f 1.54 Â  and 0.8 À , respectively. 
The energy E o f an X-ray photon and i t ’ s wavelength (X) are relate by Equation 2.1

e =!j  2'1

Where h is Planck’s constant and c is the speed o f light.
D iffracted waves from different atoms can interfere w ith each other. The 

resultant intensity distribution is strongly affected by this interaction. I f  the atoms are 
arranged in a periodic fashion, as in crystals, the diffracted waves w ill consist o f  sharp 
interference peaks w ith the same symmetry as in the distribution o f atoms. Thus, the 
distribution o f atoms in material can be deduced by measuring the diffraction pattern. 
Powder X-ray D iffraction (XRD) is perhaps the most w idely used XRD technique for 
characterizing materials. This technique is also used w idely for studying particles in 
liqu id suspensions or polycrystalline solid (bulk or thin film  material). The term



powder simply means that the crystalline domains are randomly oriented in  the 
sample. When the 2-D diffraction pattern o f  recorded, it displays concentric rings o f  
scattering peaks corresponding to the various spacing (d) in the crystal lattice. The 
positions and the intensities o f the peaks are used for identifying the underlying 
structure (or phase) o f the material. For example, the diffraction line o f graphite 
would be different from diamond even though they both are made o f carbon atoms. 
This phase identification is important because the material properties are highly  
dependent on structure. The peaks in X-ray diffraction pattern are directly related to 
atomic distances. Therefore, the size and shape o f the unit cell for any compound can 
easily be determined using the path difference between two waves. Equation 2.2 gives 
the path difference between two wavelengths. It is geometrically derived using the 
laws o f diffraction as shown in Figure 2.16.
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Figure 2.16 Geometric derivation o f Bragg’s law

X =  2dsin0 2.2

Flowever, for constructive interference between these waves, the path difference must 
be an integral number o f wavelengths, which leads to:

2dsin0 = nÀ, 2.3

Equation 2.3 is known as the Bragg’ s law, where X is the wavelength o f X-ray, 0 the 
scattering angle, and ท an integer representing the order o f the diffraction peak. 
Bragg’ s law is one o f most important laws used fo r interpreting X -ray diffraction data.



Bragg’ s law applied to scattering centers consisting o f any periodic distribution o f  
electron density. In other words, the law holds true i f  the atoms are replaced by 
molecules or collections o f molecules, such as colloids, polymers, proteins and virus 
particles. From XRD spectra an important correlation o f the peak broadening w ith  the 
crystal size can be calculated using the Scherrer equation:

/3 cos 6

Where D is the crystal size in angstroms, k is a constant approximately 
equal to unity i f  p is the half-maximum peak breadth in radians, X is the wavelength 
o f the X-rays in angstroms, and 0 is the Bragg angle o f  the same peak used to 
calculate p [87].

Using this method, Braggs’ law is able to determine the interplanar spacing o f  
the samples, from diffraction peak according to Bragg angle.

nÀ = 2  d sin9

Where the integer ท is the order o f the diffracted beam, X is the 
wavelength; d  is the distance between adjacent planes o f atoms (the ฝ-รpacings) and 0  

is the angle o f between the incident beam and these planes.

2.4.2 Scanning E lectron M icroscopy (SEM)
The scanning electron microscope (SEM) provides valuable information  

about the microstructure characteristics o f  material including the morphology, purity  
and homogeneity o f the final product. Small amounts o f amorphous material that 
cannot be detectable by XRD are more easily distinguished. SEM investigation leads 
to important information o f crystal shape, size and distribution, the nature o f  
inner-growth and over-growth crystalline impurities [8 8 ]. The SEM creates magnified 
images by using electrons instead o f ligh t waves as used by traditional microscopes. 
The SEM shows very detailed 3-dimentional black and white images at much higher 
magnification than is possible w ith  a light microscope. I f  the samples are not made 
out o f  a conductive material, the samples are coated w ith a very thin layer o f gold by a
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machine called a sputter coater. The sample is placed inside the microscope’ ร 
vacuum column trough an airtight door. A fte r the air is pumped out o f the column, an 
electron gun emits a beam o f high-energy electrons from the top. This beam travels 
downward through a series o f magnetic lenses designed to focus the electrons to a 
very fine spot. Near the bottom, a set o f scanning coil moves the focused beam back 
and forth across the specimen, row by row. As the electron beam hits each spot on the 
sample, secondary electrons are knocked loose from its surface. A  detector counts 
these electrons and sends the signals to an amplifier. The final image is bu ilt up from  
the number o f electrons emitted from each spot on the sample. The morphology o f  
SBA-15 and zeolite beta can be easily observed in SEM as Figure 2.17.
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Figure 2.17 Scanning electron micrograph o f (a) SBA-15 (b) zeolite beta sample.

