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which i§ balanced by cations that occupy nonframework positions. A representative

empirical formula for a zeolite is written as:

My [(AlOy)x (Si02),] wH,0



"$9]BOI[ISO[[BIW

oy Jo A103s1eoqns & Adnooo sa3I[0SZ Sy, "UONISOdWOd Ul UOHELIEA SAISUIIXS 3Y) SuryedIpul S[ELISJBW 9AJIS E_souwﬂﬂhoumoﬁmmﬂo ['7 dan3iyg

€
™

‘ N vo  S31vD0uS
\ Hyret -0H08

/ w
- 1 w7 ?J;ﬁm . 1% ,.,_.. NN SILYOMUS
== .,,_m }ﬁfi (o) [ s [ { el
Vi
_ "‘?
HIHLO S2LYHASOHJONINNTY i - @oﬁﬁ
| Ca

S3A3IS
Chalpierniel,]




where M represents the exchangeable cations, the alkali or alkali earth ions, although other
metal, nonmetal, and organic cations may also be used to balance the framework charge, and
n represents the cation valency. These cations are present either during synthesis or though
post-synthesis ion exchange. The value of y/x is equal to or greater than 2 because A" does

not occupy adjacent tetrahedral sites.
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The crystalline auctis 1 \ d channel of discrete size. The
nding on the structure. Water molecules
present are located in thesé ch 1€ " he tions that neutralize the negative
charge created by the presence -‘ theA tetr2 edral in the structure. Typical cations
include, the alkalin‘ Y g%, Ca™) cations, NH,',

e 4 ining organic cations, and
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Describing zeolites in term of their pore openings and

H,0" (H'), TMA™ (teud

the rare-earth and nobl@muetal ions.

simplifies by comparisons of their adsorptive and catalytic properties. The need to
comprehend, or at least relate, the seemingly large number of complex zeolite structures in
order to compare structural properties has led to the development of structural building unit.
The primary building unit of a zeolite structure is the individual tetrahedral
TO, unit, where T is either Si or Al. Figure 2.2 represents the primary building unit of the

zeolite.
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Figure 2.2 The primary building unit of the zeolite.

known zeolite structures. These seeor : building. U s "Consist of 4-, 6-, and 8-member
single rings, 4-4, 6-6, and 88 g . : e ""’\"‘n -1, and 4-4-1 branched rings.
- in E \\ so listed are symbols used to

from several different SBU’s.

Descriptions of known zg their s are listed in Table 2.1. The

4-1 4-4-1

Figure 2.3 Secondary building units found in zeolite structures.
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Table 2.1 Zeolites and their secondary building units. The nomenclature used is consistent

with that presented in Figure 2.3

Zeolite secondary building units

4 6 8 44 6-6 8-8 4-1 5.1 4-4-1

Analcime
ZSM-5
Mordenite
Sodalite
Type A
Stilbite
Cancrinite
Faujasite
Chabasite

Merlionite

ll
{
The secondary bujlding unit does @wde convenient method of topologically
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differences and 51m11ar1t1es requires a Building unit that,takes into account the arrangement of
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building unit. There are in fact four unique orientations for the tetrahedra in 4-member ring.

All four tetrahedral can be pointing up (or all four pointing down), two adjacent can be
pointing up with the either two pointing down, the two opposite tetrahedra can be pointing up,
or three can be pointing up. The development of chain formed from these 4 member-rings

structural building units is depicted in Figure 2.5.



