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CHAPTER1

INTRODUCTION

In recent years, Plastics have become the material of choice for wide-ranging

applications: household, agricul'y. i § jogtruction, packaging, etc. The world's plastics

consumption has increase: v # 4 5 million tones in the 1950s to nearly
170 million tones tods;
UK [1]. It is not

development. Plastico g

goingle sector of plastics use in the
"= have experienced such rapid
wide spectrum of possibilities.
1, 2]:

el 0.8 and 2.2 g/cm’. They are
thus light g fuel consumption during

Their properties can '

e Plastics aic i

e Plastics have ' g ik ', : ) Wt resistance.

e Plastics are olte, oA e : ored as desired.

e Plastics are excelleni™ — ®rical insulators.

e Plastics exhibitagi =5 B mechanical properties. They can

7

be soft ¢ - - ‘:‘
o Plastics arei< -

e Plastics arc” ood safety and hygiene propertlesor food packaging.

| EEIETIYINT, o e

methods.

qmmnmummmaﬂ



Plastics can be classified as thermoplastic and thermosetting resins (Table
1.1). Thermoplastics make up 80% of the plastics produced today, while thermosets
make up the remaining 20% of plastics produced [3].

Table 1.1 Two Basic Types of Plastics [4]

Softens when exposed to heat & refr:

Are recyclable and®Car T AR avle and transparent

Examples: polyvi##< nlyesters, polyurethane (PU),

polypropylene (PP’

3

-
-

Most consumer® re !%

system created by the AmaEZba/\ 24

oi'plastics by the numerical coding

tics Industry in the late 1980s. There
are six differenf y43/Jused to package household
products. The i v A und on the bottom of most

plastic packaging M. These ORI Ot clfnon uses are shown in Table
" AuUSInEnINeINng
ARIAINTNMTNYINY



Table 1.2 Commodity Plastics and Their Uses [1]

Type | Abbreviation Major Uses

oven-ready meal trays.

PET Polyethylene terephthalate - Fizzy drink bottles and

washing-up liquids.

HDPE High-density polyethylene - Bottles for milk and

PVC | 3 ‘e - Food trays, cling film, bottles for

Dl 2 P

y \ . tubs, microwaveable meal
S,

.'"'\.H. \ -
W s, foam

b N

PS
£

|

\ .ons, vending cups, plastic

v for electronic goods and

meat or fish trays,

L

OTHER
&y

lo not fall into any of the above

mple is melamine, which is often used

1.!

Chemical Mar}et Associates, Inc. (CMAI) a Houston-based global chemicals

:z:,:::mzamzmmmf

million metric tons of

weight composition of

the dlfferent type dlastu%:reseﬁt in Westemﬁrﬁ is sh wnwéjure 1.1.

NN INE



World Major Thermoplastics
2005 Demand by Major Polymers

2tric Tons

Demand for#G T .- A%aild by Polyolefins (PP & PE).

They represent over € F v ehs ity\ s consumed on an annual basis.

PP represents the single E is the largest category including
LDPE, LLDPE & HDPE. P78 4 < /) found in the market in several grades
[7, 81: O\ S

I. Low d&f

a high pressure un 'fl alyzea pIoTeEEENERCOntains j g and short branches; these

_.-"‘ homopolymer produced in

branches in LDPE pregreat a good packmwf polymer molecules and in consequence

vepm BRIV INE 1T

2. Hifjh density polyethylene (HDPE) was ﬁrstly obtamed in 1958 by the use

S Iy

fragility.
3. Linear low density polyethylene (LLDPE) was produced in the 1980s by

copolymerization of ethylene with other olefins like 1-hexene. Thus, a great quantity
of short branches was added to the main polyethylene chain, achieving intermediate
properties between HDPE and LDPE.



The disposal of plastics products also contributes significantly to their
environmental impact because most plastics are non-degradable. There are many
alternatives to manage plastic waste such as landfill, recycling, and incineration;
however, each of these methods has disadvantages. Landfill treatment of plastic waste
is less desirable due to high cost, poor biodegradability and the possibility of
unacceptable emission [9, 10]. Incineration of plastic waste finds strong social
rejection because of possible atmospheric contamination. Recycling is a popular

roduct often costs more than virgin plastic. In
ed are recycled compared to 34% of

//his time, plastics recycling only

minimally reduce thew ¢ Virsh ro——cd to make plastics. Recycling
papers, glass and “y 1. 7 ==cyvied more than once, saves far
more energy and re®ur 4F s AR L cstecyceling [5].

4 | L

’ mechanical recycling and
\ y melting and re-moulding of

used thermoplastics ' J o 2%, products. Chemical recycling

recovery path but recycled plastic_

Recycling

chemical recycling

gl _ % pitstic waste into petrochemical
feedstock for use in th#pH: | chi Wic¥s or fuels [11].
2cy®ling, which has attracted much
interest recently with the air ﬂ‘, A e polymers into basic petrochemicals
to be used as fiz:d L ALrjam processes. Two main
chemical recycli Y "r‘ gradation of waste plastic
[12]. ] U]
1. Thermal dcgr ation requires hlﬁh operating temperature, typlcally more

o 5o SR TN WP v e o o

correspondirfg raw monomers [13 14]. Moreover, thermal converSlon of PE and PP

OV EIpL ) (17D 1

2. Catalytic degradation of plastic waste is a method to obtain valuable
products from polymers [16]. Catalytic cracking have several advantages over a
purely thermal process. First, catalysts promote the degradation reaction to occur at
lower temperature, with implies lower energy consumptions. Second and most

importantly, the shape selectivity exhibited by certain catalysts allows the formation



of a narrower distribution of products, which may be directed towards light and
aromatic hydrocarbons with higher market values [11].

Since catalytic technology is the key technology for petroleum refining and
petrochemical processing and catalyst is the core of catalytic technology, the
development of new catalysts would have a great impact on petroleum refining and
petrochemical industry [17]. A number of authors have reported promising results on
the cracking of polyolefins over several acid catalysts like zeolites, clay, and

mesostructured materials [18-21]. Diff=gences in the catalytic activities of these solids

presence of active sies i- rria. are useful in a number of acid-

catalyzed reaction$™<’ v "\,\, puulished using zeolite beta as

bof the studies reported in the

R. Nakao et c 2 ff % & %ade BEA zeolite prepared by a

solid-acid catalyst;
literature will be re
hydrothermal synthCsi ey %aljtic cracking of hydrocarbons
compared with comm ‘ 2 e Wu¥s showed that homemade BEA
had more Bronsted acidsi J’ﬁ 1l WEA zeolites, and exhibited much
higher activity in catalytlc c _49‘, _
activity of BEA (.24
BEA (HTS) gavesds

L. Bonetto "'l al. [24] Stooroeeseenn et catal I'}:s with different crystal sized

hons, especially n-heptane. The initial
o)t of HZSM-5. In addition,

£ ‘ ‘egeneration treatment.

in catalytic cracking @t gas-oil. The sample with an average crystal size of 0.4 ym

showed arﬁ)%ﬂ ’apV]nH 9/}@ wﬂty’]ﬂ ‘§ and selectivity. This

sample, befd§ and after stcammg, gave a sllghtly lower sclect1v1ty to gasoline than a

RIS Tl

gasoline production. Zeolite beta with the same Si/Al ratio, but with crystal size in a
narrow distribution countered at ca. 0.17, 0.40 and 0.70 pm were used in order to
study the stability. The result showed that the stability of zeolite beta slightly

increased with increasing crystal size.



G. Manos et al. [25] explored the catalytic cracking of HDPE over ultrastable
Y, Y, B zeolites, mordenite and ZSM-5 at 360°C. The structure of the zeolite
framework has shown a significant influence on the product distribution. Over large-
pore USY, Y and B zeolites, alkanes were the main products with less amounts of
alkenes and aromatics and only very small amounts of cycloalkanes and cybloalkenes.
Medium-pore mordenite and ZSM-5 gave alkenes as major products. The
hydrocarbons formed with medium-pore zeolites were lighter than those formed with

large-pore zeolites. A similar order g

g found regarding the bond saturation:
(more alkenes) ZSM-5<mor: ¥4 # (more alkanes)

D.P. Serrano er <™ porte\‘&vtlc cracking of polyolefin mixture
consisting of 46.5 wm—— %—-—l' 28.5 wi% PP at 400°C over a

variety of acid solids a< was found as follow:

n-HZSM-5>H-bcia>" 4% / ‘ » W s vi-5>HY>thermal degradation
The activity ordes®or 4 4 e ._ s related to their respective
properties and the g c le % N Nl Zeolite beta leads to a high

conversion because *, {"face area enhances its cracking:
activity. The exteriial JF %y %inaered for the conversion of the

bulky polyolefin mdfec Js. iffc Wacds are observed in the product

distribution: n-HZSM-¢ sh(

leads mainly to liquid hyd _f..’%, A

leclivity toward C;4(50 wt %), H-beta
i %), whereas HMCM-41 yields both
Cs.12(54 wt %) -+— 4+J the selectivity by carbon

R

% oducts, although its value

atom number, Y
changes widely de. ‘I 1ding on uIC Caaty st ]
A. Marcilla @gmgl. [27, 28] gtpdied the effect of the addition of a

o S SRBIRD PP o0 i

conditions iflk thermobalance ang, in a batch reactor The results have been compared

ARSI AR

even at very low zeolite concentration. Although this mixture had a saturating effect
at a certain concentration of catalyst (around 7%), a remarkable effect in the first steps
of LDPE decomposition as increasing the catalyst loading has been observed, which
has been attributed to the external acid sites presents in the nanocrystalline zeolite.

The HZSM-5 zeolite produced a gas richer in Cs3 compounds than H-beta zeolite,



whereas the gas obtained in the catalytic cracking of LDPE with H-beta produced a
gas richer in C4 + Cs than HZSM-5. The H-beta zeolite permits to obtain a gas with an
elevated weight fraction of isobutane as compared with the HZSM-5 zeolite. This
different behaviour can be explained by the different pore structure: the higher the
pore size, the higher the isobutane/n-butane ratio.

J. Aguado et al. [29] have investigated and compared the behavior of six acid
solids of varying acid and textural characteristics for their catalytic activity in the
degradation of LDPE, HDPE, and

agricultural origins using thgs

2 nlastics of recycled polyethylene of urban and

and differential thermal analysis. The

/ Amc materials (standard ZSM-5,

nanocrystalline n-ZS e # cta Mind =ess—_Ostructured solids (sol-gel Al-
MCM-41 (sg), hydy Tl B 2 ~1-oBA-15). The catalytic activity
of each acid solid 755 "¢ AN e St the degradation reaction to

lower temperature e . & § fin L OO lies, standard ZSM-5 zeolite

catalysts used in this Y :

sics, which was attributed to
diffusional impedime' 't & e V.  bulky polymer molecules to its
internal active sited™ I’ heedey Sy Uvercome in the case of Beta
zeolite and even mor#in edlyfoa’ =Sl I n-ZSM-5, which exhibited the
0 strong acid properties and large
gtalline nature, mesostructured solids

strongest catalytic activ#ly diiactes. - 4
external surface area. OWiZiZhs) 2

showed weake JAopnterparts. However, this

disadvantage el -'-‘T‘ larger pores that reduced
diffusional hindrankfs. Thus, fer e FEe xhib fﬂ 1 one of the highest catalytic
activities, largely surmﬁkng the performwe of crystalline solids with stronger acid

o G Q BTGV AR G = o o

significantly§duced when they were used on waste plastics. This deactrvatmg effect

Wﬁﬁﬁfﬂﬁfﬁﬁﬂdﬂfﬂ AANE DAL e e

zeolrte in liquid-phase degradation of high-density polyethylene at 380 °C.
Nanocrystalline H-Beta zeolite with a crystallite size of about 10 nm and low Si/Al
ratio (10.7) was found to be an efficient catalyst in the liquid-phase degradation of
HDPE, producing a large amount of liquid products (80%) with high selectivities for
C7 - C12 hydrocarbons that are suitable as fuels. HDPE of 10 g could be completely



converted to lower hydrocarbons even with 0.03 g of the nanocrystalline H-Beta
zeolite at 380 °C. Both the crystallite size and acidity of H-Beta zeolites are important
factors influencing their catalytic activity and product distribution. The high activity
and high liquids yield of nanocrystalline Beta zeolites can be rationalized by
considéring the rapid cracking of HDPE over the strong acid sites on the external
surface and fast mass transfer of cracked fragments in the pores of nanocrystalline H-
Beta zeolite. The decreased intracrystalline residence time of cracked fragments leads

to less cracking reactions, resultingyin high liquid products yield.

As previously report: 4 s efficiency in the catalytic cracking of

: : pore size, acid strength, and
particle size of o A AN sml]me catalysts in polyolefin
cracking are very.«#, B e ' \ \ rnal surface area leads to the
- "\ Wlites on the external surface and
fast mass transfer 4 & ; , res of nanocrystalline zeolite,

resulting in high 1fu’ SBAG e L 1ends to synthesize nanosized

formation step on phys/ o-

density polyethylene and _@'ﬁ_,, A _g

sound irradiation during the gel

5 ai'l use in catalytic cracking of high

tes. Moreover, different parameters:
ultrasound irradje (&5 Ji/Al ratios in gel were also
studied in comp Yy £ ltrasound irradiation.

.,I —
]
¥ i |

Objective

EHIF AR WHARG v=t irin

on physico-§llemical and cata]ytlc properties of zeolite beta.

QW?Q\"Iﬂ‘ifMJWTN]H’I&B



10

Scopes of This Work
1. To synthesize zeolite beta catalyst and study the effect of ultrasound
irradiation periods during gel formation step, crystallization time, and Si/Al
ratios.
2. To investigate the efficiency and stability of zeolite beta for cracking of
polypropylene and high density polyethylene wastes.
3. To study activity of regenerated zeolite beta catalyst.

AULINENINYINT
ARIAATAUNN TN



CHAPTER 11

THEORY

2.1 Zeolites

that contain uniform pores and

5. The Sué zeolites consist of an extensive
, aild dral. The tetrahedral are cross-

Zeolites are crysta
cavities with molecular
three-dimensional nete

linked by the sharing _g

Figure 2.1 The structure of z€&
Fe b h

The AlO, ]| V. fy'|: framework charge. This

is balanced by catio 1 tha osifins. The structure formula of

4

a zeolite is best express‘gd for the crystallographic unit cell as: :
=3 o/

SAUEININTHEINT, e

although other metals, nonmetals‘and organicémtions are alsd®ossible, w is the
numarwaeaﬁﬂs \QJ ul _ _Ia@m(ﬂe’la&c&l‘ the channels
and ca&ities, as the cations that neutralize the negative charge created by the presence
of the AlO, tetrahedral unit in the structure. The y/x usually has values of |-5
depending upon the structure. The sum (x+y) is the total number of tetrahedral in the

unit cell. The portion [ ] represents the framework composition.
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The marvelous importance of zeolites and related materials in a variety of

catalytic processes can be attributed to their superior properties in comparison with
other types of materials. Some of their advantages are listed below:
1. Large surface area and adsorption capacity
2. The possibility of controlling the adsorption properties by tuning the
hydrophobicity or hydrophilicity of the materials

3. The pore openings and cavities in the range of 5-12 A

4. Insoluble materials and well defined pore structures

5. Different types, diffi ' 3

6. The presence o / ivities

2.1.1 Zeolite - ’ . .

The structu: g te R-A imension framework of the
tetrahedral primary ~ #%i1: \ Nus are silicon or aluminum as

[luminum

Figure 2.2 A prima, I bull

Zeo » ‘! a ' s ' ¥primary building units
of (Al,Si)O@mﬂ;ﬂJ‘ﬂﬁ;ﬂjmgjojoﬂjglected. A secondary
building unit (SBU) consists of Elected geomEic oupings &#those tetrahedral.
kL (8FRTAPTIR T fatoR i foF2 L 1

zeolite structures; for example, 4, S, 6 and 8-member single rings, 4-4, 6-6, and 8-8-
member double rings, and 4-1,5-1 and 4-4-1 branched rings. The secondary building

units (SBU) are shown in Figure 2.3. Most zeolite framework can be generated from
different SBU.
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6-2

51

6=1

Figure 2.3 Secona: _; y 4 uctures. [32]

example, t aife w Tﬁ? ngle 6-member ring or

the single 4-member ring. Some of them are shopp in Figure 2.4 g »

QW']&\‘lﬂ‘iflJllWl’mEﬂﬂﬂ
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faujasite

sodalite

Figure 2.4 The structt - - s asite-type zeolites [33]

' % on the different number of
tetrahedral atoms g oure 2.5. The ring sizes are
often mentioned as S are equal to the number of

tetrahedral atoms.

e?

‘ 5
=
v
I

LT

&
aligdneyisnegans ©

Figure 2.5 E¥hmples of the three t}pes of pore openings in the zeolite molecular

QRN SEREEIT NN Y

(c) a 12 ring pore opening (large pore)
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2.1.2 Acid Sites of Zeolites

Most industrial application of zeolites are based upon technology adapted
from the acid silica/alumina catalysts originally developed for the cracking reaction
[34-36]. This means that the activity required is based upon the production of
Bronsted acid sites arising from the creating ‘hydroxyls’ within the zeolites pore
structure. These hydroxyls are formed by ammonium exchange followed by a

calcination step. Zeolites as norma]lvy synthesized usually have Na® balancing the
P _ Yy y

framework charges, but these, .[ ~gchanged for protons by direct reaction
with an acid, giving hydw o ésd acid sites. Alternatively, if the
zeolite is not stable in — is (mmmm—se the ammonium, NH,", salt,
and then heat it so™& 7Y ‘ o :ng a proton. Further heating
removes water fro=® c®dinated Al ion, which has
electron-pair accep, wis acid site. A scheme for
the formation of the % surfaces of zeolites can thus
display either Bronste 4 pehding on how the zeolite is
prepared. Bronsted #fes

above 500°C, and wat:

s o5 the temperature is increased

Na*
0] 0] (0]
Zeolite as-synthes 24 /Al\ /SI\

= Hydrogen ion exchange
A1} (or ammonium ion exchange
followed by heating)

— Mﬂ’mﬂmﬁ?ﬂ ﬂj . T

of zeolit / \ ¢ / \ o \O J o
W (Heatmg above 500°C)
Lewis acid form \Si/ Ny / \ / \ / \ gi/o
of zeolite o b o/ \o o/ \o o/ \o o’ o J %

Figure 2.6 The generation of Bransted and Lewis acid sites in zeolite [37].
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2.1.3 Shape Selectivity

Shape selectivity plays a very important role in catalysis. Highly crystalline
and regular channel structures are among the principal features that zeolite 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. These types of selectivities are shown in Figure 2.7. Reactant shape

selectivity results from the limited diffusivity of some reactants, which cannot

effectively enter and diffuse izgul%

diffusing product molecuss WY ‘//'Je from the crystal, and undergo
secondary reactions. Sy g QT18 Ion-é selectivity is a kinetic effect

' -4 Product shape selectivity occurs when

arising from the JooC g o5 o Larersite: the rate constant for a

certain reaction me=#1 4 ; 1 N \i ®unsition state is too bulky to

Product sel -0y

sl
CH;0H + ‘| 1l ‘72
] 3
qma@ﬁ‘sﬁf PRI

Jo,

Figure 2.7 Three types of selectivity in zeolites: reactant, product and transition-state

shape selectivity [33].
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2.2 Zeolite Beta

Zeolite beta is an old zeolite discovered before Mobil began the “ZSM”
naming sequence. A zeolite beta which is high silica zeolite was initially synthesized
by Wadlinger ef al. [38] using tetracthylammonium hydroxide as the organic template.
The unit cell composition of zeolite beta is:

Nan[(A1O02)n(Si02)64-n]

The structure of zeolite beta was recently determined because the structure is very

complex and interest was nc comes important for some dewaxing
process.