2.4.3 N itrogen Adsorption-Desorption Isotherm
The N 2 adsorption technique is used to determine the physical properties 

o f mesoporous microporous molecular sieves, such as the surface area, pore volume, 
pore diameter and pore-size distribution o f solid catalysts. Adsorption o f gas by a 
porous material is described by an adsorption isotherm, the amount o f adsorbed gas 
by the material at a fixed temperature as a function o f pressure. Porous materials are 
frequently characterized in terms o f pore sizes derived from gas sorption data. IUPAC  
conventions have been proposed for classifying pore sizes and gas sorption isotherms 
that reflect the relationship between porosity and sorption. The IUPAC classification 
o f adsorption isotherms is illustrated in Figure 2.18. Six types o f isotherms are 
characteristic o f adsorbents that are microporous material like zeolite (type I). Typical 
type I isotherm always show high capacity and very fast reaction saturation, fo llowd



by consistent adsorption over a wide range o f P/Po. Nonporous materials exhibit the 
adsorption isotherm type II while type III isotherm is for macroporous materials. 
Adsorption isotherm for nonporous materials show high adsorption capacity at low  
relative pressure (P/Po), moderate adsorption capacity at middle and high adsorption 
capacity at P/Po in proxim ity to 1. Type IV  isotherm show a characteristic o f  
mesoporous materials. Type V  isotherm represent when the interaction o f molecule o f  
nitrogen are stronger than the interaction o f nitrogen w ith solids. Type V I represents 
nonporous material which has uniform  surface.
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Figure 2.18 The IUPAC classification o f adsorption isotherm. [89]

Adsorption isotherms are described as shown in Table 2.2 based on the 
strength o f the interaction between the sample surface and adsorptive. Pore types are 
classified as shown in Table 2.3. Pore size distribution is measured by the use o f  
nitrogen adsorption/desorption isotherm at liquid nitrogen temperature and relative 
pressure (P/P0) ranging from 0.05-0.1.The large uptake o f nitrogen at low  P/P0 

indicates fillin g  o f the micropore (<20Â) in adsorbent. The linear portion o f the curve 
represents multilayer adsorption o f nitrogen on the surface o f the sample, and the 
concave upward portion o f the curve represents fillin g  o f mesoporous and 
macropores.



T a b le  2 .2  Features o f  adsorption isotherm s [90]
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T y p e
In te r a c tio n  b e tw een  sa m p le  
su r fa ce  a n d  ga s a d so rb a te

P o ro sity E x a m p le  o f  
a d so rb a te

I R elatively  strong M icropores A ctivated  carbon-N 2

II R ela tively  strong N onporous O x id e-N 2

III W eak N onporous C arbon-w ater vapor
IV R elative ly  strong M esopore S ilica -N 2

V W eak
M icropores
M esopore

A ctivated  carbon- 
w ater vapor

VI
R elative ly  strong Sam ple  
surface has an even  
distribution o f  energy

N onporous G raphite-K r

T a b le  2 .3  IU P A C  classifica tion  o f  pores [91]

Pore Type Pore diam eter /  nm
M icropore U p to 2
M esopore 2 to 50

M acropore 50  to up

Pore size  distribution is m easured by the use o f  nitrogen adsorption/desorption  
isotherm  at liquid  nitrogen tem perature and relative pressures (P /P 0) ranging from  
0 .0 5 -0 .1 . The large uptake o f  nitrogen at lo w  P /P 0 ind icates fillin g  o f  the m icropores 
( < 2 0  À ) in the adsorbent. The linear portion o f  the curve represents m ultilayer  
adsorption o f  nitrogen on  the surface o f  the sam ple, and the con cave  upward portion  
o f  the curve represents fillin g  o f  m esop ores and m acropores. S p ecific  surface area and 
the porosity  o f  catalysts can be determ ined by applying the nitrogen adsorption and 
desorption m ethod at the tem perature o f  liquid  nitrogen. The surface area o f  pow der  
or so lid  can be calcu lated  using the m ultipoint Brunauer, E m m ett and T eller (B E T ) 
[92] m ethod is com m on ly  used to m easure total surface area.
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1 + C - l (  r>\

พ w c  J V C น น

W here พ  is  the w eigh t o f  n itrogen adsorbed at the equilibrium  pressure P; P0  is  
the vapour pressure at saturation o f  the adsorbate at the adsorption tem perature; and 
w m is the w eigh t o f  adsorbate constituting a m onolayer o f  surface coverage. The B E T  
constant c  is related to the heat o f  adsorption corresponding to the first layer o f  
adsorbate and to the heat o f  condensation  o f  adsorbate. Therefore, its va lue is an 
ind ication  o f  the m agnitude o f  the adsorpbent/adsorbate interactions. A  m ulti-point 
linear plot w as d evelop ed  by using

1
(  p  w

พ
{ p  ) \

1

For m ost so lid s th is p lot is restricted to a lim ited  reg ion  o f  adsorption isotherm  
w here the slop e  is  linear: in  th is study the P /P 0  range w as lim ited  to b etw een  0 .05  to  
0 .30 . The va lu e o f  พทๅ is obtained from  the slop e P /W (P°-P) =  f(P /P°), w h ich  is equal 
to C -1 /W m, and from  the coordinates o f  the origin  l / w mc .