Mordenite

Figure 2.4 Framework structures of some zeolites.
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Figure 2.5 Silicate anions generated by linking rings in different directions of their

tetrahedra.
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2.2.2  Properties of Zeolites

2.2.2.1 Shape and Size Selectivity
Shape and size selectivity plays a very important role in catalysis.

Highly crystalline and regular channel structures are among the principal features that

molecular sieves used as catalysts offer aver ot! aterials.
lectivity: reactant shape selectivity,

product shape selectivity, selectivity. These types of selectivities are

depicted in Figure 2.6. Rg ity \,\“ﬁi\ ot the limited diffusion of some of
the reactants, which ¢ ELy enter a ‘*\ ase inside the crystal. Product shape
selectivity occurs when iffusi _ ¢ molcehles Gannot rapidly escape from the
crystal, and undergo sec ition-state shape selectively 1s a
kinetic effect arising from active site, i.e. the rate constant
for a certain reaction mech ary transition state is too bulky to

form readily.

i

= = The-ciitical-diametei(as-opposed-toth ‘ ngth) of the molecules is
important in predicting shape sele 0 cul@are deformable and can pass
through smaller openmgs"t@ their critical eter Hence not only size but also the

i o e b %E%W&fc}oﬂ‘i

An equivalentf to activationsgnergy exists for sthe diffusion of
molecﬂswgﬁﬁmriemuem algam-aeaeargaﬁonal energy
of molegule (as move through the force fields in the pores) must increase significantly as the
dimensions of the molecular configuration approach the void dimensions of the crystal. It
should be noted that the effective diffusivity varies with molecular type; adsorption affinity
affects diffusivity, and rapidly reacting molecules (such as olefins) show diffusional mass-

transfer limitations inside the structure due to their extreme reactivity.
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Reactant selectivity
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+ CH3OH
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state shape selectivity.

The effective size and relative accessibility of the pore and cavities can
be altered by partially blocking the pore and/or by changing the molecular sieve crystal size.
Effect of shape selective are especially induced by the above two methods when the

diffusivities of these species differ significantly.
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2.2.2.2 Cation-Exchange
On the surface of the zeolite, there are the cations that neutralize the
negative charge created by the AlO, tetrahedra in the structure. Typical cations include, the

alkaline (Na*, K*, Rb", Cs") and the alkaline earth (Mg’", Ca™") cations. The cations are on the

surface that can exchange to the other cations that are shown in the Figure 2.7.

ﬂ%ﬂ%l@t%ﬁ%ﬂ‘iw AN

All of the variagion pretreatmeacondltxons as w&’as synthesis and
post—tra‘nw qalﬂnﬂ ﬁ mmlﬁlz-be%lﬂlqaa&lty an activity
observed in the zeolite molecular sieves. Both Br@nsted and Lewis acid sites are exhibited in
these materials, with assertions by various investigation that:

1. Br@nsted acid sites are the active center.

2. Lewis acid sites are the active center.

3. Bronsted and Lewis acid sites together act as the active centers.
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4. Cations or the other types of sites in small concentrations act in
the conjunction with the Br@nsted/Lewis acid sites to function as

the active center.

Strong electric fields in the zeolites arise from the various charge

: l Equilibrium

AUPINENINEINT,
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Figure 2.8 Diagram of the “surface” of a zeolite framework.

The ammonium-form zeolite was converted to the hydrogen-form

one by calcinations at elevated temperature. The thermal treatment causes removal of NH;
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from the cation sites and leaves protons as the balancing cations. The aluminum sites with its
associated bridged Si-O-H are a classical Br@nsted acid. The Bronsted acid site has been

proposed to exist in equilibrium with the so call Lewis acid site, the trigonally coordinated

aluminum.

Dealumination by acid treatment results in material having similar
properties with dealuminated zeoli CS 1€ ulting fr ehydroxylation as shown in Figure 2.9.
In general, chemical treatments, “mcluding “doid” ction of aluminum from zeolite
framework, usually affect' e_cxterial s ace, "_g- drochloric acid treatment, for

example, removes alumiz
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Figure 2.9 The mechanism of framework dealumination.
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The products of dealumination can be extracted from the molecular
sieve pores by the use of acid. However, the removal of the aluminum from the lattice has
been claimed to produce a “nest” of four Si-O-H sillanols. Dehydroxylation is believed to be
accomplished at the area of the silinol “nest”, followed by reconncetion of Si-O-Si bonds. As

a result the unit cell of zeolites is contracted.