Zeolite beta is - ‘rmés as d catalyst, less than 1 um which
diminish its stability! e L at the crystal size of a zeolite
catalyst can influer®® . ot 1t NN [39]. Zeolite beta have been

fins, and an increase in the

formation of these g P 5\ W in the catalyst stability by

Ollf’

%

The tetrahedral fram<Z27% ,1.}

ga is disordered along the [001]. The
disordered struct r' A)Hs and related though layer
displacements orid 44 B ) teristic properties of the

- . . .
presence of ]2-me )er-rm oommNmTSTlter infffree dimensions cause two

different type channelg- galght channel ( ) and sinusoidal channel (001) [40 41].

o S RNIATHHARG o oo

four five-rin@g unit. These are connected to form chains along the [001] direction

RIS I TNENAY. . .o

dimensions: 0.60 x 0.56 nm and 0.60 x 0.73 nm

2. Polymorph B: monoclinic crystal system, two different pore opening
dimensions: 0.68 x 0.55 nm and 0.68 x 0.73 nm

3. Polymorph C
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Ordinarily, ze.s Snsils o -owth hybrid of two distinct

structures termed po! ' i hs grow as two-dimensional

C, closely related to A gffc A FAZSMNNNG R wsam ef al. in 1988 [44, 45].
Recently, Corma ¢ : \ % C structure either in the
presence of fluoride sWlem under alkaline conditions

e range of SI/Al molar ratios

(from 0 to infinity). , '

2.2.2 Characterizas L,

-
-

. ., - 7
-t
L)
I

Zeolite be; b W-="lic surface area. Reliable

characterization of<#ie zeolite structure requires ¥ use of five independent

AU INERINYINT

(
(b’kcanning electron niicroscopy (SEM)

RTNEAIHENRIAINY AL

) Temperature-programmed desorption of ammonia

techniques:

(e) Solid state 2’Al-MAS-NMR
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2.2.2.1 Powder X-ray Diffraction (XRD) [48]

X-ray powder diffraction (XRD) is an instrumental technique used to
identify minerals, as well as other crystalline materials. XRD is a technique in which a
collimated beams of nearly monochromatic. X-rays is directed onto the flat surface of
a relatively thin layer of finely ground material. XRD can provide additional
information beyond basic identification. If the sample is a mixture, XRD data can be

analyzed to determine the proportian, of the different minerals present. Other

\ f crystallinity of the minerals present,
possible deviations of the St " ’/} compositions, the structural state
of the minerals and th hySatice=ss—als that contain water in their

information obtained can inc!

01 h-ray incident on the surface of
s, .

crystal at an anglC® J R \ ineasured as a function of

scattering angle 26 ' 'y determines the different

phases present in the

Figure 2.9 Diffraction ®f&%-ray by regular @lanes of atoms [49]

ﬂUEJ’J‘YIEWI?WEJ’Iﬂ‘i

smg this method Praggs law 1s able to determme the interplanar

R RTREM IR T AT

Where the integer n is the order of the diffracted beam, X\ is the
wavelength; d is the distance between adjacent planes of atoms (the d-spacings) and 6

is the angle of between the incident beam and these planes.
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In the simulated powder pattern of zeolite beta, shown in Figure

2.10, the intensity is plotted against the diffraction angle 2Theta. Diffraction patterns
are simulated for materials in the disordered series indicated in steps of 10%

intergrowth.

Intensity (arb. units)

Figure 2.10 Sirj ; .-;:" stacking disorder in the
zeolu

ﬂuzfﬁ“www Eﬁ‘ﬁ“‘a‘“"

Scannmg electron gnicroscope (8EM) uses a focgsed beam of high-
QWA TIRTAPY IV B B
signd§s that derive from electron-sample interactions reveal information about the
sample including external morphology (texture), chemical composition, and
crystalline structure and orientétion of materials making up the sample. In most
applications, data are collected over a selected area of the surface of the sample, and a

3-dimensional image is generated that displays spatial variations in these properties.
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Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a

scanning mode using conventional SEM techniques (magnification ranging from 20X
to approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also
capable of performing analyses of selected point locations on the sample; this
approach is especially useful in qualitatively or semi-quantitatively determining
chemical compositions (using EDS), crystalline structure, and crystal orientations
(using EBSD). The morphology of the uniform zeolite beta can be easily observed in
SEM as Figure 2.11 if the sample is conventionally prepared.

Figure 2.11 Scannin *a sample [30]

2.2.2.3 Ni]'I g lﬂ{ ¥ 2oy tion Isotherm

.y -

properties of mici 44 .-“" rface area, pore volume,

a

)y determine the physical

ore diameter and pdf|}-size Gioe® eCatalys )
[ i¥ |

Adsorpt'pnaof gas by a porauls material is described by an adsorption

isotherm, tlﬂrﬂﬂféﬂ%ﬂ%lﬁtw 2 ﬁ‘ijxed temperature as a

function of pggssure. Porous materials are frequently characterized in terms of pore

size i S ﬁ ﬁv i vﬁ’ proposed for
clas:imtfaeﬁﬁg'ﬁ im{ms amtﬂ}:ll aﬂship between
porosity and sorption. The IUPAC classification of adsorption isotherms is illustrated
in Figure 2.12. Six types of isotherms are characteristic of adsorbents that are

microporous (type I), nonporous or macroporous (types I, III, and VI) or mesoporous
(types IV and V).
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erm. [52]

wn in Table 2.1 based on the
e and gas adsorbate, and the

shown in Table 2.2.

Table 2.1 Features of « UT = 5]
A Z i :
Features
A ' :
Type ;
Porosity
1 Micropores
I Relatively stron Nonporous
‘o o
111 Gi 'a ﬁ Nonporous
v q'l elatiVely strong " ¥ Mesopore
aV1q q _ fs or Mesopore
1 i ~ Nonporous
has an even distribution of energy
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Table 2.2 IUPAC classification of pores [54]

Pore Type Pore diameter / nm
Micropore Up to 2
Mesopore 21050
Macropore 50 to up

Pore size distributg measured by the use of nitrogen

adsorption/desorption isotherigss 4 -n temperature and relative pressures
(P/P,) ranging from 0.05 -y ’/)‘sogen at low P/P, indicates filling
of the micropores (<2(™ = dso ;cntﬁportlon of the curve represents
multilayer adsorption o* 7/ | N eeal the sample, and the concave

upward portion of tiic ¢ g : AR 2ores and macropores.

. 1sCibed at a given P/P,, and W, is
the weight of gas to glve 1or 1d £ is a constant that is related to the
heat of adsorption. A linear: ff‘..‘ : .,=‘f- /W [(P/P)-1] and P/P, is required
to obtain the qt.' 4 000000 B  portion of the curve is
restricted to a lim‘. 4 3 Necn 0.05-0.30. The slope
and intercept are usc ‘! -0 determinic uic quaiity of nitr n« 1 adsorbed in the monolayer
and calculate the surfagt ggea. For a singlegpint method, the intercept is taken as zero

or o s 054 BRPYERIAB IR TS st 0 o e

surface area. $he surface area repo.;ted depends upon the method used as well as the

TARTANTII AT INYAY

2.2.2.4 Temperature-Programmed Desorption (TPD) of Ammonia
[56]

Temperature-Programmed Desorption (TPD) is one of the most widely

used and flexible techniques for characterizing the acid sites on oxide surfaces.
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Determining the quantity and strength of the acid sites on alumina,

amorphous silica-alumina, and zeolites is crucial to understanding and predicting the
performance of a catalyst. For several significant commercial reactions (such as n-
hexane cracking, xylene isomerization, propylene polymerization, methanol-to-olefins

reaction, toluene disproportionation, and cumene cracking), all reaction rates increase |
linearly with Al content (acid sites) in H-ZSM-5. The activity depends on many
factors, but the Brensted-acid site density is usually one of the most crucial

parameters.

Preparation

,// -
“sectat Tne hour in flowing helium to

remove Water Vapour 2~ s il | 8 steaming which may alter the
. v ; o

structure of zeolites. . ) SoSure programmed to 500°C at a

ramp rate of 10°CTmn  # s LA ﬁ““a.\a. for two hours to remove

1

b
1% ke sample is cooled to 120°C
O\

\

Adsorption
Next the samr with the basic probe at 120°C; this
temperature is useg to.a ik, amraania or organic amines. For
ammonia, two ; ple: pulsing the ammonia
N J

using the loop or I Nitve ot ‘ng the ammonia allows the

user to compare uantlty of ammonia adsorbed \v1a pulse adsorptlon) to the

N ﬂﬂ“ﬁ?fﬂﬁfﬁmm‘h s o
or propyl gedl fq hour under a flow of
helium to remove any of the physiforbed probes gm

QW?Q\"Iﬂ‘ifMJWTN]H’I&B

The temperature-programmed desorption is easily performed by
ramping the sample temperature at 10°C/minute to 500°C. It is a good rule of thumb
that the end temperature during the TPD not exceed the maximum temperature used

in the preparation of the sample.
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Exceeding the maximum preparation temperature may liberate additional species

from the solid unrelated to the probe molecule and cause spurious results.

During the TPD of ammonia or the non-reactive probes (pyridine or t-
butyl amine), the built-in thermal conductivity detector (TCD) will monitor the
concentration of the desorbed species. For the reactive probes (propyl amines), a mass
spectrometer is required to quantify the density of acid sites. For these probes, several

species may be desorbing simultaneously: amine, propylene, and ammonia.

2.2.2.5 YAl

! Aara==- technique for microporous
materials is solid stato iy __ o S ~CiUscopy has been employed to
distinguish betwee ' cevrdinated aluminum in the
framework at appr, i Therefore, the amount of

framework aluminur

2.3 Effect of Pary

A. Simon-Masseron ef oated influence of the Si/Al ratio and

crystal size on thci' ies Shree HBEA samples were
prepared through | V' Ry Jler dry air flow at 550°C
from parent sample rl YT %1 ST ratios or crystal sizes and
characterized by vanous techniques. Remarkable dlfferenccs were found between the
concentrati i m acidic sites of HBEA
zeolite resuﬂg H m mﬂ‘j:-‘n id with different total
Si/Al ratio or crystal sizes. As cold be expecteduthe greater the@SA/Al ratio and the
RN P D ORI AT BBl e e
degraaatlons undergone by the zeolite framework during the exchange and calcination
steps necessary to prepare the acidic form of the zeolite. Therefore, HBEA samples

with a large concentration of protonic sites and practically no Lewis acid sites can be

obtained from samples synthesized with a relatively high Si/Al ratio (above 15) and
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large crystals; on the opposite, HBEA zeolites with predominantly Lewis acid sites

will be prepared from samples synthesized with a low Si/Al ratio and small crystals.

2.3.2 Effect of Template

Y. Zheng et al. [59] reported the amount of template agent plays an important
role in the determination of the crystal sizes of zeolite beta. More template agent leads

to more silica species dissolved to the liquid phase so that more and smaller

inorganic—organic compositionsgil i-g2d. Thus, the crystal size of synthesized

zeolite reduces. The mornh /Y )lite was changed from square to
spherical shape. With th” B—C ._dlze to nano-size, the pore volume
greatly increased and ; o p the formation of mesopores.

The water content jr_ g ‘ § ) o ainfluence the crystalline size

0. Andag et o PR - 8 Wcrystalline zeolite A could be

synthesized from a cle: J§f NS os) Wote solution in the presence of
W aded 4 g
ultrasound. Sonocrystalhzatu, E onstrated to offer the possibilities of

. . . L) 4 2 . . . .
increasing the nucleation as= =0 -*' af zeolites, improving the yield and

.'d

different crystal pn . - vy and power of ultrasound

particle size distisg's fng the synthesis towards

and applying sono=# stalllzatlon to different zeolite J) #/nthesis systems were also

investigated in this w&lﬂn order to_dev a_better understanding of the range of
p0551b111tlesﬁiuﬂ%m1'&lm mﬂ&] myg SEM images of the
zeolite A samples obtained at 3°C after 13 of synthes1s the absence of
QW TR ﬂ’?ﬁﬁWﬁ@%ﬂﬂ*ﬂf&m n he
preserfge of ultrasound. It can be easily inferred from the figure that the particles in

the sample prepared in the presence of ultrasound were larger than that prepared in the

absence of ultrasound.
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hemistry”, have become an
ade. Scientists know that the

chemical effects offult: AT A %ual substantial improvements in

1 r"%ti®s. In some cases, ultrasonic

irradiation can increase #aciiaadais < 4 . n¥ lionfold. The chemical effects of

ultrasound fall into threE=ks neous sonochemistry of liquids,

ALiquid-solid systems, and

-

heterogeneous [ 23

B Jtion can take place only in

sonocatalysis (wi oA
liquids, chemical re :I tions QU Lot g s meeoeeur dur },’; the ultrasonic irradiation of
solids or solid-gas SY§ems- Ultrasound h@proved extremely useful in the synthesis

of a wide ﬁ%ﬂw W@wmﬂg%urface area transition

metals, alloy§) carbides, oxides and colloids. Sonochemical decomposition of volatile

ORI R e TH (N IR 11201
inﬁo s¥fo i mh tiWities! Nen collofds, mdnoporous high

surface area aggregates, and nanostructured oxide supported catalysts can all be
prepared by this general route [61].

Power ultrasound produces its chemical effects through the phenomenon of
cavitation. Cavitation is the production of microbubbles in a liquid when a large

negative pressure is applied to it [62]. Ultrasonic irradiation differs from traditional
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energy sources (such as heat, light, or ionizing radiation) in duration, pressure, and

energy per molecule. Because of the immense temperatures and pressures and the
extraordinary heating and cooling rates generated by cavitation bubble collapse,
ultrasound provides an unusual mechanism for generating high-energy chemistry.
Figure 2.14 shows a typical sonochemical apparatus. Ultrasound can easily be
introduced into a chemical reaction in which there is good control of temperature and
ambient atmosphere. The titanium rod shown immersed in the reaction liquid is
driven into vibration by a piezoelectric, which vibrates when subjected to an

giezoelectric cerramic is PZT, a lead

alternating current electric figia¥ !

zirconate titanate material S

Figure 2.14 Diagl

2.3.4 Effect | | Caics

¥ 4

gj e:gdw mplates from porous
materials wﬁﬂ iﬁd%{ﬁ mf been proposed in the
light of analysns of the decomposigion process gfthe organic tepgplates. Microwave
RRIRIATUKN Y IR e comeniona
calcinftion in that the new methods have beneficial effects on both the structural order
and surface acidity. Two-step calcination is particularly effective because it is more
convenient and reproducible than microwave irradiation. The results show that

microwave irradiation and two-step calcination are more effective than conventional

calcination in that the new methods of template removal are beneficial not only to the
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crystal structure of zeolite p and MCM-41, but also to the surface acidity in the

case of zeolite B. Two-step calcination is particularly preferable since it is more

convenient and reproducible.
2.4  The Refining Process [65, 66]

Every refinery begins with the separation of crude oil into different fractions
by distillation (Figure 2.15). The fractions are further treated to convert them into

mixtures of more useful salpzaf by various methods such as cracking,

; ’//‘:isation. These mixtures of new

Mt as fractionation and solvent

reforming, alkylation, poss
compounds are then
extraction. Impuritice=® . o=e, e.g. dehydration, desalting,
sulphur removal an# : » }

Refinery pre e /e Bed . NSt hange market demands for
= Wtion engine the main task of
refineries became the 4 P " ) \\;\. tity of petrol available from
distillation alone w: ' lemand. Refineries began to

look for ways to produ, 1. Two types of processes have

been developed: i

e Breaking down large 2 ﬁ-}-‘-— B molecules
* Reshaping, ; £)

< 90" D n—"____ |}l Gas processing

2?@° Straight Run G lme —— Motor Gasoline Blending

Crude
oi F'Tzu o) W%Wl%ﬂ Ty
- - 450° Kerosme Hydrotreating
- i (ﬂ lending
ARE L ae AL
’ 800°* Straight Run Residue —  Flashing

Figure 2.15 Distilling crude and product disposition
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Cracking processes break down heavier hydrocarbon molecules (high

boiling point oils) into lighter products such as petrol and diesel. These processes
include catalytic cracking, thermal cracking and hydrocracking.

- Catalytic cracking [67] is used to convert heavy hydrocarbon fractions
obtained by vacuum distillation into a mixture of more useful products such as petrol
and light fuel oil. In this process, the feedstock undergoes a chemical breakdown,
under controlled heat (450°C-500°C) and pressure. Small pellets of silica-alumina

have proved to be the most effective catalysts. The cracking reaction yield petrol,

LPG, unsaturated olefin compa \ 4 oils, a liquid residue called cycle oil,
light gasses and a solid cow POV, ﬁycled to cause further breakdown

¢ onWic (==mmzmoved by burning. The other -

products are Passedy b M. ated and separately processed.
- Thermal ¢*#C¢° o

') and pressures (~700kPa)
OWbe observed, where "light",
hydrogen-rich produc’ . = % of heavier molecules which
condense and are depile Ny T A Wreaction is known as homolytic
fission and produces # S, W >;7_;; e bo % Wr the economically important
production of polymers.