The w eigh t o f  a m onolayer o f  adsorbate (Wm) is obtained from  the slop e  (m ) 
and the intercept (I) o f  the B E T  plot:

C - l
K C

‘ ~ è

2

3

Thus, the w eigh t o f  the m onolayer (Wm) is obtained by com b in in g  equations 2 
and 3:

m + 1 4



F inally , the surface area is ca lcu lated  by using  the m olecu lar cross-section a l 
area (Acs) o f  the adsorbate m olecu le . The total surface area (St) o f  a so lid  sam ple is 
exp ressed  as:

พ  NAร  =  5
M

W here N  is  A v o g a d ro ’s num ber (6 .02 3  X 1023 m o lecu le /m o le) and M  is the 
m olecu lar w eigh t o f  the adsorbate. The m ost com m on  gas adsorbate used  for BET  
surface are determ ination is  nitrogen. For the hexagonal c lo se-p ack ed  nitrogen  
m on olayer at 77  K , the cross-section a l area (Acs) for nitrogen is  16.2 A 2 [92],
T he sp ec ific  surface area (ร ) o f  the so lid  is calcu lated  from  the total surface area (St) 
and the sam ple w eig h t (พ ) according to Equation 6 :

6พ

2 .4 .4  T e m p e r a tu r e -P ro g r a m m e d  D eso rp tio n  (T P D ) o f  A m m o n ia

Tem perature-Program m ed D esorption  (T P D ) is on e o f  the m o st w id ely  
used  and flex ib le  techniques for characterizing the tolal surface acid ity  and acid  
strength o f  the acid ic  zeo lite  catalysts. T he fo llo w in g  assum ptions are m ade regarding  
the adsorption and desorption  o f  am m onia m olecule:

(i) The intracrystalline zeo lite  surface is  h o m o g en eo u s and am ount 
o f  am m onia adsorbed in the experim ent is le ss  than that 
required for a m onolayer coverage,

(ii) N o  readsorption o f  am m onia takes p lace during the desorption  
stage and

(iii) There is no lateral interaction betw een  the neighboring  
adsorbed am m onia m olecu les.
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The tem perature o f  furnace w as m onitored by a m ulti-program  
controller. The desorption o f  am m onia w as carried out gradually by heating the  
catalyst from  80°c to 600°c in a f lo w  o f  h elium  at 20 m l/m in  and according to a 
linear heating program  at a rate o f  10°c/min. The desorbed am m onia w as m easured  
by a therm al conductiv ity  detector.

The N H 3 -T P D  therm ogram  profile obtained qualitatively  sh ow ed  the 
am ount o f  am m onia desorbed at increasing tem perature intervals w h ich  corresponds 
to the distribution o f  acid  strengths o f  the total surface acidity. Figure 2.19 sh ow s the 
N H 3 -T P D  therm ogram  o f  zeo lite  beta. The therm ogram s o f  the sam ples present tw o  
peaks at lo w  and h igh  tem peratures. The intensity o f  the high tem perature desorption  
peak is  related to the desorption o f  am m onia from  strong acid  sites w hereas the lo w  
tem perature peak characterized the desorption o f  the base from  w eak  acid  sites. A t 
lo w  reg ion  o f  acid  sites con sists o f  p h ysica lly  bonded am m onia to the surface o f  
catalysts or kn ow n  as physisorbed  am m onia and at higher region , the acid  sites con sist  
o f  ch em ica lly  bonded am m onis w ith  the catalysts w h ich  is  ca lled  chem isorbed  [93].
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T em perature

บo
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F ig u re  2 .1 9  N H 3 -T P D  profiles o f  zeo lite  beta sam ple
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2 .4 .5  27A 1-M A S -N M R

A nother im portant characterization technique for m esop orou s m aterials 
is  so lid  state N M R . 2 7A 1-M A S-N M R  spectroscopy has b een  em p loyed  to d istinguish  
b etw een  tetrahedrally and octahedrally coordinated alum inum  in the fram ew ork at 
approxim ately  50  and 0 ppm , respectively . H ence, the am ount o f  fram ew ork  
alum inum  can be determ ined [94],

2 .5  C r a c k in g  P rocess
C racking is  the nam e g iven  to breaking up large hydrocarbon m o lecu les (low er  

va lu e stock) into sm aller and m ore u sefu l b its (light and m iddle d istillate). T his is 
ach ieved  by using  h igh  pressures and tem peratures w ithout a cata lyst (thermal 
cracking or p yro lysis), or low er tem peratures and pressures in the presence o f  a 
catalyst (catalytic  cracking). In refinery, the source o f  the large hydrocarbon  
m o lecu les is o ften  the naphtha fraction or the gas o il fraction from  the fractional 
distilla tion  o f  crude oil (petroleum ). T h ese fractions are obtained from  the d istillation  
p rocess as liqu ids, but are re-vaporized before cracking. There is not any sin g le  
unique reaction happening in the cracker. A n y  acid  w ou ld  do, but in a conventional 
ch em ica l reaction o f  hydrocarbons w ith  a strong acid  (e .g ., H 2 SO 4 ), it w ou ld  b e kind  
o f  d ifficu lt both to separate out w hat w e  w anted  afterward and avoid  corroding  
cracking reactors. Thus, the catalysts used  are so lid s w ith  acid ic surfaces, so  they  stay  
w here they  are put. A  major d ifference b etw een  therm al cracking and catalytic  
cracking is  that reaction through catalytic cracking occurred v ia  carbocation  
interm ediate, com pared to  the free radical interm ediate in therm al cracking as sh ow n  
in F igure 2 .20 . Carbocation has longer life  and accord in gly  m ore se lec tiv e  than free 
radicals, therefore, the catalytic cracking product can be controlled  m ore ea sily  than  
th ose  o f  therm al cracking.
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(a)

(b)

Free radical form ed  

C arbocation form ed

F ig u re  2 .2 0  M odel for cracking o f  hydrocarbon via  (a) thermal cracking and (b) 
catalytic cracking.