2.3 Structure and Chem emte Zeolite

Mordenite®* i /

zeolite has two differe

readily in nature. The mordenite
alled the 5-1 unit and each
pework. Mordenite is a large-
pore zeolite having an ort talling S re. The structure consists of chains that
are crosslinked by the shari ; -;j: Y ge e high degree of thermal stability
shown by mordenite is pro 1 due- _ : number of 5-member rings that are
energetically favored in terms of stab hielar e is 12-member ring of the site 6.7 A

x 7.0 A and its small —- member X .; x 5.7 A. The framework

Figure 2.10 The framework structure of mordenite.
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The chemical formula of a typical unit cell of hydrated Na-mordenite (Si/Al = 5) is
Nas[(AlO,)g(Si02)40].24H,0. In the hydrated crystal, 4 sodium jons have been located in the
constrictions with a minimum diameter of 2.8 A. Locations of the remaining 4 sodium ions
and water molecules are not known. Large cations such as cesium cannot occupy the positions

determined for sodium. Natural mordenite contains crystal stacking faults in the ¢ direction or

\* es and molecular sieves are

fingerprints of their structufes. : _ : aw \\ an X-ray beam strikes a crystal
scattered by the layer of atoms at the
surface. The unscattered portion- &£ to the second layer of atoms and the
third layer of atom, fW#-m.: ) rystal is shown in Figure

2.11. When atoms aremnate - - erl%r distance, this diffraction is

similar to the diffraction of ﬁting, where d iwe interplanar distance of the crystal. Thus,

o U SR WA o v
awwmmmumwmaa

The typical X-ray diffraction data for the mordenite zeolite are shown in
Table 2.2 and its XRD pattern is shown in Figure 2.12. The X-ray diffraction data include the
spacing (d) and the relative intensity (/). The spacing (d) is given in angstrom units, and / is

the peak intensities relative to the strongest peak in the pattern (1,=100).



Figure 2.11 Diffractions of

Table2.2 XRD data for e W al unit cell:

Nas((AlO,)s(S

190.;)25655 ' _ zz;

6.0‘ 4.5¢ 894 L'J 30.89 8..8

fl ABYATNENAT -
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3.840 23.16 16.9 24059 44.11

3.764 23.64 6.9 2.018 44.92 49
3.476 25.63 158.1 1.955 46.44 7.3
3.422 26.04 5.0 1.920 4734 52

3.395 26.25 43.5 1.882 48.36 9.4
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2.4.2 Atomic Absorption Spectroscopy
Atomic absorption is one method to determine Si/Al ratio in a zeolite. A
number of atoms are obtained from the absorption of free atoms at their characteristic
wavelength. For example, the sodium atom absorbs radiation at a wavelength of 589 nm to

transmit, in contrast calcium atom absorbs radiation at the wavelength of 423 nm. Energy

absorbed by an atom may be ther K en the atom absorbs thermal energy,

\i7

‘\ 1
dissociation, vaporization, ionizatic {«“‘ tation of'the.atom occurs.
— J
For monochromatic radiation, a directly proportional to the path
5 Y

length b through the mediym#@nddhoConcentrati n ¢ of the absorbing species with the molar

R

absorptivity &.

These relatic Beer’s law, which serves as the basis

for quantitative analyses. The Adte adiation by an absorbing solution is

shown in Figure 2.13 —————
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Figure 2.13 The attenuation of a beam of radiation by an absorbing solution.

2.4.3 Ammonium Temperature Program Desorption
Temperature-programmed desorption (TPD) of ammonia is probably the most widely
used method for characterizing acidity in zeolites and mesoporous materials. There are many

variations on the method, but it typically involves saturation of the surface with ammonia
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under some sets of adsorption conditions, followed by linear ramping of the temperature of
the sample in a flowing inert gas stream. Ammonia concentration in the effluent gas may be
followed by absorption/titration or mass spectroscopy. Alternatively, the experiment may be
carried out in a microbalance and changes in sample mass may be followed continuously. The

amount of ammonia desorbing above some characteristic temperature is taken as the acid-site

concentration, and the peak desorptio have been used in calculation for heats of

ength of ammonia-acid interaction

as well. -

7. —
2.4.4 Solid St ‘ 48!