A large number of ch _49‘, , e place during steam cracking, most
of them based or| 4 L1 at modeling what takes
place during stears V _'-r‘ thousands of reactions in
their models. The m :I reactions araeeeentov include },

1. Initiation regetions, where a &@e molecule breaks apart into two free

radicals. Onﬂaﬁm %H%ﬁnﬁ%’}ﬂl‘?ndergo initiation, but

these reactiorff are necessary to produce the free radicals that dnve the rest of the

CR BT R TR £ NG 1R ] i

atom.
CH3CH3 — 2 CH3"

2. Hydrogen abstraction, where a free radical removes a hydrogen atom from

another molecule, turning the second molecule into a free radical.



31
CHj;¢ + CH3CH; — CH4 + CH3CHye

3. Radical decomposition, where a free radical breaks apart into two

molecules, one an alkene, the other a free radical. This is the process that results in the
alkene products of steam cracking.
CH3CH,* — CH,=CH; + He

4. Radical addition, the reverse of radical decomposition, in which a radical

reacts with an alkene to form a single, larger free radical. These processes are
involved in forming the aromatic products that result when heavier feedstocks are

used.

other to produce p™ %s. Two common forms of
termination are rece®0i’ 4 ; b Sca™ombine to form one larger

molecule, and dispr ##¥rt " N safers a hydrogen atom to the

- Hydrocracking # @ pf P trol components, as well as being
used to produce light d1° '- es no residues, only light oils.
fipgen. The extra hydrogen
N ‘ acked hydrocarbons and

Hydrocracking is{c§a
saturates, or hydg 2
creates isomers wit "'| the GC0NS s Hydl |cracking is also a treating

process, because the ydrogen combmes with contaminates such as sulphur and

a“ﬁ*wmwmw J1NT
W"T%Wﬁ%‘wmmwmau

2 53.1. General Cracking Mechanisms [69]

In general, for components with equal carbon numbers, the rate of cracking
decreases in the order: i-olefins > n-olefins > i-paraffins = naphthenes > n-paraffins >
aromatics. The cracking mechanism can be seen as a chain mechanism that involves

the intermediate formation of carbocations, positively charged hydrocarbon species.
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Carbocations include both carbenium ions (e.g. R,—CH,~C'H-R;, R,—CH=C+—R2)

and carbonium ions (e.g. Ri—-CH-C'H3-R, R;—CH=C'H,-R3). In carbenium ions,
the charge carrying carbon atom can be di- or tri-coordinated, while in carbonium
ions, the charge carrying carbon atom is tetra- or pentacoordinated. The stability of
the carbocations decreases in the order tertiary > secondary > primary [70]. Cracking
of hydrocarbons is primary a reaction that proceeds through adsorbed carbenium ion

intermediates.

2.5.2. Reactions of Ol=f A :
The formation of « / gns can easily proceed by addition
Sk oté to the carbon—carbon double

R omceds through the B-scission

1«._‘_\'.\
ws!Ofepane mechanism [73]. An
\

of the proton from a B
bond. Cracking of
mechanism [71,72]

illustration is given _

* ,‘c\):‘
Adsorption L : i ‘ k. S isom. i®
A\
:Cl ’ ’ , Vi Y
0 A
o~ 0| mechanism
| _ - - .
/O\ :-‘ | L CE-¢-
.II ’ 2 m | ‘ z_'
. , e

scission 'e H

ﬂUﬂ?ﬂﬂﬂ?Wﬂﬁﬂi/\
K| Y RieEr} AR T e e

that can be cracked. Both the B-scission mechanism [69, 70] and the

protonated cyclopropane mechanism [66] are shown.
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Other reactions of the adsorbed carbenium ion are [74, 75]:

1. Isomerization to a more stable carbenium ion, for example, through a
methyl shift:
R;-CH,C'H-R; » R—C* R, +H' 1)
Hs
2. Oligomerization with olefin in a bimolecular reaction to form a larger
adsorbed carbenium ion:
R,—C'H-R; + R3—CH=R;,

@)

¢ m an olefin (the opposite of

(3)
Peraffin to form new paraffin

the paraffin (H-transfer

4
on. (cyclic) olefins or coke
(precursors) to form padif gand ge~ 1% ound (H-transfer reaction):
R,—C*H-R, + Rl 1, + Rs-C"=CH-R; (5)
_'9 A2
The bimoj=ck
catalyst is large Y mediates, or they should

gkcir if the pore size of the

occur on the outer si 'I ace O Llcvroummmmm——tCs, [f the ,, ores are too small, as in the
case of ZSM-5 (0.53 g0 0.56 nm), these ions cannot take place with the larger

i SR BNBIRGIE o o .

olefins could @ possible. For exam le, in the Mobil olefins to gasoline and distillates

Ty nseln ey

in the reactlons of relatively small n-olefins (C4—C¢). Abbot and Wojciechowski [76]
have studied cracking of n-olefins from Cs to Cy at 678K with ZSM-5 and found that
cracking of pentene solely took place through a dimeric/disproportionation
mechanism. Craeking of heptene and larger molecules proceeded mainly through

monomolecular cracking and at 678 K; hexene represented the transition case of the
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two mechanisms and was cracked by both monomolecular cracking and through

dimeric intermediates.
With Y-type zeolites, the dimeric mechanism is a more important reaction
route; for example, it has been found that cracking of C; took place for 25% via a

dimeric disproportionation reaction at 746K and for 32% at 673K.

2.5.3. Proposed Cracking Mechanisms of Polymer [77]
For ZSM-5 the cracking reactigns of larger C;" olefins are restricted to simple

4ins (or parts of it) can enter the pores

B-scission reactions. The relagaises ,
of ZSM-5, are adsorbed. <™ Aau o ’/‘ desorb. For example, the reaction
d

of n-heptene over ZSN? = pli®y o‘ﬁission mechanism) is shown in

Fig.2.17. The adsorbea ; S ed, to propene and Cg-carbenium

ion. Then Cy-carbeniur % & £« §ii! | ed to two ethene molecules.

H - H
0 (o}
/N / N\
x=c_ +
_.g X =c{

Figure 2.17 MEL mechanism possible with

ZS ).

PR TN THRIART « oty e

favorable becMise it involves the fgrmation of tw&l primary carben.il:'m ions. However,
e
y

N W R EA ()

relati\q:ly large interaction between nium ions shall
exist. If is believed that the oxygen atoms of a zeolite structure play a role in solvating
carbocations, delocalizing the positive charge into the framework. The smaller the
size of the pores of the zeolite, the closer the different oxygen atoms are to the

adsorbed reaction intermediates and the higher the possible interaction. So possibly,
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as a result of increased stabilization of the intermediates, the formation of ethene is

enhanced when small pore-zeolites such as ZSM-5 are involved.

On the base catalyst, with zeolite Y as active species (pore size 0.74 nm)
adsorbed C,-carbenium species and new heptene molecule to form an adsorbed C; ;-
carbenium ion. The Ci, carbeﬁium ion is cracked to hexane and Cs-carbenium ion.
This bimolecular cracking mechanism proposed by Williams et al. [74] is illustrated

in Fig. 2.18. Also, the adsorbed heptene carbenium ion could oligomerize before

cracking.
B X
bf\ p\ /C\ ofigom.
(C%'C:C etc.
/ N cracking
Figure 2.18 Bimoledfia | [ sng % n Yccur on zeolite Y in addition

Because of the lar" A J i ength of larger hydrocarbons, the

bimolecular mechaty ifuje cracking mechanism of

the heavier gasolil 4 AX J pore size is large enough
to accommodate {fi} reaCiitH W™ Arorfflics and highly branched

components, therefore ‘are too large to reaUhrough bimolecular mechanisms. Linear

components ﬂ gj W ﬂcﬁn
Accorgng to this proposed mechanism, the active site of ZSM-5 is the acid

site ﬁv‘ ﬁ’ the adsorbed
carqu fﬁ-‘{nimgj %1):] Vlcﬂrj rﬂber of carbon
atoms (Cs—Cn) while the (surface) intermediates with the base catalyst can be much
larger. As a result, the cracking products from ZSM-5 will be mainly Cs, C4, and to

some extent also C; olefins, while with the zeolite Y base catalyst larger fragments

can be formed.
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This agrees with the results that can be found in literature; the main

products from n-olefins and i-olefins cracking on ZSM-5 are light olefins with a high

selectivity for propene, i-butene, and in some cases the increased yields of ethene are
reported.

| There are no major reports that explicate a mechanism for the catalytic

cracking of PE and PP using zeolite beta as catalyst. The catalytic mechanism that can

occur on ZSM-5 and zeolite Y should be used for elucidate the mechanism of zeolite

beta. The catalytic cracking of PP and PE is initiated by attack of low molecular

weight carbonium ion (Rﬁ), 3 \umber of on-chain hydrogen atoms

; //15. The direction of this reaction

mostly obeys the stabi: arts i ur s——ary << secondary << tertiary
The mechanism begy g . poiymer over the acid sites on
external surface and*®Cr A\ N S, S5 ments in the pore of zeolite

4 i Ny
beta. The selectivity#® p; oo iq o, g selectivity that control by

2.5.4. Reacti¢uas J§ ,

Compared to ol low Wrd®:tivity towards cracking due to
a more difficult formatic# o J’ﬁ 1%t formation of a carbenium ion
requires the abstraction of 2727874 2 /§ imay proceed at Lewis acid sites or
adsorbed carbeniyz2§ e A epular-type of mechanism.
The latter mecharsde '-r‘ ' carbenium ions and can
take place if the "'l Size Ul mrreemmmmm——"s_ large ]”: ough to accommodate the
necessary transition stafg (as is the case in zgglite Y and not in ZSM-5).

s HH A T BT Gt s o

formation of §rbonium ions; paraﬁ'm reacts with a proton from a Brensted acid site

AT RN

energetically unfavorable transition state and has high activation energy. This
mechanism for activation of paraffins will only be significant in the absence of olefins
and is favored by high temperatures, low hydrocarbon partial pressures and low
conversions of the paraffins. The occurrence is not expected to be significant when

cracking a gasoline mixture that contains olefins. The olefin can easily form
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carbenium ions and cause cracking of paraffins through the bimolecular cracking

mechanisms as discussed above.

ﬂ‘UFJ’JVIElW’iW BInNT
’QWWG\‘Iﬂ‘ifUN‘IM’JVIEﬂﬂH



CHAPTER III

EXPERIMENTS

3.1 Instruments and Apparatus

Ultrasonic Probe

During the synthesis_ # # nixture was introduced in a 300-ml
autoclave into which a2, s / i"tcd through the bottom of the

NICH, \ﬁ

autoclave. The ultrason: sisted of a power supply (net

power output: 500 Wa« : \'\, e converter (piezoelectric lead

\ (13-mm-diameter tip). The
N W0 atiplitude of 40% for various

zirconate titanate cry<’
mixture was subjectu t

periods.

Ovens and Fur'

The gel mixtui 1 a Memmert UM-500 oven.

Heating of any solid Samp
Calcination of the solid c3 ,,ﬁ__, ; =~'

‘Y )
muffle furnace wigo———— o

"carried out using the same oven.

achieved in a Carbolite RHF 1600

X-ray Powd il Diffractrometer ( D) 0

The X-ray povidemdiffractometer@ufas used for investigation of the phase

iy 1t P I NI DI WD RS wee ot ons

Rigaku, Dma¥2200/utima plus X- ra powder dlf’fractrometer w1t monochromater

TSR -
degrcq scan speed of ee/min and sampling widt 2 degree. The

scattering slit, divergent slit and receiving slit were fixed at 0.5 degree, 0.5 degree,

and 0.3 mm, respectively. The measured diffractograms were analyzed using MDI
software (Jade6.5).
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Scanning Electron Microscope (SEM)

JEOL JSM-6480LV scanning electron microscope was used for the
identification of the morphology and particle size of zeolite beta catalysts. In order to
avoid charging of samples and obtain good quality of micrographs, the catalysts were
dispersed in absolute ethanol in ultrasonic water bath before gradually evaporated on
glass slide and coated with sputtering gold under vacuum prior to the SEM

measurements.

NMR Spectrometer

Solid state ¥ Al- N ,/)e performed using the Bruker
- 77-_. ' d )

- : y using the Perkin Elmer
Plasma-1000 inducti- 4 : \ "\_\ spectrometer (ICP-AES).

Z Mrption-desorption isotherms of
zeolite beta catalysts weF p LS®RP-II instrument. The catalysts

were outgassed at 400°C at > _4;__, e e area measurements. Surface areas
and micropore vqlos
- -

The external surfas V

A jusing the BET equation.
AL adsorption branch of the
isotherm by the t-pl¢ :I 1ethoa. : ,, ‘

i) o] TN BN INYINT

Acid @frength of catalysts was determined using the BEL-CAT Japan
“’ﬁmﬁlﬁﬂﬁﬂﬁ] ATy

Gas Chromatograph

Hydrocarbon gases were analyzed using a Varian CP-3800 gas chromatograph
equipped with a 50-m long and 0.53-mm inner diameter Alumina-PLOT column.

Liquid samples were analyzed using a Varian CP-3800 gas chromatograph equipped
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with a 30-m long and 0.25-mm inner diameter CP-sil 5 (0.25 pm film thickness)

column. All GC detectors are flame ionization detectors (FID). The GC heating
programs for 3.00-ul gas and 1.00-pl liquid analysis are shown in Schemes 3.1 and

3.2, respectively.

10 min 140°C

200°C

AT ¥

35°C_adi= ¥ A

Scheme 3.2 The &edl

3.2 Chemicals andfGas

C AUHANENE HIRT

2. T&laethylorthosilicate, ‘;[EOS (Aldrich, 98 wt %)

Qmmmmﬂﬁwmaﬂ

Standard liquid mixture (Restek)

6. Standard gas mixture for GC analysis were kindly obtained from PTT
Chemical Public Company Limited.

7. Nitrogen gas, N, (Thai Industrial Gases (TIG), highly pure grade )

8. Ammonia gas, NH3 (Linde Gas Thailand, highly pure grade)
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3.3  Preparation Methods of Zeolite Beta

The synthesis of zeolite beta was carried out from an amorphous xerogel by a
wetness impregnation procedure reported in the literature [29]. This material was
prepared by two-step sol-gel method. In the first step, the amorphous xerogel was
prepared by hydrolysis of 239.26 g of tetraethyl orthosilicate (TEOS) with a mixture
83.68 g of 0.05 M aqueous HCI and 103.36 g of deionized water in ice-water bath and
the mixture was stirred vigorously for 45 min. After two-phase system became

monopbhasic, 17.18 g of 20 wt% TEAOH,aqueous solution was dropwise added to the

previous mixture until the geinh®} § ggel so obtained was dried at 110°C

’/) g of aluminjum isopropoxide and
OB olu=mmmm®opwise added to a 500 cm’® 4-
necked round bottoni ikl :E:"i i the frist step with stirring
under nitrogen atmc®P . LAY e wlar ratio of 0.73(TEA),O :
SiOz : 0.0083A1,0:.4® [/ \ W Mkitrogen atmosphere for 12
: AN containing Teflon cup and
kept in an oven at 12 & _ \ \ was quenched, white solid
. ileiunized water and dried in the

Beta60-72h. The white solid

sample was separate

oven at 110°C overni# e <

product was characterize® u _ﬁ

procedure is shown in Schem ik

IM® The schematic diagram of this

\Z

..I
W

ﬂUEJ’JVIEWI?WEﬂﬂ‘i
Qmmnmummmaﬂ



42

Stepl

Tetraethyl othosilicate

Stirred for 45 min

Y

Mixture A

Stepll

HCl

Deionized water

As-sy1; E esizos

Calcined zeolite béta

: 20 wt% TEAOH solution

"3 AOH solution

y'm isopropoxide

& {3 days

= - ried

by d

qUENBTSNYING
1INYIRY

Scheme 3.3 Diagram of the synthesis procedure for zeolite beta
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34 Preparation of Zeolite Beta with Ultrasound Irradiation

Gel mixture of zeolite beta was prepared using exactly the same reagents and
method to that described in Section 3.3. After aging of gel mixture for 12 h, the gel
was introduced in 4 autoclaves equally into which a high power ultrasonic probe was
inserted though the bottom of the autoclaves. The gel was subjected to ﬁltrasound
irradiation for 30, 60, 90, and 120 min, respectively. Then the autoclaves were heated
in an oven at 135°C for 72 h. After the autoclave was quenched, the solid products
were separated by centrifugation, washed with deionized water, dried at 110°C

overnight. Sample notation i JAN% ‘4%, when x is the ultrasound irradiation

uring gel formation process
\"\ U03830 samples were synthesized
in same way as dey 1 4, respectively with various
crystallization time ¢T3 %61 For zeolite beta synthesized
with ultrasound irradie S22 < oA M o ultrasound irradiation for 30
min prior to crystalllzatlc S Pet®)0-yh and Beta60-US30-yh, when

y is the crystallization time. _4'.,»:_" AT les were characterized by XRD. The

optimal crystallizs W\ ' ¢ cpndition.
V' X7
3.6  Preparatior "'I “ Zeoliiv LURNIR s Si/ 4 jﬂ Ratios
The Beta-24h zgnd Beta—US30 24h ples with various Si/Al ratios in gel of

10, 20, 40, ﬂ @w ?W%ﬂ as that described in

Section 3.3 fferent amounts of aluminum required for each sample were

use % w eta in sample
A A LA L2, Vbas B
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Table 3.1 Required amounts of aluminum isopropoxide in the preparation of

zeolite beta samples with various Si/Al ratios in gel of 10, 20, 40, 60 and

80
Sample Si/Al molar Amounts of
ratio in gel aluminum isopropoxide (g)

Betal0 10 23.4574

Beta20 11.7285

Beta40 5.8643

Beta60 3.9096

Beta80 - : —— 2.9321

To make pc 52 e v " template must be removed
by oxidation to carbr = n as-synthesized zeolite beta
was calcined in a muf?, y, | \ Fi\eram for the template removal
as shown in Schemd “ Mracterized using XRD, ICP-