2 .5 .1  T h erm a l C r a c k in g  o f  P o ly o le fin s
The non-catalytic or therm al p yro lysis o f  p o ly o le fin s  is  a h igh  energy, 

endotherm ic process requiring tem peratures o f  at least 3 5 0 -5 0 0 °C  [9 5 -9 6 ]. In som e  
studies, tem peratures as h igh  as 7 0 0 -9 0 0 °C  are essentia l in ach iev in g  decent product 
y ie ld s  [9 7 -9 8 ]. Therm al p yrolysis o f  both virgin  and w aste p lastics as w ell as other 
hydro-carbonaceous sources has b een  studied ex ten siv e ly  in the past. A  good  num ber 
o f  these thermal cracking studies are on  PE [98], polystyrene (P S ) [99], and pp  [100]. 
On the other hand, on ly  a few  have researched the thermal d ecom p osition  o f  other 
com m on  p lastics such as p o lyv in y lch lorid e (P V C ) ([1 0 1 ]), p o lym eth yl m ethacrylate 
[1 0 2 ], polyurethane [103], and p o lyeth y len e  terephthalate [104].

2 .5 .1 .1  T h e  H y d ro ca rb o n  C r a c k in g  M ech a n ism
A  thorough study on  the m echanism  for the thermal 

d ecom p osition  o f  polym ers is presented by C u llis  and H irschler [105], The four  
m ech an ism s proposed are:

(1) End-chain  sc ission  or unzipping: C racking is targeted at chain ends first, and 
then su ccess iv e ly  w orks d ow n  the polym eric length. U n zip p in g  results in the 
production o f  the m onom er.



(2) R andom -chain  scission : R andom  fragm entization o f  polym er a lon g  polym er  
length. R esults in  both m onom ers and o ligom ers.

(3) C hain-stripping: S ide chain  reactions in v o lv in g  substituents on  the polym er  
chain.

(4) C ross-linking: T w o adjacent ‘stripped’ polym er chains can form  a bond  
resulting in  a h igher M W  sp ecies. A n  exam p le is  char form ation.

The thermal p yro lysis  o f  p p  and PE is kn ow n  to fo llo w  the 
random  chain sc iss io n  route, resulting in m ain ly  o ligom ers and dim ers [106 ], T his 
m echanism  is illustrated for PE and p p  in F igures 2.21 and 2 .2 2 , resp ectively . 
Peterson et. al. observed  that PE d ecom p osition  by therm ogravim etry y ie ld ed  m ain ly  
1-h exen e and propene [107].

43

R----
/ CHZ— CHj

-CHt -H C s  R --------C H ,—  CHT— C H j— C H 2 — C H Z— C H 3
" h -Hj C

B
R ------- CH n — CH ะะ= C h ,

R' H jC = C H  CKj— CHj— CHj CHj

F ig u r e  2 .21  R andom  chain  sc iss io n  in p o lyeth y len e

Sim ilarly Peterson et. al. observed  that in the therm al p yro lysis  
o f  PP, the m ain products w ere pentane, 2 -m eth y l-1 -p en ten e and 2 ,4  d im ethyl 
1-heptene [107], D uring degradation, m ethyl, primary and secondary alkyl radicals 
are form ed, and by hydrogen  abstractions and recom bination o f  radical units, 
m ethane, o le fin s  and m onom ers are produced [108].
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CH----CH J  —  CH f CH-,” CH ——R

CH, C H , CH,

B

Ç H - j— CH J  —  C H '

CH;j C H ,

H,C-rrr^ÇH

C H ,

1
T H ,C ----------C H ------- R

CH,

F ig u re  2 .2 2  Random  chain sc iss io n  in polypropylen e [107]

P o ly o le fin  sam p les are typ ica lly  degraded in  a c lo sed  
reactor/m elting v e sse l and heated to a reaction tem perature at w h ich  the polym er  
d ecom p oses. A  reaction tim e is a llow ed  and over tim e, the degradation products 
(gaseou s, liqu ids and so lid ) are co llec ted  and an C om m on m ethods for liqu id  products  
an alyses include Infra-R ed  (IR ), M ass Spectros (M S ) and gas chromatography (GC). 
W hereas gaseous products are analyzed typically by N uclear M agnetic R esonance  
(N M R ), Fourier Transform Infrared Spectroscopy (FTIR) and G C /M S. S o lid  residues 
are id entified  by gel perm eation chrom atography. Several c o u p lin g o f the 
aforem entioned  analytical m ethods are availab le, including FT IR /M S and G C /M S

A  large num ber o f  ch em ica l reactions take p lace during steam  
cracking, m ost o f  them  based on  free radicals. C om puter sim ulations a im ed at 
m od elin g  w hat takes p lace during steam  cracking have included  hundreds or ev en  
thousands o f  reactions in their m od els. The m ain reactions that take p lace include:

1. Initiation reactions, w here a s in g le  m o lecu le  breaks apart into tw o  free  
radicals. O nly a sm all fraction o f  the feed  m o lecu les actually  undergo in itiation , but 
th ese  reactions are necessary  to produce the free radicals that drive the rest o f  the 
reactions. In steam  cracking, in itiation u sually  in v o lv es  breaking a ch em ica l bond  
b etw een  tw o  carbon atom s, rather than the bond b etw een  a carbon and a hydrogen
atom .
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C H 3 C H 3 ->  2 C H 3«

2. H ydrogen  abstraction, w here a free radical rem oves a hydrogen  atom  from  
another m olecu le , turning the secon d  m o lecu le  into a free radical.