octahedrally coordinated a

relative amount of framewor

Endothermic cat ularly petroleum fractions, to

lower molecular welght ‘desuable products 1s well known.”* This process is practiced

industrially mﬂyu% ’a‘% E]h%%bwe&} ’}ﬂc‘éacted with hot, active,

solid partlculatevatalyst without addedshydrogen at raﬂer low pressures &,about 50 psig and
tempnﬂuﬁ Q‘Qﬁa ﬂ?ﬂésﬂ*wa;} ﬂ %Jr% Hd is cracked to
‘lower molecular weight, more valuable and desirable products, coke is deposited on the
catalyst particles. Coke is burned off from the catalyst particles to regenerate the catalytic
activity.

Two major variants for endothermically cracking hydrocarbons are fluid catalytic
cracking (FCC) and fixed bed catalytic cracking. Cracking catalysts which may be a

: . - . a ; £ . .
crystalline aluminosilicate zeolites and amorphous silica alumina." """ For catalytic cracking,
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the acidity of the zeolite affects the catalytic activity of the zeolite. In general, when the Si/Al
molar ratio in zeolite increases, the acidity of the zeolite also decreases. The acidity of the
zeolite depends on Br@nsted and Lewis acid sites. The activities for polymer degradation over
zeolites increase when the acidity of the zeolites increases. However the best catalytic

condition is not received when the Si/Al ratio increases, the best condition is obtained when

\lene was proposed.”** The

protons from Br@nsted ains resulting in formation of

primary carbenium ions:

R"
H 30/

CCELEAIR AL

produce secondﬂ' carbenium ions, whi}h may rearrange to form more stable tertiary ions:
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. /CH2 . /\R — /\R N ) /CH3

Rn H+ /\*_/ Ru
R/\/ — > R
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R‘CH2<-> (R) R"

[-scission of these st : &y carbenium ions can result in

nd olefins.

7 ‘
Chain-end olefin 'double bond act with catalyst protons to again form

carbenium ions, whieh, aft n, can opene .or isobutene, depending on
n

whether R in the equat{es Y]

] ]
ﬂu‘aﬁw ew-qu’fﬁi
q wwi%ﬁ 188
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2.5.2 Mechanism of Catalytic Cracking of Polypropylene
The degradation of polypropylene mechanism was proposed in several steps.*®
The molecular weight reduction is first initiated by attack of low molecular weight carbenium
ions, R', on hydrogen atoms attached to the tertiary carbon atoms of the polypropylene

backbone chains. These ions are produced by protonation of volatile olefinic products present

(1)
where R stands for volatil
R H + HR
n
(A)
()
&
=
2 © 3)

ﬁﬁﬁﬁ"ﬂﬁﬂfﬂﬂﬁﬂ ‘5"‘“5 to produce chain-

ends (B) and (C}L/The protonation of vi (yhdcne (B) occurs to produce tertlary carbenium ions

P ARIQ/NNITU UAIINYQ Y

+
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B) ) (4)
Gas formation may occur mainly from the ions (C) and (D). Ion (D) is mainly
transformed by hydride ion addition or S-scission to produce chain-ends (E) and isobutene

(F). (F) produces isobutane by hydrogenation as follow:
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be pirodilce \ ion of ions (C), (D) and (E).

) Thd (E), (only C; fraction can):
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The isomenzatio P i ‘ (C) and(E). proceeds by intramolecular

rearrangement via a st carbon atoms. Ion (I) are

0)
from the chain-end olefifis fofingd; Sonsequent . ; ‘- d of the Cs fraction should be

stabilized by Equation quatie 0), there is no gas formation

important. The C, fractiont was thé n el_»: id fraction. Fraction (K) produces

reaction intermediate (M) by puotonation-and ¢ ergoes /3 scission as follows:

———~

4,
i
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addition to ion (J).

(J)_>\/|\_H-_>\)\
+

(13)
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