AES, SEM, YAl trogen adsorption-desorption

- —r‘/n.*' / ._ v_‘-'-A'_

ugAngiringng

ARATNTAUNNIING 1A Y

Scheme 3.4 A heating program for removal of organic template from the pores of

zeolite beta
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3.8 Elemental Analysis

Elemental analysis was performed to determine Si/Al in catalyst. Aluminum
(Al) content was determined by ICP-AES. The content of silica (SiO,) was obtained
by difference of catalyst weight and Al,O; weight calculated from ICP-AES. For
sample preparation, 0.0400 g of a calcined catalyst was soaked with 10 cm® of 6 M
HCI. Then 10 cm® of 48% hydrofluoric acid was dropwise added to the mixture to get
rid off silica in the form of volatile SiFs species. The'sample was heated but not
boiled until it was dried on a hats # 2 fluoride treatment was repeated twice

% / HCl: 6M HNO; at a ratio of 1:3
_—d

was added slowly and s : il S ed —mm—r that 10 cm® deionized water
was added to and wy |- oW was transferred to a 50-cm’
polypropylene volu==#-- 0NN W8 was brought to the mark

with DI water. The V. ne J )= transferred into a plastic
id L= T L OCISAES technique. The standard
solution of 1000-ppm 7 fn #F gl I= \was diluted to 5, 10, 20 and 30

3.9  Activity of Vario z st¥%n PP Cracking
3.9.1 Effect of Cryst=7759) | /4

The zeollf* o ‘ @4 nput ultrasound irradiation

and crystallized f§ V .-‘H‘ ; optimum crystallization

periods in this synth{{}'s. Al C2NE Wetiy caldfl=d at 550°C before catalytic

test was performed. Thermal and cata]ytxv‘}rackmg activities were carried out in a

glass reacto unEJ ﬁ}?}% rY'I Wﬁ’] ﬁous nitrogen flow by
batch operatigqg as shown in re and Scheme 3.5. Initially, weights of 0.50 g of
cata ﬁ ﬁ( tor and mixed
thorc@vﬁ}ia ﬂﬂqu ﬁﬁ i.]N rﬁﬂmll w rate of 20

ml/min to remove the air, and heated with a rate of 20°C/min up to 380°C, keeping it
constant for 40 min. This temperature was continually monitored by a programmable
temperature controller equipped with a K-type thermocouple in direct contact with the
reaction mixture. The gaseous products at the reaction temperature were swept out

from the reactor by the nitrogen stream and separated into liquid and gaseous
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fractions in a condenser cooled by a chiller. The gas fraction was collected into a

Tedlar bag since the start of heating while the liquid fraction was collected in a
10-cm® graduated cylinder. After completion of the reaction, the reactor was cooled
down to room temperature and weighed. The values of plastic conversion were
defined as the sum of collected gaseous and liquid products with regard to the initially
loaded polypropylene waste. The solid remaining in the reactor was considered as a
residue, not being included in the conversion. The values of %conversion and % yield

were calculated based on the equatiojs a5 follows:

'n + mass of gas fraction) x 100

acie

mass of gas fraction = - ” AN Cend catalyst before reaction —

% Conversion =

anu used catalyst after reaction

£l \\\ |

L= J 1 fion x 100
0, : Sial J ’ "
% Fraction yie s . ¥,

The degradatic” 273 ssifi o three groups: gas fraction
(products which were not 1117, temperature), liquid fraction and
residue. The gas products we _49 hromatography. The liquid fraction
ALsillate oil was analyzed by

X ). distillate oil in the GC

was distilled und (g4
a GC. The value! V
column were compe 'fl 1 to the oM penaiige of re. j, ence in form of n-paraffins.
The value of %coke f d was determl by the weight loss upon calcination of

the used caﬂ Wﬂf}lﬁ ﬁ&ﬂ%s‘w quﬂfie heating program for

regeneration §f the used catalyst is shown in Scheme

mmmmumawma 3

The degradation of PP waste was performed using Beta-24h and Beta-US30-
24h catalysts with various Si/Al ratios (20, 40, 60, and 80). The reaction was
performed in the same way as what described in Section 3.8.1. The experiments were
set up at reaction temperature of 350°C in order to reduce the effect of thermal

reaction,
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3.9.3 Effect of Temperature

The catalytic cracking of PP waste was carried out using Beta20-US30-24h
with different temperature reactions. The reaction was performed using the same
method that described in Section 3.8.1. The experiments were set up at reaction
temperatures of 350, 380 and 400°C.

3.9.4 Effect of Polypropylene to Catalyst Ratios
The optimum temperature (380°C) from Section 3.9.3 was used in the

degradation of PP waste using 2pta20-US30-24h samples of plastic as

catalysts. The reaction
Section 3.8.1.

3.10 Activity of ™ : : \\ AT PE Cracking

3.10.1 Effec a
The degradat’ #f o N using Beta-24h and Beta-
US30-24h catalysts wigfv N \\\ 60, and 80) as catalysts. The

reaction was perfort£< y -'" ' g N letribed in Section 3.8.1. The

3.10.2 Effect of Tem*. 7
The catalyriyg P
24h catalyst with & 48

reaction temperaturef [} f 350, 5008 M reactl| was performed in the same

ajout using Beta20-US30-

AY ) \ments were set up at the

way as what descnbed hSe Section 3.8.1.

HANUNINEINT

3.10. 3@ ect of Polyethylene to Catalyst Ratio

ARSI A

ratio are 5% and 10% catalyst of plastic The experiments were set up at the reaction
temperature of 400°C which is the optimum reaction temperature from Section 3.10.2.

The reaction was performed using the same method as that described in Section 3.8.1.
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Vacuum condenser

Thermometer 1
(heater temp.)

Thermometer 2
(vapor temp.)

Round bottom flask +
crude oil + glass bead

Connect to
vacuum line

Heater top

Receiving flask

+ heater

_d temperature
erature was kept constant for 40 min

Gas products il Li l, I

-_
")

Residue

'

GC

| ‘;lw’] mw EJ"] EJ 550°C, 5h.

I |
, hi illati 1. Solvent extraction
ﬂ u ' ‘ P] n 5 using n-hexane
' 2. Filtration
3. Calcination at

- —

Solid coke

GC

Scheme 3.5 Catalytic cracking of HDPE and PP using zeolite beta as catalyst.
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3.11 Catalyst Regeneration

The spent catalyst (Beta20-US30-24h) from PP cracking at the reaction
temperature of 380°C and HDPE cracking at the reaction temperature of 400°C from
- each cycle was regenerated by calcination in air at 550°C for 5 h. The regenerated
catalysts were characterized by XRD, SEM, N, adsorption-desorption and test for its
activity by catalytic cracking of PP at the reaction temperature of 380°C and HDPE at
the reaction temperature of 400°C. The reaction was performed in the same way as

what described in Section 3.8.1.

AULINENINYINT
ARIAATANNING A Y



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Effect of Ultrasound Irradiation Periods on Formation of Zeolite Beta

% denoted as -US-, which were

foréiods are presented in Figure 4.1

synthesized with ultras
Carwithout ultrasound irradiation
\tp b are similar in intensities of

the Bragg angles, 26 of 7.7°

in comparison with &%
before crystallizati
two main characte;
and 22.5°. They ar ’ :- et al. [29] and no other
y, \\ les in Figure 4.2, the intensity
r wian the peak at 20 of 22.5°

crystalline phase was #Fs
of the peak at 20

indicating the effect ‘ zlite beta channels, whereas the

intensity of the peak at 2 of jﬂ

occurs during the calcinatisfi sk l,ag_

'deCleased showing that dealumination

patterns of those calcined samples

consist of broad e 4+pth polymorphs A and B.

)
b

brphs are always formed
simultaneously and ;! rdly separaicu. 1iiv ARL) patterr: 1) f calcined Beta60-US30-72h
(B), Beta60-US60-728 &), Beta60-USQQ-72h (D), and Beta60-US120-72h (E)

caatyss of§ SR R AR TIHRPAFY snivsied nomaly

without ultrfound irradiation (/t) Addmonally, the XRD peak intensities of all

BCY | RN ()P4 PR U113

formation step does not affect the structure and the crystallinity of zeolite beta.

This is commonk
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4.1.2 SEM Images

SEM images of calcined zeolite beta synthesized without and with ultrasound
irradiation for various periods are shown in Figure 4.3. All SEM images exhibits
nano-particles of zeolite beta in uniform round granular shape. The average size of
zeolite beta particleé synthesized with ultrasound irradiation was about the same with
the average size of 185 nm for all samples. Beta60-72h shows relatively smaller size
about 170 nm. It is observed in Figure 4.3 that particles of zeolite beta prepared with

ultrasound irradiation are slightly larger than the sample synthesized without

application of ultrasound irrg also be illustrated that application of
ultrasound irradiation ac o é subsequent crystal growth and
resulted in slightly lan ¢ = This is in agreement with, O.
Andag. et al. [60]. F* o it 0% om 30 to 120 min does not

affect the particle sis

‘y:
[}

AUEINENINYINS
ARANTUNNIINGAY
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9lel @3 =y
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Beta60-US90 and (F) Beta60-US120. All images are taken at the same
magnification of x 20,000 except for (B).
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4.1.3 Nitrogen Adsorption-Desorption
The N» adsorption-desorption isotherms of the calcined zeolite beta samples
prepared without and with ultrasound irradiation in the gel formation step for various
periods are illustrated in Figure 4.4. All samples exhibit a type I isotherm which is
typical for microporous materials [52]. Only the isotherm of Beta60-72h is not
superimposed with others and the plateau shows larger absorbed amount of nitrogen
than other samples while the isotherms of the samples prepared with ultrasound
§ Lach isotherm exhibits three different
; 'ine zeolites [78]. The frist zone,
S Ccox :spé‘: nitrogen adsorption in the

micropore system. A/ arfal omsezcond zone is created by the
nitrogen adsorption «# : AN S™ve pressure (P/Po > 0.8), the

. N
third one rises stec g » 4 4 to % R NS RA Clindicating the presence of
interparticular porosit 4 ¢, = W

Table 4.1 show g% o) - iy zeolite beta samples. Among

irradiation gives almost the saz

adsorption zones which ax

adsorption at very G

| irradiation, they all exhibit

the similar textural pr s. T J/’:! ecit’ s ace area and external surface
area of Beta60-72h is hiffer, .@ B pi"™ ared with ultrasound irradiation
because of the smaller partic]P ey @b. This agrees with the case of zeolite

HZSM-5 result th{uhe
size reduces [78]. 8%

§ I increased when the crystal

,;\‘"‘ liation periods from 30 to

120 min does not sif :| ficari, ™ priace :; 1. Pore size distribution was

obtained from the adsoiption data by means of MP method as shown in Figure 4.5.
=3 L

The distribu %ﬁrﬂsﬂﬂ?omlﬁllﬂ 1l samples. The pore

size distributh peaks of the ine ite beta samples are centered at 0.6 nm.

calcined zeol

app@mﬁ:@ﬁmmﬁm L

crystallinity, particle size and specific surface area. Therefore, the shortest ultrasound
irradiation period (30 min) was chosen to study effect of crystallization time on
formation of zeolite beta and the results are subject to be compared with samples

prepared without application of ultrasound irradiation.
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Figure 4.4 N, adsorptic e 7 ‘ ~ " zeolite beta samples prepared

without and with of ultrasound irradiation in the gel

form ‘on :
L

X

Table 4.1 Textural ;I €N sambles
¥ i¥ |

pagticle size* | Sggr, dp’ Sex” Vimigro™

s Mo o) <h stmle) | (emg)
Beta60f7 1 7 6 ﬂ d 65 0.31
Beta60-US3-72h 190 748 0.6 49 0.28

¢ ==

g 1 ™ 5 0.28
o ( BN | ¢ 'y d 0.28
Betad0- US120 72h | 181 736 0.6 45 0.28

* particle size determined by SEM images
® Specific surface area determined by application of the BET-plot method
¢ particle size distribution determined by application of the MP-plot method
9 external surface area and micropore volume determined by application of the t-plot

method
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Figure 4.5 MP plots fo! pe JF-sizada=ics £ piricd zeolite beta samples

42 Effect of Crystallizasdac /4 24 ion of Zeolite Beta
4.2.1 XRI\gA— i,

-

)

The effect S - ' formation of zeolite beta

was studied for bott AI .ethods, with anu witnout emplofhg ultrasound radiation. All
XRD patterns of the as@ymthesized producgfor both methods as shown in Figure 4.6

IFNETHE GRS ) S

crystallized f8 8 h and 12 h shg.wing no reflection peak. It gljiicates that only

o,
RIS I N INEIR B
form geolite befa "crystals. on prolongation Of crystallization fime at 135°C,

formation of pure zeolite beta can be achieved after 16 h for both synthesis methods.

The characteristic peak at 26 of 22.5° reaches the maximum intensity after 20 h of
crystallization for both synthesis routes. It is interesting that all beta samples prepared

with employing ultrasound irradiation have higher peak intensities than those
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prepared without ultrasound irradiation, indicating the higher crystallinity of the

former.

Intensity

ﬂummmﬂmm
Qmmnimﬂﬁ“ﬁ%maa

Flgure 4.6 XRD patterns of the as-synthesized zeolite beta samples prepared with

40

ultrasound irradiation and crystallized for various periods: (A) 8 h; (B) 12
h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48 h; (G) 72 h;and (H) 96 h
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Intensity
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h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48 h; (G) 72 h; and (H) 96 h
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The XRD patterns of the calcined zeolite beta samples are shown in Figure 4.8
and 4.9. All calcined samples in both Figures show the tremendous increase in
intensity of the low angle peak at 26 of 7.7° due to the removal of the organic
template. In general for several zeolites, the high angle peak at 26 about 22° should
maintain unchanged in intensity due to no effect of template removal. Nevertheless, it
is always found for zeolite beta to have the significant decrease in intensity of the

peak at 20 of 22.5° after calcinatigry Jt implies that there must be some change

concerning Si/Al ratio of thes e migration of aluminum from the

framework position to , é! This is also evidenced by the
observation of a pear™ . in 2A1-NMR spectra of the
calcined samples to uitrasound radiation during the
synthesis course, 15 Jiiintensity of this peak. This

indicates that apply: "% migration of aluminum.

-‘f;;
AUEINENINYINS
ARANTUNNIINGAY
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Intensity
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ultrasound irradiation and crystallized for various periods: (A) 8 h; (B)
12 h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48 h; (G) 72 h; and (H) 96 h
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4.2.2 SEM Images

SEM images of zeolite beta synthesized without ultrasound irradiation show
amorphous phase in chunks of the starting silica gel in Figure 4.10A as well as of the
sample crystallized for 12 h as shown in Figure 4.10B. After 16 h or longer
crystallization time, chunky particles disappeared while nano-particles in uniform
spherical shape of zeolite beta were observed as shown in Figure 4.10C-H. The longer
crystallization time, the larger crystal size and particle size of zeolite beta are, but it is

not significant after longer than 20 b ,The smallest particle size is 165 nm and the

largest size is 173 nm. In the
Figure 4.11, the SEM ima

g1 ultrasound irradiation as shown in
2 me way but slightly larger particle
size than the case witiwe yingeltr: fation, i.e. the smallest particle
size is 190 nm and tHe®er "/ were crystallized for 24-96 h.
It can also be expef¥iic, - SuSed the white reactant slurry

turned to homogens accelerated crystal growth.

‘y:
[}

AUEINENINYINS
ARANTUNNIINGAY
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Figure 4.10 SEM images of (A) xerogel and (B-H) Beta60 samples crystallized at
135°C for various periods: (B) 12 h; (C) 16 h; (D) 20 h; (E) 24 h; (F) 48
h; (G)72hand (H) 96 h
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Figure 4.11 SEM images of (A) xerogel and (B-H) Beta60-US30 samples crystallized
at 135°C for various periods: (B) 12 h; (C) 16 h; (D) 20 h; (E) 24 h; (F)
48 h; (G) 72 hand (H) 96 h
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4.2.3 Nitrogen Adsorption-Desorption

Figure 4.12 shows the adsorption-desorption isotherms of the calcined zeolite
beta samples prepared without ultrasound irradiation. In Figure 4.12A, silica xerogel
exhibits a type IV adsorption-desorption isotherm which is a characteristic of
mesoporous material. After the gel mixture was crystallized for at least 16 h, the steep
adsorption was observed at very low relative pressure, giving a so-called type I
isotherm which is typical for microporous materials. Figure 4.12B depicts the same

adsorption-desorption isotherm of Bat260 crystallized for 24 — 96 h. Considering at

extremely high relative pressy & gach of zeolite samples exhibits the
unusual second step of isotms " / .\ ‘/}ence of mesoporosity on external
s ¢ sen#een reported for nanoparticle
zeolites [11-12]. The SiGT ik B cr inesoporous volume is. Among
the zeolite products, - " ‘ AR oporous volume as well as the
. Figure 4.13 presents the
adsorption-desorptior 4 Y : "\ “%ta samples prepared with
ultrasound irradiation. ' gfa: : - y.

v allized for various periods are

s face areas of all zeolite beta

. nthods, the BET specific surface

samples are higher than ¢ Mic !fﬁ

areas reach to maximum valuzi=be ,g_ ata samples were crystallized for 24

h. Prolongation of :;'
the BET specific o

g2} not significantly change
,"r‘ yield from the two
methods, zeolite bet: 'I imples syiicoiae et ultraso ‘“‘ irradiation gives %product
yield higher than thosgewithout employing yltrasound radiation, mdlcatmg that the

ultrasound 1rﬂ urﬂcq %%ﬂ@w ﬁj r]!ﬂre lting the higher yield

of zeolite betdThis result is in agreement with llterature [60] that the yield of zeolite

““‘a"mmfﬁ'smmﬂwma d
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Figure 4.12 N, adsorption-desorption isotherms of calcined zeolite beta prepared
without ultrasound irradiation: (A) silica xerogel and samples

crystallized for 16 and 20 h, (B) samples crystallized for 24 - 96 h
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Figure 4.13 N, adsorption-desorption isotherms of calcined zeolite beta prepared
with the application of ultrasound irradiation and with various periods
of crystallization: (A) silica xerogel and samples crystallized for 16 and
24 h, (B) samples crystallized for 48 - 96 h
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Table 4.2 Textural properties of calcined zeolite beta samples synthesized without

ultrasound irradiation

Sample particle size® | Yyield” | Spg® | dyf Sex” N\{‘:{;ﬁg?
(nm) (m“/g) | (nm) (m“/g) (em*/e)

Silica xerogel 10,000 - 333 13.9 313.6 -

Beta60-16h 161 0.7 719 0.6 109.3 0.27
Beta60-20h 196 3.5 712 0.6 44.5 0.28
Beta60-24h 173 5.8 784 0.6 65.9 0.31
Beta60-48h 0.6 67.9 0.31
Beta60-72h / 0.6 64.8 0.31
Beta60-96h / 0.6 66.9 0.30

A

? particle size determirig

r 4 |
i Y

¢ Specific surface arm#®c

® Gram of solid per

4 particle size distrik

¢ external surface are:

method

Table 4.3 Textural pro#e:

. I
ultrasound irra

Ll\

Z€O0'

5 —

th ™ T-plot method
' MP-plot method

L by application of the t-plot

'ta samples synthesized with

A2 -
e Micropore
q Sext e
Sample r . (m2/g) volume
g (cm2/g)
Silica xerogel U, ¢ ).9 313.6 -
Beta60-US30-16h 160 1.8 732 .6 79.3 0.29
Beta60-US30-20h 32& 7.8 ., 747 0.6 49.4 0.30
Bem60-US30-ﬂHﬂ%:w%§:%%’| MBS 624 0.31
Beta60-US30-48 Do . ldel & 616 0.30
Beta60-US30-72 202 dl.1 76k 0.6 8.4 0.30
™ SE ; 13498 N 91 €4 0.29

® Gram of solid per 100g of starting gel

¢ Specific surface area determined by application of the BET-plot method

d particle size distribution determined by application of the MP-plot method

¢ external surface area and micropore volume determined by application of the t-plot

method
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Figure 4.14 shows the mesopore distribution of amorphous xerogel obtained

from the N, adsorption data using the Barrett, Joyner and Halenda (BJH) method. The
distribution peak of mesopores is broad and centered at about 13.9 nm. The pore size
distributions of Beta60 and Beta60-US30 samples which are obtained from the
adsorption data by means of MP method are shown in Figure 4.15 and 4.16,
respectively. All zeolite beta samples exhibit the narrow distribution of micropores
with the same pore size about 0.6 nm.