C H 3‘ + C H 3 C H 3 —> CHU +  C H 3 C H 2-

3. R adical d ecom p osition , w here a free radical breaks apart into tw o  
m o lecu les, one an a lkene, the other a free radical. T his is  the p rocess that results in the 
alkene products o f  steam  cracking.

C H 3 C H 2‘ C H 2=C H 2  +  H*

4. R adical add ition , the reverse o f  radical d ecom p osition , in  w h ich  a radical 
reacts w ith  an alkene to  form  a sin g le , larger free radical. T hese p rocesses are 
in v o lv ed  in form ing the arom atic products that result w hen  heavier feed stock s are 
used.

C H 3C H 2* +  C H 2 = C H 2 - *  C H 3C H 2 CH 2 C H 2*

5. Term ination reactions, w h ich  happen w h en  tw o free radicals react w ith  each  
other to produce products that are not free radicals. Two com m on  form s o f  
term ination are recombination, w here the tw o  radicals com b in e to form  one  
larger m o lecu le , and disproportionation, w here one radical transfers a 
hydrogen  atom  to  the other, g iv in g  an alkene and an alkane [109].

C H 3* +  C H 3 C H 2* ->• C H 3C H 2 C H 3 

C H 3 C H 2* +  C H 3C H 2* -*■  C H 2= C H 2 +  C H 3C H 3
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2 .5 .1 .2  T h erm al P yro lysis P rod u ct Y ields

product y ie ld s  greater than 82.5%  and as h igh  as 96%  have been  
observed  for PE p yro lysis  [110]; how ever, these w ere obtained at h igh  tem peratures 
(greater than 4 2 0 °C ) and w ith in  a reaction tim e o f  approxim ately one hr. Invariably, 
the gaseou s products obtained by therm al cracking are not suitable for use as fuel 
products, requiring further refin ing to be upgraded to useab le fu el products 
[ 1 1 1 ] .G enerally , therm al cracking results in liqu ids w ith  lo w  octane va lue and higher  
residue contents at m oderate tem peratures, thus m aking the p rocess an in effic ien t 
p rocess for producing gaso lin e  range fu els. A  few  researchers have sought to im prove  
thermal p yro lysis o f  w aste  p o ly o le fin s  w ithout em p loy in g  the use o f  catalysts; 
how ever, these changes either y ie ld ed  in sign ifican t im provem ents or added another 
lev e l o f  com p lex ity  and co sts  to the system  [ 1 1 2 ].

2 .5 .2  C a ta ly tic  C r a c k in g  o f  P o ly o le fin s
C atalytic degradation o f  polym ers has show n the greatest potential to be  

d evelop ed  into a com ercia lized  process. In com parison  to the purely therm al 
p yro lysis, the addition o f  catalysts in  p o ly o le fin  pyrolysis:

S ign ifican tly  low ers p yro lysis tem peratures. A  sign ificant 
reduction in  degradation tem perature and reaction tim e under catalytic con d ition s  
results in an increase in  the con version  rates for a w id e range o f  polym ers at m uch  
low er tem peratures than w ith  therm al p yro lysis [113].

N arrow s and provides better control over the hydrocarbon (H C ) 
products distribution in LD PE  [114] , H D P E  , P P [1 15] and PS [116] p yro lysis. W hile  
therm al p yro lysis results in a broad range o f  H C s ranging from  C 5 to C 28  [96 ], the 
se lec tiv ity  o f  products in the gaso lin e  range (C 5 -C 12) are m uch m ore enhanced  by the  
p resence o f  cata lysts [ 1 1 , 113].

Increases the ga seo u s product y ie ld s. U nder sim ilar tem peratures 
and reaction tim es, a m uch h igher gaseou s product y ie ld  is observed  in the p resence  
o f  a cata lyst for PE [113 , 117].

Increases the product y ie ld  in  the gaso lin e range w hereas a purely  
therm al p rocess w ill produce m ore ligh t gas o ils  [118]. Z eo lites in particular are



know n to enhance the form ation o f  branched hydrocarbons and arom atics [119]. 
O ils  obtained by catalytic  p yro lysis contain less o le fin s and m ore arom atic content 
[120].
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2 .5 .2 .1  C a ta ly tic  C r a c k in g  M ech a n ism s
In general, for com ponents w ith equal carbon num bers, the rate 

o f  cracking d ecreases in the order: i-o le fin s >  n -o lefin s >  i-paraffins ~  naphthenes >  
n-paraffins >  arom atics. The cracking m echanism  can be seen  as a chain m echanism  
that in v o lv es  the interm ediate form ation o f  carbocations, p o sitiv e ly  charged  
hydrocarbon sp ecies. C arbocations include both carbénium  ion s (e .g . R i-CF12- C +H -  
R2, R i-C H = C +- R 2) and carbonium  ion s (e .g . R ,-C H 2- C +H 3- R 2, R 1-C H = C +H 2- R 2). 
In carbénium  ions, the charge carrying carbon atom  can be di- or tri-coordinated, 
w h ile  in carbonium  ions, the charge carrying carbon atom  is tetra- or 
pentacoordinated. The stability  o f  the carbocations decreases in  the order tertiary >  
secondary >  primary [121]. C racking o f  hydrocarbons is primary a reaction that 
proceeds through adsorbed carbénium  ion  interm ediates.