From the results shown above, egrystallization time of 24 h should be suitable

for both synthesis methods, v ' galtrasound irradiation, since it is the
shortest time showing the é face area. However, the tests for
activities of these zeolimwm . th 4 racking of PP were carried out

to confirm this hypoth

HUEJ’JW’WWO‘WH’IBT]%
AMASnIRNm AN At
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Figure 4.15 MP por- amples synthesized without
ultrasound Lods of crystallization
4500 -
3500 -
Y

5 2500 4 000

2 —+— Beta60-US30-16h

3 g A o —=— Beta60-US30-20h

s W INBINIWE IR R

; : ‘ a60?US3048h

—%— Beta60-US3

d, /nm

Figure 4.16 MP pore-size distributions of zeolite beta samples synthesized with

ultrasound irradiation and with various periods of crystallization
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4.3 Effect of the Si/Al Ratios on Formation of Zeolite Beta

4.3.1 Elemental Analysis

Table 4.4 shows the Si/Al mole ratios in gel and in catalyst of the samples
prepared with and without employing ultrasound radiation. It was clearly observed
that the Si/Al mole ratios in catalyst of all samples prepared in this work were less
than the Si/Al ratios in gel which were calculated from reagent quantities. The large
aluminum content determined by the ICP-AES technique is total content of both

framework and non-framework alumi species. Only the data from ICP-AES

technique can not classify thad gcies, whether it is located at the

2, ‘/)ework species. Consequently,
is Wedemmmmm——ion, there is no significant
e M- analogous samples synthesized
A Beta20-US30-24h, both of
"W The Si/Al molar ratio in

tetrahedral framework O
supportive data from
difference between the
from the same Si/Al /%
which were prepareg

catalyst of Beta20-1 4#

1

W2 N84h, indicating the larger

Table 4.4 Comparison c#c: “) “%:s%vith different Si/Al ratios

Si/Al molar ratio

Samnle
A o0 catalystb

T Betal0%A 4 —
T Bew20-4) | W 150
Beta40-24h¢ o Y 23.6

| | k0, 21 ﬁ7.7
3&%0-2411 -« 0 _ 278,

q Beta20- ST e el |
Beta40-US30-24h 40 229
Beta60-US30-24h 60 282
Beta80-US30-24h 80 26.9
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* calculated from reagent quantities.

® Aluminum (Al) was determined by ICP-AES and Si was calculated from the
deduction of AlO; from the sample weight.
* XRD patterns present amorphous phase.

4.3.2 XRD Results

XRD patterns of calcined zeolite beta samples with different Si/Al ratios in
catalyst are revealed in Figure 4.17 2
beta with Si/Al ratios in gel of 2488 ray peak indicating amorphous phase,

no matter ultrasound radiatig i o ’/)implies that longer crystallization

time is necessary for th: > MW 100 == propriate for preparing zeolite

4.18. According to the XRD results, zeolite

beta with too low Si/AAna =v — 80 in gel, the well-define
structure of zeolite LI+ o A woiriovef all samples. The samples
with the Si/Al ratio > peak intensities for both
a%% is clearly observed for the
samples with Si/Al rati = _ H of ultrasound radiation, the
Beta20-US30-24h saf oh " =4 %\ innsity than the one without
ultrasound irradiation. 4 ¥ ind enhances incorporation of
aluminum into structure hn 1 OMier Si/Al ratios. It is known that

the greater amount of alumin _fgﬁ_;',"_ A

a zeolite structure, the less ordered
structure and thel Uk . Skt will be obtained. The
exceptional high V. -r‘. 4h sample is confirmed
by the results of eler I ntal anaiy o . oW( I Ir, the crystallinity may not

be the most 1mportant¢f cracking of p stics. Other properties such as external

s H Y 9 EW@WWI A%
Qmmnmum'mmaﬂ
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Figure 4.17 XRD patterns of cfflcined zeolitewbeta catalysts@prepared without

A MNFUURIINY AL @ w o

20; (C) 40; (D) 60; and (E) 80
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Figure 4.18 §KRD pattcms of calcined samples synthesized by ultrasound
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4.3.3 ?Al-MAS-NMR Spectra

27 Al-MAS-NMR spectra of calcined zeolite samples with different Si/Al ratios
are presented in Figure 4.19 and 4.20. The spectra of all calcined samples show the
presence of an intense signal centered at around 55 ppm which corresponds to
aluminum in tetrahedral (T4q) framework position and a small signal at about 0 ppm
that is assigned to octahedral (Oy) non-framework aluminum species [14]. The results
indicate that non-framework aluminum species were also generated during the

calcination process for the zeolite ghtained [13]. The intensity of signal at 55 ppm

greases due to the saturation of number
of framework site. How é Figure 4.20A gives the signal at
®¢s in this work. It demonstrates
that application of U 77/i | NN - aiuminum content caused more
aluminum incorpor@¥ 1 b\ uuced dealumination from the
sws Oy/Ty ratios in calcined
\Sadiation compared to those
\ Wet220-US30-24h is the lowest,
indicating that almost a' red ) u d into the tetrahedral framework

position. This impliest ‘e acl __' A 000- %3%24h should be the highest too.

AULINENINYINT
AN TUNMINGA Y
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Figure 4.20 “Al-MAS,  beta samples synthesized by

with different Si/Al ratios in catalyst

ultrasound i irrad:S

X
Table 4.5 Compari -_f. n oY PCirfl zeolite beta samples with

¥

W
different bI/A] ratios

AUV AR
e h 8.4 L7361 | 0.21
etad0-24h ¢83.33 16.67 0,20
Q Y- ] 1 ‘
gl Bela80-24h" i < -E ALY A .
Beta20-US30-24h 92.59 17.41 0.08
Betad0-US30-24h 83.33 16.67 0.20
Beta60-US30-24h 86.21 13.79 0.16
Beta80-US30-24h 83.03 16.97 0.19

* calculated from ratio of peak area of the signal centered at around 0 ppm to

peak area of the signal centered at around 55 ppm
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4.3.4 SEM Images

SEM images of zeolite beta catalysts synthesized with and without application
of ultrasound irradiation and with different Si/Al ratios are shown in Figure 4.21. All
images exhibit agglomeration of small crystal to larger sphere like particles. The
decrease of Si/Al ratio form 80 to 40 led to slightly change of particle size but the
larger particle size was formed when the Si/Al ratio reduces to 20. It is remarkable at
the low Si/Al ratio of 20 that the particle size of Beta20-US30-24h is clearly larger

than Beta20-24h. This result indicateg jhgt application of ultrasound irradiation at the

low Si/Al ratio of 20 accelera ' g ucleation center and enhanced crystal

AULINENINYINT
ARIAATANNING A Y
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Beta60-24h

Beta80-24h

8 SEI 1ohuy DR JeE B S 1a Za BE1] |

m

Figure 4.21 SEM images of calcined zeolite beta samples prepared with and
without application of ultrasound radiation and with different Si/Al

ratios.
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4.3.5 Nitrogen Adsorption-Desorption

Figure 4.22 and 4.23 show the adsorption-desorption isotherms of zeolite beta
samples prepared with various Si/Al ratios. These Figures show the type I isotherms,
typical for microporous materials. The pore size distribution of zeolite beta samples
prepared without and with ultrasound irradiation are shown Figure 4.24 and 4.25,
respectively. All samples exhibit the narrow distribution of micropore with pore size
about 0.6 nm, The textural properties of the zeolite beta samples with various Si/Al
ratios are compiled in Table 4.6. Thg R§T speciﬁc surface areas of Beta20-24h and
ue to the large particle size, while

l difference in the BET specific

Beta20-US30-24h are lower tusiy
the increase of Si/Al ratio 0 50" Al

surface areas.

600 ———
500 1

400 -

Volume adsorbed (V/cm’ (STP) g")

300 - ¢
4
/. /f‘ |
200 -
—=— Beta20-24h
100 —a— Beat40-24h
—»— Beta60-24h
—e— Beat80-24h

L UU’]VIHVI§WU”lﬂ‘§ 1

¢ Relative pregag

e} WL@ naIEIAneg l’é!m%lts

without ultrasound irradiation and with various Si/Al ratios in catalyst.
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Figure 4.24 MP plots for pore size distribution of calcined zeolite beta samples

prepared without ultrasound irradiation and with different Si/Al ratios
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4500 - ‘ o -
—e— Beta20-US30-24h
—a— Betad40-US30-24h
3500 - ‘
[\ —a— Beta60-US30-24h |
| —%—Beta80-US30-24h |
2500 - N
a
3
=
T 1500 A

s N

-500 &

aicined zeolite beta samples

O ™od and with different Si/Al

Table 4.6 Textural plop' T ‘ Wit various Si/Al ratios

Saanple szud MicroporcsvolumeCI
(m7/g) (cm’/g)
Beta20-24h 50.7 0.30
Beta40-24h (™ £4 0.29
Beta60-24h | 7% ===v19 0.30
Beta80-24h 2.7 0.29
Beta20-US30-24h 0.6 |%453 0.30
Beta40-US30-24h | € &65 766 ay 0.6 65.3 0.29
Beta60-US{op i\J A4 1‘ ‘ #—Hﬁm EINan 0.30
Beta8(0-US3Qp- 056 0.30

i mmmmma NYIAY

b Spcc‘ﬁc surface area determined by application of the BET-plot method.
¢ particle size distribution determined by application of the MP-plot method.
4 external surface area and micropore volume determined by application of the t-plot

method.
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4.3.6 NH;-TPD Profiles

Figure 4.26 exhibits NH3-TPD profiles of zeolite beta catalysts prepared
without ultrasound irradiation and with different Si/Al ratios. All samples show two
NH; desorption peaks. The peak position corresponds to acid strength while the peak
area corresponds to number of acid site. The peak centered at 170°C is normally
assigned to a weaker acid site, and the other one at 430°C is assigned to a stronger
acid site. It is obvious that the acid strength is similar for all four samples and only the

number of acid sites is different. Table 4 7 shows the number of acid sites in term of

acidity (mmol/g). The increasegid ) # 41 40 to 80 does not much change the
total acidity because alumi} . ’/}'atios determined by ICP-AES are
not much different. Cos . || r==————c number of weaker acid site
of Beta20-24h increaSis™ ol :..E‘I- 1> ratios, while the number of
stronger acid site o? aplained that the increase in
aluminum content i r acid sites increased. The

W4e largest aluminum content

The NH;-TPE r 24 ‘ i g blcS synthesized by ultrasound
irradiation method wit! : : 4.27 can be explained in the
same way. For the Si/Al 10 0" 80, the total acidity is not much

idity of Beta20-US30-24h is higher

different. For the low Si/Al re _fgﬁ_;',"_
than the total aciflld L0 ultrasound causes more
aluminum conten V

g . This result is conformed
by the data from ICE _I ES ang ey

¥

ﬂUEJ’JVIEWI?WEﬂﬂ‘i
Qmmnmummmaﬂ
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Desorded amount of ammonium
(uVolt)

Figure 4.26 wyorepared without ultrasound

in catalyst of (A) 15.0; (B)

Temperature (C)

Figure 4.27 NH3-TPD profiles of zeolite beta samples synthesized by ultrasound
irradiation method with different Si/Al ratios in catalyst of (A) 11.6;
(B) 22.9; (C) 28.2 and (D) 26.9
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Table 4.7 Acidity of calcined zeolite beta catalysts prepared without ultrasound

irradiation and the samples prepared by the ultrasound irradiation method

with various Si/Al ratios.

Acidity’(mmol/g)

samples Weaker acid site® | Stronger acid site® Total®
Beta20-24h : 1.12 0.36 1.48
Beta40-24h 0.73 0.56 1.29
Beta60-24h N ' 1.25
Beta80-24h 123
Beta20-US30-24h 1.62
Beta40-US30-24h 133
Beta60-US30-24h 1.25
Beta80-US30-24h 1.22

4.4 Activities of Various ZZ7755 i
4.4.1 EffC0pf £)
The degrad & 78 X Jicta60-20h, Beta60-24h,
Beta60-72h, Beta60-{530-2015% Ien, a Beta60-US30-72h were
carried out at 380 °C for‘40 min, in order t%jnd optimum crystallization periods for

zeolite beta Wﬂaww E}ﬂ;ﬂﬁyst was tested in
values o

ts in PP Cracking

comparison. conver51on and product yield for thermal cracking and

o BT TR Ik (1M1}
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Table 4.8 Values of %conversion and %yield obtained by thermal cracking and

catalytic cracking of PP over Beta60 and Beta60-US30 samples

crystallized for various periods at 380°C (Condition: 10 wt% catalyst of

plastic, N5 flow of 20 cm®/min and reaction time of 40 min)

Beta60- | Beta60- | Beta60-
Beta60- | Beta60- | Beta60- | US30- US30- US30-
Thermal 20h 24h 72h 20h 24h 72h
%Conversion* 14.35 95.45 96.47 96.20 94.73 95.73 96.00
%Yield*
1. gas fraction \ '.4“._87 42.65 40.73 41.20 41.85
2. liquid fraction \W/ ‘ 53.55 | 54.00 | 5453 | 54.15
- % distillate oil ' —;Ji 74.58 | 73.28 | 7823 | 7838
- % heavy oil | ——5 42 | 2672 | 21.77 | 21.62
3. residue 0 5.27 4.27 4.00
- wax 1 3.94 2.94 215
- solid coke ) 133 132 1.85
Total volume of
liquid fraction (cm®) | 3.90 3.95 3.90
Liquid fraction
density (g/ cm®) il 0.7 0.71 0.70

All zeolite beta catalysl =

waste over 94%
conversion and p

than those of the

in al

&

™ CIres

or yield of gas fraction, 0.6%

performance with the conversion of PP
of raaidue. It is remarkable that
.L‘H ing of PP are much higher
> oq) 14.35% due to the activity

enhanced by the audity and surface area of zeolite™ Considering product yields,

catalytic craeki ‘P‘av lit - igher yields of liquid
fraction thaﬂaﬁﬂrﬂhﬂmﬁﬁlﬂ:ﬂnnjd 54% while those of
gas fraction are in the range of 40 €43%, = 7 L7

RN ATFS IR AT WD B v
the cf,stallizabtionitimé increases frorﬁ 20 hto 72 h, thé conversion and product yields
of all six catalysts are not different. This result indicates that zeolite beta samples
prepared with and without application of ultrasound irradiation become powerful

catalysts for PP cracking when they were crystallized for only 20h. However, Beta60-
24h and Beta60-US30-24h show a high selectivity to distillate oil and less amounts of
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coke deposited on its surface compared to those catalysts crystallized for 20 h and

72 h. Therefore, crystallization time of 24 h is an optimum condition which was
chosen for the catalyst synthesis for the rest of studies.

Figure 4.28 illustrates the accumulative volume of liquid fractions in the
graduated cylinder and the temperature of the reactor increased as a function of spent
time. Although, the initial rates of liquid fraction formation of all six catalysts are

quite different, the total volumes of liquid fraction are nearly equal.

4.5 I

Lae? 4 i
35 |+ Beta60-24h
3 | —-— Beta60-72h

|

2.5 |

| —&— Beta60-US30-20h

—%— Beta60-US30-24h

lemgerature (C)

—*— Beta60-US30-72h |
|
|

Accumulative volume (cm)

——Reaction heating

_program

" —e— Beta60-20h
|
|
|
I
|

LT

Figure 4.28 Accumulas saos ohtained by catalytic cracking

of § ;. — ‘for various time at 380°C

(Conu (4 oo flow of 20 cm’/min and

¥

reacti® tlme of 40 min).