2 .5 .3 . R ea c tio n s  o f  O le fin s
The form ation o f  carbénium  ions from  o le fin s can ea sily  proceed  by  

addition o f  the proton from  a Bronsted acid site o f  the catalyst to the carbon-carbon  
double bond. Cracking o f  the adsorbed carbénium  ion proceeds through the P -sc ission  
m echanism  [1 2 2 -1 2 3 ] or through the protonated cyclopropane m echanism  [124]. A n  
illustration is g iven  in Fig. 2 .23 .
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p-scission mechanism

Adsorption

protonated cyclopropane mechanism

F ig u re  2 .2 3  C racking m ech an ism s illustrated b y  the reaction o f  n-heptene; adsorption  
at a  B ronsted acid  site  leads to form ation o f  an adsorbed carbénium  ion  
that can be cracked. B oth  the p -sc iss io n  m echanism  [1 2 2 -1 2 3 ] and the 
protonated cyclopropane m echanism  [124] are show n.

Other reactions o f  the adsorbed carbénium  ion  are [125 -126]:
1. Isom erization  to a m ore stable carbénium  ion, for exam p le, through a 

m ethyl shift:

R i-C H 2- C +H -R 2 - >  Ri-C+-R 2 +  H + ( 1 )
c!h 3

2. O ligom erization  w ith  o le fin  in  a b im olecular reaction to form  a larger 
adsorbed carbénium  ion:

3. D esorption  w ith  deprotonation to form  an o le fin  (the op p osite  o f  
adsorption):

(2)

Ri-CH2-C+H-R2 -> Ri-CH=CH-R2 + H+ (3)



4. D esorption  w ith  hydride abstraction from  a paraffin to form  n ew  paraffin  
from  the carbénium  ion  and n ew  carbénium  ion  from  the paraffin (H-transfer  
reaction):
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R !-C +H -R 2  +  R 3-C H 2- R 4  ->  R !-C H 2- R 2  +  R 3- C +H -R 4  (4 )

5. D esorption  w ith  hydride abstraction from  (cy c lic )  o le fin s  or coke  
(precursors) to form  paraffin and a m ore arom atic com pound (H -transfer reaction):

R i- C +H -R 2  +  R 3-H C = C H -R 4  - »  R ]-C H 2- R 2 +  R 3- C += C H -R 4  (5 )

The b im olecu lar reactions (2), (4 ) and (5) can occur i f  the pore size  o f  
the catalyst is  large en ou gh  to accom m odate the reactive interm ediates, or they should  
occur o n  the outer surface o f  the zeo lite  particles. I f  the pores are too sm all, as in the 
case  o f  Z S M -5  (0 .53  nm x 0 .5 6  nm ), these reactions cannot take p lace w ith  the larger 
(g a so lin e) com ponents, although o ligom erization  or dim erization o f  sm all (C 2- C 4 ) 
o le fin s  cou ld  be p ossib le . For exam ple, in the M ob il o le fin s to gaso lin e  and d istillates  
p rocess (M O G D ) cou p lin g  o f  light hydrocarbons is  catalyzed  b y  Z SM -5.

W ith Z S M -5 , cracking through dim eric interm ediates has on ly  been  
reported in  the reactions o f  relatively  sm all « -o le fin s  (C 4- C 6 ). A bbot and 
W ojciech ow sk i [127] have studied cracking o f  « -o le fin s  from  C 5 to C 9  at 6 7 8 K  w ith  
Z SM -5 and found that cracking o f  pentene so le ly  took  p lace through a 
dim eric/d isproportionation  m echanism . Cracking o f  heptene and larger m o lecu les  
p roceeded  m ain ly  through m on om olecu lar cracking and at 678  K; h exen e represented  
the transition case  o f  the tw o  m ech an ism s and w as cracked by both m on om olecu lar  
cracking and through dim eric interm ediates.

W ith Y -type zeo lite s , the dim eric m echanism  is a m ore im portant 
reaction route; for exam ple, it has b een  found that cracking o f  C 7 took  p lace for 25%  
v ia  a d im eric d isproportionation reaction at 746K  and for 32%  at 673K .
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2 .5 .4 . P r o p o se d  C r a c k in g  M e c h a n ism s o f  P o ly m er

For Z SM -5 the cracking reactions o f  larger C 7+ o le fin s are restricted to  
sim p le  P -sc ission  reactions. The relatively  straight chains (or parts o f  it) can enter the 
pores o f  Z S M -5 , are adsorbed, sp lit-o ff  sm all o lefin s, and desorb. For exam p le, the 
reaction o f  n-heptene over Z SM -5 (for sim p lic ity  on ly  the p -sc iss io n  m echanism ) is 
sh ow n  in F ig .2 .2 4 . T he adsorbed C 7-carbenium  ion is  cracked to propene and  
C 4 -carbenium  ion. Then C 4 -carbenium  isom erizes to butene or is cracked to tw o  
ethene m o lecu les  [128].