Ges ﬂdU}J ANYNIWHINT e

380°C is glven in Figure 4.29. Theggas fraction ghjained by the crackmg consists
5 AAARIFD UAAAE TG E e v
_ catalyfic cracking contains propene, i-butene and Cs+. In addition, all distribution
plots of PP waste cracking over six catalysts exhibit similar gas product distribution,
indicating that the distribution of gas products is not affected by variation of

crystallization time from 20 h to 72 h.
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—o— Thermal 380°C
35.00 { —=— Beta60-20h 2
—a— Beta60-24h /\
T = Beta60-72n

25.00 - —%— Beta60-US30-20h
—e— Beta60-US30-24hl
| —+— Beta60-US30-72h

Selectivity (%)
|3
[—]
[—]
[—)

»‘ I " . . - ) > \e

\\\ by the thermal cracking and

les crystallized for various
a'st of plastic, N, flow of 20

Figure 4.29

Figure 4.30 shows c&

sribution of distillate oil obtained by
thermal crackmg and aste using zeolite beta catalysts

synthesized with § fiation and crystallized for

,..Fa

various periods. qu c Cnp value which relates to

.I.N

the boiling point of® “rmal- -paraffins. For example, th&{roducts in the boiling point

range of Cg 'zl icyclic, and aromatic
hydrocarbmﬁ-nije ﬁﬂnﬂ% {W&Lﬁﬂ ine and n-hexane. For
thermal crack ng, the main distillag oil compongpt is Co. In presgnee of zeolite beta
QNN ST ANIPAL AR vt
beta c&alysts exhibit good catalytic activities for producing light hydrocarbon liquids.
All liquid distribution plots obtained by cracking PP waste over Beta60 and Beta60-
US30 catalysts crystallized for various time are approximately similar in the range of

Cs-Co hydrocarbon. There is slightly difference in %selectivity compared among

these catalysts; however, this difference is not significant. This result indicates that
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not only variations of crystallization time from 20 h to 72 h but ultrasound

irradiation route do not affect the distribution of liquid products as well.

80 —
o | —o— Thermal 380°C |
70 | i
/ \ | —=— Beta60-20h
60 | —&— Beta60-24h 2
2 \ —»— Beta60-72h
s 50 ‘ 4
& J \ —%— Beta60-US30-20h
5 0 | | s Beta60-US30-2¢h
2 ! /
£ 30 \ | —+—Bew60US307n
20
10 -
0

Ci12 C13 Ci14 Cl4+

Figure 4.30 Carbc, \ Mions from thermal cracking
%, ]

\'\' beta samples crystallized for
w70 catalyst of plastic, Ny flow

of 20 crrliny fF Ll ).

442 Effect of S/AZC A/ 24
The effeci AT, &) gradation of PP waste at

)

low temperature Vi'. I temperature on catalytic

reaction. The value: A! f %conversion anu product yiedtdfrom thermal cracking and
catalytic cracking of @Rsover zeolite bgtp catalysts prepared with and without

sicaion @Y ASBIF D) T AN RERFM s v compured

Table 4.9 and ¥ 10.

o ‘ = &
L N s g
was f@urld “in 'the" gr ed cyliMderYand' %LomVefsio™s only' 376%. The result

indicates the difficulty in degradation of PP without catalyst at the low temperature
about 350°C. Therefore, the total weight loss of plastic precursor after reaction is
dedicated to gas fraction. The white candle wax remained in the reactor after the
reaction was included in the residue. For the catalytic cracking over zeolite beta

catalysts prepared without application of ultrasound irradiation, the %conversion
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increases from 3.6 wt% to about 46 wt% compared with thermal cracking. The

result indicated that the waxy residue decomposed into relatively lighter liquid
hydrocarbons resulting in higher yield of liquid fractions than the case of thermal
cracking. However, there is no difference in %conversion when Si/Al ratio increases
form 20 to 80. The specific surface area cannot explicate the activity of those catalysts
since their activity do not relate to the change in specific surface area. The number of
active site, determined by NH;-TPD method, is accounted for their behavior. Beta40-

24h, Beta60-24h, and Beta80-24h sa '19 have not much different in term of number

of acid sites; consequently, the s a8 % # ot different. Considering the catalyst
with Si/Al ratio of 20, rela ! ’/}tent, the liquid fraction yield for
Beta20-24h is slightly | e (W.ers = clatively higher acidity while
others seems to have siitii= i " :-._L‘.ﬁ'i wie Si/Al ratio.

The results ™ 5 beta catalysts synthesized
with application of ‘able 4.10. Similar to the
results mentioned abe 0 to 80 provides no change
in %conversion. Howe: 3 _ ‘-U830-24h sample increases
as Si/Al ratio decreaf 7
catalyst as mentioned ind . 0-US30-24h catalyst presents
the highest %liquid fraci#n !% andunt of distillate oil. It can be

&.24h led to the formation of lighter

explained that the higher acic Z2is

liquid products. |4
A

..I
W

ﬂUEJ’JVIEWI?WEﬂﬂ‘i
Qmmnmummmaﬂ
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Table 4.9 Values of %conversion and %yield obtained by catalytic cracking of PP

over normal zeolite beta catalysts with various Si/Al ratios (Condition: 10

wt% catalyst of plastic, N, flow of 20 cm>/min, 350°C, and reaction time

of 40 min)
Thermal | Beta20- | Beta40- | Beta60- | Beta80-
350°C 24h 24h 24h 24h
%Conversion* 3.6 45.67 45.40 46.50 46.20
%Yield*
1. gas fraction 28.10 29.30 29.40
2. liquid fraction 17.30 17.20 16.80
- % distillate oil 78.85 76.33 69.90
- % heavy oil : 23.67 30.40
3. residue 4.60 53.50 53.80
Total volume of liqe=
fraction (cm’) 1.25 1.28
Liquid fraction densit ¢ N
(g/ cm’) 0.70 0.69

over Beta-U$ j- T

wit% catalyst of pl2=
of 40 _- in)

- -

. ﬂp‘

Il

g Vv

R0/,

&)

r yield of gas fraction, 0.4%

.2\k:d by catalytic cracking of PP

ous Si/Al ratios (Condition: 10

20 cm®/min, 350°C, and reaction time

{7 Y] | Beta60- | Beta80-
3 U=wn | US30-24h | US30-24h
%Conversion* ;I 3.0 mm— 40 46.40 45.80
%Yield* i
1. gas fracti M_@N PASEy & 30.10 29.40
2. liquid fraﬂl HH . 680 Jiskb 1 B 1630 16.40
_ % distillat®oil -4 8209 76.81 4,58 64.13
- : N - / =y A <Oga 35.87
3. reSiYud'\ | | %ﬂﬂl N4¥ 10 3% | Y3 54.20
TotalWolume of liquid
fraction ( cm’) 5 1.85 1.20 1.18 1.18
Liquid fraction density
(g/ cm®) - 0.71 0.70 0.70 0.71

*Deviation within 0.6% for conversion, 0.8% for yield of gas fraction, 0.6%

for yield of liquid fraction, and 0.6% for yield of residue
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Figure 4.31 shows the accumulated volume of liquid fraction obtained by

catalytic cracking of PP waste over various zeolite beta catalysts synthesized by the
two different methods at 350°C. The overall rate of liquid fraction formation over
Beta20-US30-24h is faster than those over other seven beta catalysts due to the effect
of the predominant acidity of the Beta20-US30-24h catalyst in contrast to others.

— 1 400

350

—e— Beta20-24h
Betad0-24h
—a— Beta60-24h
—%— Beta80-24h
_ 900| —— Beta20-US30-24h
—e— Betad0-US30-24h
" 150) 3¢ Beta60-US30-24h
—=— Beta80-US30-24h

temp

3

Accumulative volume (cnt)

+ 300

T 250
|

+ 100

il s

|
Figure 4.31 Accumulative v ;9_}","_ x gtions from catalytic cracking of PP
over [k i (dcgnt SI/AL ratios at 350°C
(Con‘

B
reactior J ne ot 4U N,

Figu-ﬂ:.uag a3wowlgwga€rﬂ£§ obtained by thermal

cracking and @htalytic cracking of PP over varlous zeolite beta catalysts prepared

B L WO TP ey (120

beta catalysts, the product distribution in gas fraction is different from that in the

"“ of 20 cm’*/min and

absence of catalyst or thermal pyrolysis. The main components in gas fractions from
catalytic cracking are i-butene and Cs+. In addition, the product distribution in gas
fraction is independent from the Si/Al ratios in the catalyst and the application of

ultrasound irradiation.
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Figure 4.33 Distribution of gas fraction obtained by catalytic cracking of PP over
Beta-US30-24h catalysts with different Si/Al ratios at 350°C (Condition:

10 wt% catalyst of plastic, N, flow of 20 cm’/min and reaction time of
40 min).
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Figure 4.34 and 4.35 show carbon number distribution of distillate oil

obtained by catalytic cracking of PP over various zeolite beta catalysts synthesized
with and without application of ultrasound irradiation at 350°C. The major liquid
products of all Si/Al ratios are distributed in the range of C; and Cy. The decrease of
Si/Al ratio in catalyst causes the increase in the selectivity to lighter hydrocarbon
components. It can be obviously observed for the different liquid product distribution
among Beta80 and other Si/Al ratios. The product distribution of SUPELCO standard

gasoline fraction is shown in Fignrog and the major components are C; and Cs.

That is comparable to the diguss # 2te oil obtained in this work based on
the boiling point range - "CSS ’// o ce- According to the results of

Si/Al ratio in catalyst™ 21 PY e .1 220-US30-24h is a powerful

catalyst selected for the 2 ue to considerably large amount

40

35 1 —e— Beta20-US30-24h
PR s - 20 'S —a— Betad0-US30-24h
5 25 | S L £ dh ]
% / M . —a— Beta60-US30-24h
S 20 b — | —¢—Beta80-US30-24h ||
@ LA
wn 15 | - 2
o
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S
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Cs C6‘AC7 C8 9UC10 Cil1 C12 C13 Cl14 Cl4+

AUANINSNYNT

Figure 4.34 @arbon number disfpibution of distillate oil ob@'led by catalytic

Qq W'js ﬁ g | I‘a. ‘ﬂﬂewq";: é m(@@j Si/Al ratios at

ondition: 10 wt% catalyst st 20 cm®/min and

reaction time of 40 min).
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Figure 4.36 @hrbon number distribution of commercial SUPELCO standard gasoline
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'4.4.3 Effect of Reaction Temperature

Beta2(0-US30-24h catalyst was used for studying the effect of temperature on
its activity and the thermal cracking was tested in comparison. The values of
%conversion and the product yields for the thermal cracking and catalytic cracking of

PP waste over Beta20-US30-24h catalyst at 350°C, 380°C and 400°C are shown in
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Table 4.11. The value of %conversion steeply increases from 53.30% to 97.50%

when reaction temperature increases from 350°C to 380°C and that remains constant
for 97.40%conversion at 400°C. The yields of both gas and liquid products are
affected by temperature. Considering at temperature in range 380°C to 400°C, the
products are mainly in liquid fraction at the high yield about 60-62% and the minor
products are gas fraction at the yield about 35-37%. The %distillate oil at 380°C is
higher than that at 400°C. For thermal cracking at three reaction temperatures, the
value of conversion and product yieldy
from 350°C to 400°C. The ef, \ a on PP cracking clearly observes at
380°C that the residue f\*_ : ' é iﬂtically reduces from 85.65% to

kin¥® Thassss¥ions have pale yellow color in

~gease when the reaction temperature increase

Table 4.11 Valuca#®] 240 4 AL \ .i by thermal cracking and
catalyt’ #ro # f 3 U O US-24h catalysts at different

temperat’ f ' i .' \ A% of plastic, N, flow of 20

ARelction Reaction
m W -ature=380°C | temperature=400°C

Beta20- Beta20-
US30- US30-
£ ’4h Thermal 24h

¥ *
%Conversion

i ]7.50 57.20 97.40
%Yield” |

1. gas fraction 870 €43730 | 2220 | 3520

2. liquid fraction - - 26304 5.65 60.20 35.00 62.20

- % distiitdlo]! %%%W % 5100 | 7097
- % hea i - 1791 48.90 29.03

3. residue 9640 |¢46.70 | 8565 2.50 42.80 2.60
- Solldicoe@ N , I 3 o 0.87

Total volume of
liquid fraction

(cm®) . 1.85 0.38 428 2.40 4.40
Liquid fraction
density (g/ cm?) . 0.69 0.71 0.71 0.72 0.71

*Deviation within 0.6% for conversion, 0.8% for yield of gas fraction, 0.4%

for yield of liquid fraction, and 0.6% for yield of residue
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Figure 4.37 shows the accumulative volume of liquid fractions in the

graduated cylinder increased as a function of spent time. When the temperature is
increased, the initial rate of liquid fraction formation is much faster in order 400°C,
380°C and 350°C. However, the total volume of liquid fraction was no difference for
the 400°C compared to that at 380°C.
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Figure 4.37 Accumulat1 frac Wns from catalytic cracking of PP
over Beta20 US> 7 ®. different temperature (Condition: 10
wt% catal ﬁ" 2 m’/min and reaction time of 40
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Figure 4.38 ‘ .ows distribution of gas fraction®#tained by thermal cracking

and catalyt rackin over at 350°C, 380°C and
400°C. Con 1 é]ga@ mnﬁdw h ﬁ ﬁ normally C; through
Cs, the maJo"lcomponents for thegmal cracking Ale Cs (propene d Cs (n-pentane)
QA RUNFANNAA A o
Howeer, the vapor of Cs” (liquids at ambient condition) which has higher boiling
point than that of Cs (n-pentane) is obviously detected in high amount. For thermal
cracking, the reaction temperature effects distribution of gas fraction products. When
the reaction temperature increases, the gas fractions of lighter hydrocarbon (ethane
and propene) increases, while that of heavier hydrocarbon (n-pentane and Cs")

decreases. The growing yield of volatile components as function of temperature could
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be caused by the differences in the thermal stability of polymer chain, because

hydrocarbons have reducing thermal stability with increasing temperature. Therefore,
the C-C bonds were cracked more easily at 400°C than at lower temperature, and it

resulted in higher yields of volatile products.

40.00
—o— Themal 350°C

35.00 | —=— Thermal 380°C
—%— Thermal 400°C
30.00 7 ——350°C

- . !
X 25.00 :iggg /
5 2000 : :
: ' VR
s 1500 ———— - AN R /
§ ' 7AW/
10.00 1
5.00 (&
0.00
(] X
&'&‘# .&'go &
Figure 4.38 Distribution#f @ eCWy catalytic cracking of PP over
Beta20-US30-24 _491"" 4 ent temperature (Condition: 10 wt%
cata" g -k zaction time of 40 min).
Figure 4.39 'fl OWS proveo TR0t disfliate oil obtained by thermal

cracking and catalytlc‘n(‘:&ckmg of PP ¥ Beta20-US30-24h catalysts at 350°C,

380°C and ﬂ uﬁh%% Eﬂ !Haﬁgw E}qﬂ ﬂa'ctlon is rich of Cs. For

the thermal dfjicking at 400°C, the liquid hydrocarbon fractions are distributed in a

RSN T

crackmg are distributed in a wide range of molecular weights. For catalytic cracking,
the distillate oil components are mainly in the range of C; to Co. When the reaction
temperature increases to 400°C, the liquid fractions of lighter hydrocarbon (Cg-C7)
increases while that of heavier hydrocarbon (Cy-C,o) decreases. This result indicates

that liquid product distribution depends on temperature. According to the results of
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temperature effect on PP cracking, the large amount of liquid fractions obtained at

the temperature of 380°C and 400°C are not different. Moreover, the higher quantity
of distillate oil was obtained at the temperature of 380°C. As a result the temperature

of 380°C is selected to be the best condition for further studies in this work.

80
70 ——350°C N
60 —=—380°C |
B o —4—400°C
-E —8— Thermal 380°C
8 40 - .
< —a— Thermal 400°C
7 30
X
20
10 -
0
C13 Ci14 Cl4+
Figure 4.39 Carbon nuv 4 e : , obtained by catalytic cracking
of PP # s at different temperature
bf LRI N, flow of 20 cm’/min and
reaction timcbf @
ﬁ - ,r )
4.4.4 Effe( ) v
Value of (&4 L) catalytic cracking of PP
waste at 380°C over "'I 2ta20-Uoow e with dfferent catalyst amounts of 5

wt%, and 10 wt% to PP are shown in Ie 4.12. The high conversion value of

97.50% is oﬁru\ﬂfaﬁﬂ W@Wﬁ] ﬂjﬂ%’ng of catalyst amount

to Swt% leadg the %conversion drop to 87.60%, indicating that the conversion

o0 MRSV iok (11011 R

cata]yst amount, the less acidity resulting in the less gas fraction yield. However, there
is no difference in liquid fraction yield. The amount of residue and the conversion are
inversely related. The residue produced by using 5% catalyst amount contains mainly
wax due to lower activity compared to using 10% catalyst. The lower acidity, the

higher wax and residue is found.
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The selectivity to light oil and heavy oil in liquid fraction is affected by

the catalyst content. The PP cracking using 5% beta catalyst provides low selectivity
to light oil because of the less acidity. From the results mentioned above, the optimum
catalyst amount is the 10 wt% catalyst to PP due to the greatest %conversion and high
light liquid hydrocarbon.

Table 4.12 Conversion and product yield obtained by catalytic cracking of PP over

Beta20-US30-24h cata'ygcg with different catalyst amounts at 380°C

(Condition: N fliss /nd reaction time of 40 min)

. _/
Ty

~ mount to PP

\ S  10wt%

97.50

37.30
M 60.20
80.45

, ) 19.55

3. residue | s A - 2.50

1.15

- SOlld COKe @ 1.36
Total volume of; g;r" ,;,9 /]

ctic 4.28

.,"d‘ 0.71

*Deviation V] ! i Tl vield of gas fraction, 0.4%

for yield of liquid fractlon and 0.4% for yle]d of r651due

g@um NENANEDT e s

catalytic cracking of PP waste ovefBeta20-US30e84h catalysts wil different catalyst
amoﬁt;mﬂ é?&ﬂu‘é m %Jl%%%%ﬂ&i}a E\.Jreactlon using
10wt% catalyst contéﬂt ‘is slov;/er thanr that> over> using 5wt% catalyst amount,
indicating the predominant competitive rate of dissociation of liquid molecules to gas
molecules compared to the rate of liquid formation. However, the total liquid volumes

of both cases are not different.



103

400
Ny - 350
< —~
: 300 &
E 250 &
> g
3 200 ®
& 5
= 150 &
= B
-]
g 100 ©
< ——5%
—u— 10%
—— Temperature
heating program
Figure 4.40 Accumuia* rum catalytic cracking of PP

¢ catalyst amounts at 380°C

“on time of 40 min)

Figure 4.41 Sno XV redE _ ' \ fraction obtained by catalytic
cracking of PP over Y B A i ?
380°C. The mainly gas fificti -’%

the product distribution in FZabZ/s 24 % and 10% catalyst amounts are

Vit various catalyst amounts at
1g ave propene, i-butene and Cs. and
similar. It can belgA S+jatios does not affect gas

S Y ]

product distributiCe#4 :
The product _I tributions Ui ngu. on votained biiatalytic cracking of PP over
Beta20-US30-24h catafygts with various ggtalyst amounts at 380°C are shown in

rigwe 1o SBHQ AR T PRI RTe o 10% caays

amounts are Shtly different. For }O% catalyst content, the major products are in the

TN TR

decrease. It indicates that lighter liquid hydrocarbon was obtained in case of 5%
catalyst amount. In this work, using 10% catalyst amount is the best condition

according to the highest %conversion and distillate oil fraction.
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—— 5%

% Selectivity

atalyst amounts at 380°C

S tion time of 40 min).

% Selectivity

ﬂ b 19N @] § 1‘!.‘L!_I
Ct ‘ C¢ C10 C11 C12 C13 C14 C14+

el ANIRIUURIRREOGY » o

cracking of PP over Beta20-US30-24h catalysts with different catalyst
amounts at 380°C (Condition: 10 wt% catalyst of plastic, N, flow of 20

cm’/min and reaction time of 40 min).
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4.4.5 Catalyst Regeneration

4.4.5.1 XRD Results

The used Beta20-US30-24h catalysts became black owing to coke
deposit on the surface and in the pores. However, it easily turned to white after
regeneration by calcination in a muffle furnace at 550°C for 5 h. Figure 4.43 shows
XRD patterns of the calcined unused and the regenerated Beta20-US30-24h catalysts.
After catalytic run, the structure of zeolite beta was still remained for the
1"regenerated Beta20-US30-24h anc

" regenerated Beta20-US30-24h catalysts

with almost the same crystalliy

Intensity

Figure 4.43 XRD pattgfnsof (A) the calciggd unused (B) the 1* regenerated Beta20-

ﬁ%&l&% @W?‘}gﬁ WEFF P40 caase
R W"fﬁﬁﬂ"ﬁ%ﬁ VAN o0

sample with different magnification. After the third catalytic run, it is obvious that the
regenerated catalyst particles have sphere like shape with similar particle size

compared to the fresh catalyst SEM image of which has been shown in Figure 4.21.
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“ion'"h) > =—(B) x50,000 times

h catalyst and regenerated
yenerated catalyst show the
characteristic isotherm g fe? .o, o iW%he specific surface area of 552

and 534 m?/g, respeliv >Vl 5 A Wcornpared with the fresh catalyst

0.6 0.8 1

P/Po

Figure 4.45 N, adsorption-desorption isotherms of the fresh and the regenerated
Beta20-US30-24h sample
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4.4.5.4 Activity of Regenerated Zeolite Beta in PP Cracking

Values of %conversion and %produce yield obtained by catalytic
cracking of PP using the fresh and the regenerated Beta20-US30-24h catalysts at
380°C are shown in Table 4.13. The % conversions and product yields of the
regenerated catalysts are not much different from that of fresh catalyst. The
significant differences are the yield ratio of distillate oil and heavy oil. The
regenerated catalyst provided relatively higher yield of distillate oil and lower yield of
heavy oil comparing to the fresh catalyst. This result suggests the regenerated

catalysts have less specific sui

fresh catalyst.

Table 4.13 Values of wm— $)n ] ¥ == cd by catalytic cracking of PP
using thc ire: ' ol (Condition: 10 wt% catalyst

of plastiti " ¢ aud reaction time of 40 min)

2°Regenerated
L 0-24h Beta20-US30-24h
BET specific suey
area (m%/ g) 534
%Conversion” 95.25
%Yield"
1. gas fraction 3425
2. liquid fraction 61.00
- % distillate oil 65.97
- % heavy o™ _ 34.03
3. residue ; ~ 4.75
- wax 'I a .wf 3.05
- solid coke & : .6 L0
Total volume of li .
fracti qLu‘d , » 4.35
Liquid fr ‘o ’ _ : a
0.71

q W? N wumwmagym 0%

for yié d1d of liquid fraction, and 0.5% for yield of residue

Figure 4.46 shows the accumulative volume of liquid fraction in the
graduated cylinder. The rates of liquid formation are not significantly different no

matter using the fresh or the regenerated catalyst. Moreover, total amounts of liquid
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fraction are not different. This shows that the catalysts can be used again at similar

efficiency after regeneration.

4.5 400
"’g 4 - ~ -+ 350 —e— Fresh Beta20-
@ 3.5 - ‘ US30-24h
g 300 %)
% 31 250 o | —* 1% Regenerated
: 2.5 ‘é Beta20-US30-24h
= | 200 =
& 2 g —a—2" Regenerated
E 1.5 g Beta20-US30-24h
- &
2 1 - —— Reaction heating
0.5 - program
0 -
0 5 1v
Figure 4.46 Accumul! % | ! : btained by catalytic cracking of

alcY Beta20-US30-24h catalysts

(Conditig# w4 %3 : I/ iOWN, flow of 20 cm*/min, 380 °C,

and reactio #in,
757 7
Figit) P 4ajtion obtained by the PP

e ————————— -

-

cracking using 1§ 2§ AX 130-24h catalysts at 380°C.

The gas fraction c || poses 8 R IStribi lpn. There is no difference in
lectivity i fractj lysts.

selectivity in gas acqogetween the thrwata ysts

ﬁ‘ﬂeﬁt@'ﬁeﬂﬁt Wﬂqﬁ Viid fraction obtained by

the PP cragging usin e regenerated Beta2(0-US30-24h catalysts

b BN 1ait) (1013

From the results mentioned above, zeolite beta is stable for the use as
cracking catalyst and the used catalyst can be regenerated easily in a furnace. Its

cracking activity still does not change significantly.
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Carbon number distributions of liquid fraction obtained by catalytic
cracking of PP using the fresh and the regenerated Beta20-US30-24h
catalysts (Condition: 10 wt% catalyst of plastic, N, flow of 20 cm3/min,

ARVOATURAR

Figure 4.48

380 °C, and reaction time of 40 min)
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4.5  Activity of Various Zeolite Beta Catalysts in HDPE Cracking

4.5.1 Effect of Si/Al Ratios in Catalyst

In order to reduce the influence of temperature on catalytic cracking of HDPE
waste over zeolite beta catalysts with different Si/Al ratios, the catalytic reaction was
tested at temperature of 380°C where conversion of thermal cracking is only 0.6%.
The values of %conversion and %yield obtained by the thermal cracking and catalytic
cracking of HDPE waste over various catalysts for both normal and ultrasound

irradiation methods with different Si%A L jatios at 380°C are shown in Table 4.14 and

4.15, respectively. The %cony F Jic cracking is extremely higher than
thermal cracking. The res ' /isradatlon of HDPE at the low
temperature of 380°C sur Mvitha—c of catalyst. For catalytic

cracking, the yield of 11 an inat of gas fraction. The high

activity and high liq®u - _ S Niac Zeolite beta can be elucidate
: Mtes on external surface and
A ik crystalline zeolite beta. The

reduced intracrystallinf i B Wements leads to less cracking

by considering the r«#

fast mass transfer of

reactions, resulting iit hi § ‘Ine %conversion and %yield

are not significantly a#fcc in

I

However, the change in ¥/A! J’:ﬁ les "ne highest conversion as well as
liquid fraction yield for both. _.49‘, A

(A% ratios in the range 40 to 60.

Si/Al ratio of 20 presents the lowest
BET specific sur ' S f those catalysts is more
£ ji/Al ratio of 20, Beta20-
US30-24h catalyst s! :I vs the higlici soiiquiu traction yi .'y | and the less %residue than
Beta20-24h because ofdhgshigher acidity of Beta20-US30-24h as mention in Section

as AUYINBNINYINT

Conveldion obtained in the é:ata]ytlc crackmg of HDPE lS lower than that of

T T AN T

PP is characterized by a certain degree of branching. The presence of tertiary carbon

dominant than its 1'

in the PP molecules provides favorable positions for the initiation of the polymer
chain cracking since their activation requires weaker conditions than the secondary

carbon activation does [78].
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Table 4.14 Values of %conversion and %yield obtained by thermal cracking and

catalytic cracking of HDPE over normal zeolite beta catalysts with
various Si/Al ratios (Condition: 10 wt% catalyst of plastic, N, flow of 20

cm3/min, 380°C, and reaction time of 40 min)

Thermal Beta20- | Betad0- | Beta60- | Beta80-
380°C 24h 24h 24h 24h

%Conversion* 0.60 90.20 87.20 88.20 85.50
%Yield*

1. gas fraction
2. liquid fraction

38.00 40.60 38.40
49.20 47.60 47.10

- % distillate oil 67.52 68.52 67.46
- % heavy oil 31.48 32.54
3. residue 11.80 14.50
- wax 9.86 12.88
- solid coke 1.94 1.62
Total volume of uqn :
fraction ( cm’ 3.35 3.30
Liquid fractlon acns’
(g/ em?) 0.71 0.70
*Deviation witfin #H ghe /3 9¢for yield of gas fraction, 0.6%
for yield of liquid fractiorh an

ﬂUEJ’J'VIEWI?WEﬂﬂ'ﬁ
ammnmummmau
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Table 4.15 Values of %conversion and %yield obtained by thermal cracking and

catalytic cracking of HDPE over zeolite beta prepared by ultrasound
method and with various Si/Al ratios (Condition: 10 wt% catalyst of

plastic, N, flow of 20 cm>/min, 380°C, and reaction time of 40 min)

Thermal Beta20- Beta40- Beta60- Beta80-
380°C | US30-24h | US30-24h | US30-24h | US30-24h

%Conversion* 0.60 93.53 89.40 89.90 86.60

%Yield*

1. gas fraction 40.00 42.63 38.00

2. liquid fraction

49.40 47.27 48.60

- % distillate oil 70.30 69.48
- % heavy oil 29.70 30353
3. residue 10.10 13.40
- wax 8.44 11.56
- solid coke 1.66 1.84
Total volume of liquid , e T Y
fraction (cm’) 4 | \ ) 3.30 3.40
Liquid fraction density : :
(g/ cm®) 0.70 0.71

*Deviation within da 2 5dn, (W or yield of gas fraction, 0.5%
for yield of liquid fraction residue

- ﬂe._ 78

Figure 4. i Z>draction in the graduated
cylinder in case o= % " #!| ratio. The initial rate of
zeolite beta ratio of :I and 40 are siigiuy 1aster than ti :; le of zeolite beta ratio of 60
and 80. The highest ovéfabyrate is Beta20-2gH.

(T LTI R T TT O S—"

cylmder in cag! of samples synthes&zed by ultrasound irradiation method The rate of

11qu m%w ? Eélf’ferent Si/Al
ratlos ge qu1te d1 erent and Beta 4h 1s Taster than that over the others. That

confirms the acidity effect of aluminum incorporated in the zeolite beta structure can

play important role on activity of the catalysts in cracking of HDPE.
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Figure 4.50 Accumulative volume of liquid fraction obtained by catalytic cracking of
HDPE using zeolite beta prepared by ultrasound method and with
different Si/Al ratios (Condition: 10 wt% catalyst of plastic, N; flow of

20 cm*/min, 380 °C, and reaction time of 40 min)
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Figure 4.52 Distribution of gas fraction obtained by thermal cracking and catalytic
cracking of HDPE using zeolite beta synthesized by ultrasound method
and with different Si/Al ratios (Condition: 10 wt% catalyst of plastic, N;

flow of 20 cm*/min, 380 °C, and reaction time of 40 min)
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Figure 4.51 and Figure 4.52 show distribution plots of gas fraction

obtained by thermal cracking and catalytic cracking of HDPE over zeolite beta
synthesized without and with ultrasound irradiation and with various Si/Al ratios at
380°C. For thermal cracking, ethane, propene, n-butane and Cs* are main products
and Cs* is prominent, whereas gas fractions from catalytic cracking consist of mainly
propene, i-butene and Cs*. The product distribution in gaseous phase is not different
upon changing the Si/Al ratios in the catalyst for both synthesis methods.

Figure 4.53 and Figure 4.§4, ghows product distribution of distillate oil

obtained by the catalytic crac r zeolite beta prepared by normal and
ultrasound irradiation m ¢ / the HDPE cracking over all
catalysts, the liquid fra | of %, ayﬁis very similar to a commercial
SUPELCO standara “-—E:\'l cii Si/Al ratios decrease, the
component C; incredsce 4 B\ “m-\ with application of ultrasound

irradiation (Figures#54 S L i\ NN ™higher acidity provides the

N2 over normal catalysts, the

Comparison “oet A [ _ kthout application of ultrasound

irradiation, ultrasound #it: fatioy | & components increase of about

5%, whereas the Cg afd %

ultrasound irradiation co-ozfcZibZ/s 24

rcduced. Therefore, application of

= heavier waxy residue into lighter

T §44J20-US30-24h was chosen
due to noticeably W AX

..I
W

ﬂUEJ’JVIEWI?WEﬂﬂ‘i
Qmmnmummmaﬂ

liquid hydrocarb /s
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¥

AR IR IT A WINYAY

4.5.2 Effect of Reaction Temperature

Table 4.16 summarizes the values of %conversion and %yield obtained in the
thermal cracking and catalytic cracking of HDPE over Beta20-US30-24h at 380°C
and 400°C. In case of thermal cracking, the increase in reaction temperature from

380°C to 400°C gave the increase in conversion of only 3% and no liquid fraction was
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obtained even if the reaction temperature reached to 400°C. The catalytic cracking

presents the both conversion and product yield greatly higher than the thermal
degradation, because of the high acidity of zeolite beta. Increasing temperature from
380°C and 400°C resulted in significant higher %conversion as well as liquid product
yield of HDPE. That indicates both conversion and yield of liquid products are
affected by reaction temperature. The increase of product yields (gases, liquids) as
function of temperature could be caused by the differences in the thermal stability of

= reducing thermal stability with increasing

polymer chain, since hydrocarbons h:
temperature. AN
Table 4.16 Values oft n *.d Q@ined by thermal cracking and
: 2.U-US30-24h at 380°C and 400°C

™ flow of 20 cm*/min and

Reaction
temperature=400°C
Beta20-
Thermal US30-24h
%Conversion” 3.40 96.00
%Yield"
1. gas fraction 3.40 36.80
2. liquid fraction - 59.20
- % distill>24 L) - 71.83
- % heaviL N 28.17
3. residue :7| = 96.60 4.00
- wax - = 96.60 2.61
- solid coke € g - 1 52 - 1.39
e ANV N 13
liquid 2 420
L1qu1d fﬂctlog ¢ "
. 0.71

IJV

9 *Deviation within 0. 4% for conversion, 0.6% for yleld of gas fraction, 0.5%

for yield of liquid fraction, and 0.4% for yield of residue.
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Figure 4.55 exhibits the volume of liquid fraction accumulated in the

graduated cylinder along the spent time since heating started. The initial rate of 400°C
is much faster than 380°C and the higher total volume of liquid fraction is obtained at
the temperature of 400°C, indicating that rate of liquid fraction formation depend on
the reaction temperature. Therefore on the purpose of conversion of plastic to liquid
fuel, the temperature of 400°C was selected for the rest of work on the catalytic
cracking of HDPE.

4.5 -

3.5

. 3.
Accumulative volume (cm’)

45 S0 55 60

Figure 4.55 Accumulative voloere , ction obtained by catalytic cracking of
HDPW Tl an #00°C (Condition: 10 wt%

ﬁi‘ . .
catal {78 LY J eaction time of 40 min)

..I "
v iv

The component ‘pf gases formed in thennal and catalytic cracking reactions of

HDPE usin n in Figure 4.56. In
thermal crac ﬁﬁﬁmmn n g?T actﬂjﬁJ ainly propene, n-butane and Cs".