F ig u re  2 .2 4  M onom olecu lar cracking m echanism s (on ly  m echanism  p o ssib le  w ith

favorable b ecau se it in v o lv es  the form ation o f  tw o  primary carbénium  ions. H ow ever, 
due to the sm all pores o f  Z S M -5 , the electrical fie ld  in the pores is larger and a 
rela tively  large interaction b etw een  the catalyst and the adsorbed carbénium  ion s shall 
ex ist. It is b e liev ed  that the o x y g en  atom s o f  a zeo lite  structure p lay a role in  so lvatin g  
carbocations, d e loca liz in g  the p o sitiv e  charge into the fram ework. The sm aller the 
size  o f  the pores o f  the zeo lite , the c loser  the different o x y g en  atom s are to the 
adsorbed reaction interm ediates and the higher the p ossib le  interaction. S o  p ossib ly , 
as a result o f  increased stabilization  o f  the interm ediates, the form ation o f  ethene is  
enhanced  w hen  sm all p ore-zeo lites such as Z SM -5 are in volved .

adsorbed C 4 -carbenium  sp ec ies and n ew  heptene m o lecu le  to form  an adsorbed C n -  
carbenium  ion. The Cl 1 carbénium  ion  is cracked to hexane and C s-carbenium  ion.

Z S M -5).

G enerally , the secon d  reaction, form ation o f  e thene, is en ergetica lly  less

O n the base catalyst, w ith  zeo lite  Y  as active  sp ecies (pore s ize  0 .7 4  nm )



T his b im olecular cracking m ech an ism  proposed  by W illiam s et al. [125] is 
illustrated in  F ig. 2 .2 5 . A lso , the adsorbed heptene carbénium  ion  cou ld  o ligom erize  
before cracking.
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F ig u re  2 .2 5  B im olecu lar cracking m ech an ism  that can occur on  zeo lite  Y  in addition
to the m on om olecu lar m echanism .

B ecau se  o f  the larger adsorption strength o f  larger hydrocarbons, the 
bim olecu lar m ech an ism  have an im portant contribution in the cracking m ech an ism  o f  
the heavier gaso lin e-ran ge o lefin s, provided  that the catalyst pore size  is large enough  
to accom m odate the reaction interm ediates. A rom atics and h igh ly  branched  
com p on en ts, therefore, are too large to  react through b im olecu lar m ech an ism s. Linear 
com p on en ts are the m ost lik e ly  on es to react through this m echanism .

A ccord ing  to th is proposed m echanism , the active site o f  Z S M -5  is the  
acid  site itse lf, w h ile  the active site in zeo ltie  Y  can be represented b y  the adsorbed  
carbénium  ion. The reaction interm ediates w ith  Z SM -5 contain  the num ber o f  carbon  
atom s (C 5- C 11), w h ile  the (surface) interm ediates w ith  the base catalyst can be m uch  
larger. A s  a result, the cracking products from  Z S M -5  w ill be m ain ly  C 3 , C 4 , and to 
som e exten t a lso  C 2  o le fin s, w h ile  w ith  the zeo lite  Y  base catalyst larger fragm ents 
can be form ed.

T his agrees w ith  the results that can be found in  literature; the m ain  
products from  « -o le fin s  and /-o le fin s cracking on Z SM -5 are light o le fin s  w ith  a h igh



se lec tiv ity  for propene, /-butene, and in som e cases the increased y ie ld s o f  ethene  
are reported.

as catalyst is  proposed by Ishihara et al. [1 2 9 -1 3 0 ]. A s described, branched  
p olyeth y len e  com p on en ts have short chains con sisted  o f  m ainly o f  m ethyl groups.

three eth y len e  m onom er units. The typ ical o ligom er structure w as found to be 
virtually  the sam e as that o f  p o ly isoh ep ty l based on branching frequency. M oreover, 
o ligom er chains sh ow ed  random branching in an ethylene sequence in regular 
structures o f  p o ly isoh ep ty l. The catalytic  cracking o f  PE is initiated by attack o f  low  
m olecu lar w eigh t carbonium  ion (R +) on  a very sm all num ber o f  on-chain  hydrogen  
atom s attached to tertiary carbon atom s in polym er chains. The initial reaction o f  
m olecu lar w eigh t reduction is sh ow n  in equations ( 1 ). P -scission  o f  on-chain  
carbonium  ion s (A ) occurs to produce chain-ends (B ) and (C):

A  m echanism  for the catalytic cracking o f  PE and p p  using  A l-M C M -41

W here n+m =5, m =0-5  
and 1= 2 .3 -6 .7

Branching o f  the m ain fraction w as at a frequency o f  one branch per

C H 2 -C H 2~
( ๑

+  ~C H 2 -C = C H 2-  ( 1 )
(B ) : h 3

2 .5 .4 .1  M ech a n ism  o f  G a s F o rm a tio n .
G aseous products are produced from  the liquid fraction produced  

by d ecom p osition  o f  o ilgom ers and reaction w ith  typical o ilgom ers is  show n in the 
fo llo w in g  schem e, (w here R + represents the vo la tile  carbonium  ion, ~C H 2 -C H -C H 2)
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CH3

~CH2 -C H -C H 2 -C H 2 -C H 2

c h 3

-C H 2 -C H 2 -C H -C H 2-C H r
C H 3

~ c h 2 -(j:-c h 2 -c h 2 -c h 2

+  R + ______ ►  C H 3 + R H
-C H 2 -C H 2 -C H -C H 2 -C H 2~

c h 3 

(D )

(2)

(D ) C H 2 -C = C H 2  +  c h 2 -c h 2 -c h 2-c h 2 -c h -c h 2 -c h 2-
c h 3 c h 3

(B ) (F)
(3)

G as form ation takes p lace b y  w ay  o f  the d ecom p osition  o f  
th ese  fractions. The unstable reaction interm ediate (F) isom erized  to  secondary (G ) or 
tertiary carbonium  ions (H ) as show n b y  equation (4).

From  (F)
--------- ►  C H 3 -C H -C H 2 -C H 2-C H -C H 2 -C H 2~

c h 3

(G )
From  (G )

-> C H 3 -Ç H -C H 2 -C H -C H 2 -C H 2~
c h 3 c h 3 

(H ) (4)

*  C H 3 -C H =C H 2 +  c h 2 -c h -c h 2 -c h 2~

(1) ๓ 3  (J)

(5)

From  (H )
►  C H 3 -C -C H 2 -C H -C H 2 -C H 2~  ------ ► CH3 -C =C H 2 +  Ç H -C H 2 -C H 2

c h 3 C H 3 

(K )

c h 3

(L)

c h 3 (6)
(M )

Ions (G ) and (H ) are essen tia l to g aseou s product form ation and are 
m ainly  produced by P -sc ission  o f  th ese  carbonium  ions (H ). Isobutene is  converted  to 
isobutane through hydrogen  transfer by the catalyst so  that its y ie ld  is  rem arkably  
high. P ropylene is produced in high y ie ld  by direct P -scission  o f  other im portant ions  
(G ) at h igh  tem perature.



The propane com ponent is independent o f  propylene y ie ld  
and is not produced by hydrogenation  o f  propylene. The propane com ponent is 
probably produced from  propyl carbonium  ion s produced by (3-scission o f  vo la tile  
tertiary carbonium  ion s w ithout hydrogenation o f  propylene. For instance, 
stab ilization  o f  (F) ions takes p lace w ith  low er activation  energy o f  isom erization  and 
thus intram olecular rearrangem ent to inner tertiary carbon atom s occurs. (F ) ions  
cause interm olecular rearrangem ent by back b iting reactions:
From  (G )
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H
*  ç h 2 N^ (CH j)—c h 2- c h 2~  

CH 2 C H 2
(N)

+  CH3 ^(CH3KC H 2~~CH2 ~ 
c *2  CH2 (7)

CH2 (O)

*  (pH3 (j:(CH3) = C H 2 +  C H 2 -C H 2 -C H 2 -C H 2 -C H -C H 2~  
C H  2 C H  2 (F) C H 3

''๗ 2 <p)
From  (P)

(P) +  H ------ ►  C H 3 -C H 2 -C H 2 -C H 2 -Ç -C H 2~
I  C H 3 (Q )

c h 3 -c h 2 -c h 2 + c h 2= c h -c h 3

(R ) C H 3 (L)

(8)

(9)

(L ) +  H +-------►  C H 3 -Ç -C H 3 — ►  CH 3 -Ç H -C H 3

น

(ร)
(R ) +  H + ------ ►  C H 3 -C H 2 -C H 3

(10)

(11)

The stabilization  o f  tertiary carbonium  ions (O ) proceeds by  
(3-scission at the (b) p osition  to g iv e  rise to a m ore stable fraction (P) than propyl ions  
((a) p osition ). E quations (7 ) - ( l  1) sh o w  isobutene and propane are produced. Propane 
is  not produced by the hydrogenation o f  propylene.
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The m echanism  o f  polyp rop ylen e is  sim ilar to po lyeth y len e

but the typical o ligom er o f  po lyp rop ylen e is
C H 3

€ H 2 -CI% CH2 -C H -C H 2-H
£ H 3 J

2 .5 .5 . R ea c tio n s  o f  P a ra ffin s
Com pared to o lefin s, paraffins have a low er reactivity tow ards cracking  

due to a m ore d ifficu lt form ation o f  carbénium  ions. D irect form ation o f  a carbénium  
ion  requires the abstraction o f  a hydride ion. T his m ay proceed  at L ew is acid  sites or 
adsorbed carbénium  ions can react w ith  paraffins in a b im olecular-type o f  m echanism . 
The latter m echanism  requires the p resence o f  the adsorbed carbénium  ion s and can  
take p lace i f  the pore s ize  o f  the catalyst is large enough  to accom m odate the 
n ecessary  transition state (as is the case  in zeo lite  Y  and not in  Z SM -5).

Indirect form ation o f  carbénium  ion s is  proposed to proceed  through the 
form ation o f  carbonium  ions; paraffin reacts w ith  a proton from  a Bronsted acid  site  
and the resulting adsorbed carbonium  ion  is cracked to an adsorbed carbénium  ion  
and hydrogen  or a sm all o lefin . The form ation o f  a carbonium  ion  requires an 
en ergetica lly  unfavorable transition state and has h igh  activation  energy. This 
m ech an ism  for activation  o f  paraffins w ill on ly  be sign ificant in the absen ce o f  o le fin s  
and is  favored by high tem peratures, lo w  hydrocarbon partial pressures and lo w  
con version s o f  the paraffins. The occurrence is  not exp ected  to be sign ificant w hen  
cracking a gaso lin e  m ixture that contains o le fin s. The o le fin  can ea sily  form  
carbénium  ion s and cause cracking o f  paraffins through the b im olecu lar cracking  
m ech an ism s as d iscu ssed  above.
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