ﬁ cri nd those to n-
butaﬁ Wﬁ:ﬁ iﬁ ﬁ ﬂ(ﬁ ﬁﬁ‘ﬁﬂﬁ ﬁlducing light

hydrocarbon gases. The temperature also affected the composition of gases because
the concentration of products of HDPE catalytic cracking (propene and i-butene)
increased, while that of Cs" decreased with increasing reaction temperature. Changing

of gases component also presents in thermal cracking.
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Figure 4.57 shows product distribution of the liquid fraction obtained by

catalytic cracking of HDPE using Beta20-US30-24h at 380°C and 400°C. For tlhe
catalytic cracking at 380°C, the liquid fraction is mainly C; and Cg components,
whereas C,; component is main liquid fraction for catalytic cracking at 400°C. When
the temperature increases, the amount of lighter hydrocarbon of Cs slightly increases
while that of heavier hydrocarbon of Cg decreases. It can be concluded that not only

the presence of catalysts, but also the temperature affects the gases and liquid

components.
60.00 v /
=
50.00 —a— 400°C
| —&— Thermal380°C
"? 40.00 T h—2— Thermak00°C /
E 30.00
5]
2 /]
20,00 /
3
10.00 ; /
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S & & & FFSC
& v Pl e
:— ‘ ,&

Y

Figure 4.56 Distrit} i ol oy Jlermal cracking and catalytic

crackmg of HDPE using Beta20- US3U 24h at 380°C and 400°C

@mimmm g o o o
Qmmnmummmau
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HDPE

catalyst - g ik ‘ M reaction of 40 min)

400°C (Condition: 10 wt%

4.5.3 Effect
The %conversic
waste at 400°C over Bet -
5wt%, and 10wt% to HDPE 30 I
92.80% is obtaine() ik
to 10wt% leads t§ 2§

Y%conversion slightlyf{}=pendSTH

y catalytic cracking of HDPE

~
Lt

With different catalyst amounts of
4.17. The high conversion value of
rpasing of catalyst amount
.;" 00%, indicating that the
ent. C I} sidering to %product yield,

the gas and liquid fraqgic‘)gn. yields slightly.clijcrease when the amount of catalyst is

reduced frmﬂow/ﬁ ﬂt%\'ﬂ‘?}ﬁaﬂﬂﬂ?ﬁ aditions is noteworthy.
Increasing o qéta yst amount to [0wt% leads the %heavy oil reduces by 7%. The
resi ] ing 22 ¢ I%s ﬁ i :ﬁeg due to lower
actia ﬂ:j:ﬁﬁﬁ lﬁm‘nm % m 1 L

‘Due to the higher %conversion and light liquid hydrocarbon, the optimum

catalyst amount is the 10 wt% catalyst to HDPE.
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Table 4.17 Conversion and product yield obtained by catalytic cracking of

HDPE over Beta20-US30-24h catalysts with different catalyst amounts at
400°C (Condition: N; flow of 20 cm>/min, and reaction time of 40 min)

Catalyst amount to HDPE

5 wt% 10 wt%
%Conversion” 92.80 96.00
%Yield"
1. gas fraction 34.40 36.80
2. liquid fraction 59.20
- % distillate™ - 71.83
- % heavy ~: — 4 | _ ‘ 28.17
3. residue ' ' \ ~ 4.00
- wax i ‘ ' \ 2.6]
- solid : .- 9 N Y 1.39
Total volum 4% 'Jf F Fl== \
A | N 4.20
Liquid fracti G A 0.71
*Deviation witl, R0 Wor yield of gas fraction, 0.5%

for yield of liquid fractior ##n
LTINS

The accyi - ', cil by catalytic cracking of

HDPE waste over§ 78 ) l atalyst amounts at 400°C

is shown in Figure ¢ i 3. TIowe " ragyff n formation in the reaction

¥

using 5wt% and 10wt°4; catalyst content is not significant different, as well as total

e “°‘”"ﬁ°ﬁ?ﬁl‘“§ f El NINYINT
Qmmmmummmaﬂ
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Figure 4.58 ile g £ ¥ ECARYN ons®rom catalytic cracking of

W% W different catalyst amounts
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L

-
-

. I ,
Figure 4.59 shows d

cracking of HDPE over Bas =)z st with various catalyst amounts at

400°C. The main¥gs

Pf gas fraction obtained by catalytic

2> opene, i-butene and Cs+.
L)

'“ owt% and 10wt% catalyst

Although the prou '
amounts are quite =#nilar, there are slightly differé&® in concentration of some

hydrocarbon omponeftﬂncreasin the@dtalyst amount to 10wt% decreases the
heavy hydrcar

d eth )‘IIQA&JC%I%]&ﬂi ‘%’ﬂ&ﬂﬂgons (methane, ethane
AWTIT TRV T Qo s o

HDPHj over Be h catalyst with various catalyst amounts at 400°C are
presented in Figure 4.60. The product distribution in liquid phase for 5wt% and
10wt% catalyst amounts are significant different. The C; fraction is dominating
mainly on the cracking of HDPE using 10wt% catalyst. When catalyst amount is

reduced, the C; liquid hydrocarbon decreases while the selectivity to Cy and Cjo
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components increases. It indicates that lighter liquid hydrocarbon was obtained

when using 10wt% catalyst amount.
In this work, using 10wt% catalyst amount in HDPE cracking is the best

condition according to the highest %conversion and distillate oil fraction.

30
- —o— 5wt% Beta20-US30-24h
—=— 10wt% Beta20-US30-24h
> 2
2 15 |
(zo //
S0 /
5 .
0 ;
(g (4
v§ < 000 3 §¢l &*Q C?X
@“‘ TS
¥ &
Figure 4.59 Distributic g s W B Matalytic cracking of HDPE over
f g
Beta20-US3( Jf4h S2a=ro di\frent catalyst amounts at 400°C
. -
(Condition: N; f1& = "% and reaction time of 40 min).
=1 A
40,
B — 20-US30-24h
2 3 Dcta20-US30-24h
>
g s 1L \
@2 v - Q
X o) ' ,
1
e F W - u‘

RN N AE

cs C6 C7 C8 C9 C10 Cl11 C12 C13 Cl4 Cl4+

Figure 4.60 Carbon number distribution of distillate oil obtained by -catalytic
cracking of HDPE over Beta20-US30-24h catalysts with different
catalyst amounts at 400°C (Condition: 10 wt% catalyst of plastic, N,

flow of 20 cm®/min and reaction time of 40 min),
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4.5.4 Catalyst Regeneration

4.5.4.1 XRD Results

The used zeolite beta easily turned to white after regeneration by
calcination in a muffle furnace at 550°C for 5 h. XRD patterns of the calcined unused
and the regenerated catalysts are presented in Figure 4.61. The two characteristic
peaks of zeolite beta are still remained with almost the same crystallinity as the
unused catalyst, even if catalysts were used in HDPE cracking and regenerated for

three times. This indicates the high stghi'ity of the zeolite beta structure.

1000 cps

Intensity

b, " il ; ',‘ I‘_ w“
:
30 35 40

-
-

2

¥

Figure 4.61 XRD pattafyeof (A) the calciggd unused (B) the 1" regenerated Beta20-
AUHANGNIWHEIAG e
U

=3 o

YRR A0S ...

different magnification are shown in Figure 4.62. After the third HDPE cracking, the
3™ regenerated Beta20-US30-24h sample has sphere like shape with un-uniform size
compared to the fresh catalyst SEM image of which has been shown in Figure 4.21.



125

rp®an isoterms of fresh catalyst
L bg\ yated catalyst exhibit the
characteristic isotherm g . - A N8N specific surface area of 636
and 602 m*/g, respeciiv: y AE corpared with the fresh catalyst
(703 m*/g).

Vi/em® (STP) g

Figure 4.63 N, adsorption-desorption isotherms of the fresh and the regenerated
Beta20-US30-24h sample
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4.5.4.4 Activity of Regenerated Zeolite Beta in HDPE Cracking

Table 4.18 summarized the values of %conversion and %yield
obtained by the HDPE cracking using fresh and regenerated Beta20-US30-24h
catalyst at 400°C. The values of %conversion obtained in the third cracking are not
different from that of fresh catalyst. There are no different between the yield of gas
and liquid fraction of fresh and 1% regenerated catalyst, whereas the 2" regenerated
catalyst provided relatively lower yield of gas fraction and higher yield of liquid

fraction comparing to the fresh catalyst Moreover, greatly higher yield of heavy oil

r the regenerated catalyst comparing

' A’enerated catalyst has less specific

111u_ in the cracking of C-C bonds,

siputant role; primary cracking

e It
the specific surface @iTa |
reactions of polyme™®iia: smustourface of the catalyst, while
the smaller fragmer, ‘ £/ oy e : rface. The 2™ regenerated
- 0 lowest gas fraction yield.

However the specific s L . conversion.

Table 4.18 Values of Wec fersic 2 Ledby catalytic cracking of HDPE
ca® lyst (Condition: 10 wt% catalyst

0°C, and reaction time of 40 min)

Lo el 2" Regenerated
(7 i J'h | Beta20-US30-24h
BET specnf' ¢ Sulia— :
area (m /g) 602
%Conversion” ) 96.40 96.6
o .
el AP RARS AR 324
2. liquid frabhi 59.20 61.40 6420
Yerbstibatomoil 43 - o~ o BT
N vyﬁﬂfiﬁjﬂ% I a Em
3. rékidue 4.00 3.60 3.40
- wax 2.61 1.97 1.70
- solid coke 1.39 1.63 1.70
Total volume of liquid
fraction (cm?) 4.20 427 4.45
Liquid fraction density
(g/ cm?) 0.71 0.72 0.72
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*Deviation within 0.6% for conversion, 0.8% for yield of gas fraction,

0.4% for yield of liquid fraction, and 0.6% for yield of residue

Figure 4.64 shows the accumulative volume of liquid fraction in the
graduated cylinder. The rates of liquid formation are slightly different when using the
fresh and the regenerated catalyst. HDPE cracking using 2™ regenerated catalyst
provides the higher total volume of liquid fraction than that using fresh and 1%

regenerated catalyst due to the less speqific surface area mentioned above.

45 1
“g 47 —e— Fresh Beta20-
% 35 1 US30-24h
E 31 —%—1* Regenerated
g ) Beta20-US30-24h
o 25T
2 % —a—2" Regenerated
8 21 3 Beta20-US30-24H
=
E 15T E Reaction heating
<8: 1 ‘\> program

OI } T T T T
0 5 10 15 20 2< _x_

]
e

Figure 4.64 Accum ! tive VOluL oo acuon ot ,, ned by catalytic cracking of

HDPE wgstg, using the fresy jand the regenerated Beta20-US30-24h

ﬁ“ﬂﬁ‘]ﬂ w a Wﬁ%tﬂ ’}ﬂ @ flow of 20 cm®/min,

#J0°C, and reaction tlme of 40 mm)

A WIARN) SUNBANHAR ...

fresh and the regenerated Beta20-US30-24h catalyst at 400°C is given in Figure 4.65.
The gas fraction composes the same product distribution but there are slightly
differences in selectivity of gas fraction between the three catalysts. The mainly gas
fraction from HDPE cracking are propene, i-butene and Cs+. In case of regenerated

catalysts, the heavy hydrocarbon (i-pentane and Cs+) is increased, while the lighter
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hydrocarbons (methane, ethane and ethane) are decreased due to the effect of

specific surface area.

Figure 4.66 shows product distribution of the liquid fraction obtained by
the HDPE cracking using the fresh and the regenerated Beta20-US30-24h catalyst
400°C. Both fresh and regenerated catalysts provide mainly C; to Cg range in liquid
fraction. For using fresh catalyst, the liquid fraction is mainly C; components. For
using regenerated catalyst, the liquid fraction is mainly Cg components.

This shows that zeolite heta is stable for the use as cracking catalyst and

arnace. Its cracking activity still does

=

the used catalyst can be regencag sy’

not change significantly.

30.00

25.00 -

g
S

(=3
[—}

% Selectivity
s
[—4
(=]

N

L Auiangningang

ution of gas fraction obtained by catalytic cracking of HDPE

WIRSrsal N et

and reaction time of 40 min)



129

40
35 —&— Fresh-Beta20-US30-24h
/\ —8— 1® regenerated Beta20-US30-24h

30
% —a&— 2" regenerated Beta20-US30-24h
25 7 \\

\
AN

% Selectivity

\H = = '
ﬁl Cl12 C13 Cl14 Cl4+

u uie regenerated Beta20-US30-
yo. of plastic, N, flow of 20

4.6  Comparison c g % Vs \,\% and Fe-MFI Catalysts in

method and crystalllzed or J’ﬂ amiYonium hydroxide (TPAOH) was
d/Si0; of 0.1. Fe~-MFI with the Si/Fe
I8 h. Textural properties of

used as structure-directing azi"ia/ 4 = 4
of 60 was prepar{g il _¥v
calcined zeolite (St mmarized in Table 4.19.
Beta60-US30-24h s ! NS the Siiariesrpeno size of 0 ,, ) um, resulting in the highest
BET specific surefacegagga and external gupface area. Although the particle size of

s o B P B Y e e

external surfjbe area of both ZSM 5 and Fe-MFI catalysts are not different.

1 ANl 70Y WAL

that the BET specific surface area and especially the external surface area play an

important role on enhancing the activity of catalysts as well as acidity.
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Table 4.19 Textural properties of calcined zeolite beta, ZSM-5 and Fe-MFI

catalysts
Particle Seer | Sext Acidity’(mmol/g)

Catalyst

Y size® (um) | (m%/g) | (m%g) | Weaker Strongerf Total®

acid site® | acid site
Beta60-US30-24h 0.19 784 62 0.66 0.59 1.25

ZSM-5 2.7 440 49 2.30 0.06 2.36
Fe-MFI 032 b} 0.40 - 0.40

? particle size estimated .
® Specific surface ares< = BET-plot method.
¢ external surface arez

¢ Obtained by NH; te

-plot method.

¢ Obtained at temperat
f Obtained at tempe !

& Summation of num 4 acid site.

The catalytic act g s - was compared with ZSM-5 and
Fe-MFI catalysts which were S = -

— r laboratory in degradation of HDPE at
;— ;"4" w
400°C. Table 4.19%ghoy TRV

and z=oduct yield obtained by the

'l

HDPE cracking y———i .';‘ catalysts. The values of
%conversion obtairgd 1 7} ee catalysts are not different.
All three catalysts elibit a high performance with the Tonversion over 95% in HDPE
wastes cracd i ‘nﬁ 0 g The significaat differences are shown
in the %prﬁm:ﬂ a Yl E](ﬂ smﬁmiy oil. ZSM-5 catalyst
presents the highest %gas fractiofl yield (66.6Q%4) and large amgunt of distillate oil
RRAIAT QNI BB v
of srffaller frégménté (frbm ‘prilnnary. step) on their acid sites located on micropore
surface, resulting in the formation of gas fraction and lighter liquid products. It is in
agreement with the normal rule for micro-sized zeolites that gas fractions are major

product due to their high acidity.
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On the other hand, nano-sized Beta60-US30-24h and Fe-MFI catalysts
produce higher yields of liquid fraction than gas fraction due to the lower acidity of
the two zeolites. It is remarkable that liquid product yield obtained in the catalytic
cracking over Beta60-US30-24h is significant higher than that over Fe-MF],
moreover, Beta60-US30-24h shows a high selectivity to distillate oil compared to Fe-
MFI1. The yield of distillate oil of Beta60-US30-24h is 71.86% while that of Fe-MFI is
57.87%. This result suggests that the hig
of Beta60-US30-24h providisth
hydrocarbon liquid.

Table 4.20 Values T 7 0 o ' 1K -~ anied by catalytic cracking of
‘ : ; \\ to-MF] catalysts (Condition:

3/min, 400°C, and reaction

her specific surface area and higher activity

of HDPE resulting in larger light

Fe-MFI
%Conversion 95.20
%Yield
1. gas fraction 66.60 40.60
2. liquid fraction - 29.87 54.60
- % distillate oil =282/ 2 /4 71.86 57.87
- % hea(/ Wi P 42.13
3. residue | ; 4.80
- wax - - 4.23
~ solid col) ) 4 69 0.57
Total volume ofdiguid

* De\”:ltion within 0.5% fgtr conversion&6% for yield cn';as fraction, 0.4%
"FRIHIATRIARTINL1Q Y

Figure 4.67 shows distribution of gas fraction obtained by catalytic cracking of
HDPE over Beta60-US30-24h, ZSM-5 and Fe-MFI catalysts at 400°C. The major
components for catalytic cracking over ZSM-5 are mainly C,4 (n-butane) while that
over Fe-MFI is C; (propene), and that over Beta60-US30-24h are mainly C;
(propene), C4 (i-butene). However, the vapor of Cs* which has higher boiling point
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than that of Cs (n-pentane) is obviously detected in high amount for all catalysts.

The gas fraction distributions of all three catalysts are different because shape and
size selectivity of products depend on pore size of catalysts. Both ZSM-5 and Fe-MFI
are medium pore, while zeolite beta is large pore zeolite. Therefore, zeolite beta
provides selectivity to larger gas molecules (i-butene) than the two catalysts.

Figure 4.68 show carbon number distribution of distillate oil obtained by
catalytic cracking of HDPE over Beta60-US30-24h, ZSM-5 and Fe-MFI catalysts at
400°C. The major liquid products, of both Beta60-US30-24h and ZSM-5 are

distributed in the range of G 4's comparable to the distribution of

distillate oil of SUPELCO% _— b él based on the boiling point range
: cad¥l of —wmwmmmacking of Fe-MFI, the lighter
: A S products.

According - ) NN o Beta60-US30-24h  shows
considerably largest#® . d_~Sci 1.' > oil, Moreover, it provides
\ ceW%.C; and Cg which are in the

Beta60-US30-24h is a best

£ )1r1 '

Z V- Y Jso-usso2an |

= ' ' e 1

% 20 i ', :ﬂ | %
# 15 =

K ¢z

A

Figure 4.67 Distribution of gas fraction obtained by catalytic cracking of HDPE over
zeolite beta, ZSM-5 and Fe-MFI catalysts (Condition: 10 wt% catalyst

of plastic, N, flow of 20 cm3/min, 400°C, and reaction time of 40 min)
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15 | —— Fe-MFI )
—4— Beta60-US30-24h

%Selectivity

—

o 28M-5 and Fe-MFI catalysts
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CHAPTER YV

CONCLUSION

Zeolite beta nanoparticles were synthesized from a freshly prepared silica

xerogel mixed with aluminiurgy gnd a solution of tetraecthylammonium

hydroxide, followed by h'ws '_ ‘/)on at 135°C for various periods.

structure and crystalliiiicy g o | st e particle size of zeolite beta.
Prolongation of irralGi ¢ ‘ ] L i Ules not significant affect the

structure, the parti reolite beta. XRD patterns

show that formatio~ 4 o : "\“\_ after 16 h and pure fully
crystalline zeolite bet 4 c ; '0\ synthesis methods, with and

without ultrasound irfad’ A rede : type | isotherm which is typical

s ¥ the micropores decreases with
the increasing of a]umu m @ JISO¥-24h shows the lowest relative

intensities of octahedral ALZikz/iz A kadicating that almost all aluminum

atoms incorporat .:;_____—7 K ALp) For the Si/Al ratios in a
range from 40 to Y ,"r‘ both synthesis methods.
For the low Si/Al rall} of 20, tie s, POL Beta24l} JS30-24h is higher than the
total acidity of Beta2(¢24h. Ultrasound iggagiation caused not only yield of zeolite

beta increasﬂbuaﬁ @réﬁuﬁﬁﬂ ﬁowrmtﬂ‘ejetrahedml framework

position resulfhg in higher a01d1ty

OVl e o ) el

conditions. Crystallization time of 24 h is an optimum condition for zeolite beta
synthesis due to a high selectivity to distillate oil and less amounts of coke deposited
on its surface. The cracking of high density polyethylene is more difficult than that of
polypropylene. When zeolite beta was used as catalyst, the conversions of both

plastics are greatly more than that in the absence of catalyst. The Si/Al ratios in
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catalyst in the range from 40 to 80 do not affect plastic conversions and product

yields. Application of ultrasound radiation to the sample with the low Si/Al ratio of 20
provides the highest conversion as well as liquid product yield due to the highest
acidity of the catalyst. The plastic conversions and yields of liquid products depend on
the cracking temperature and the plastic to catalyst ratio. The value of % conversion
increases when reaction temperature and plastic to catalyst ratio increase. The higher
acidity causes higher efficiency in cracking PP and HDPE to products and fewer
residues was left in the catalytic reagtar, The product selectivity is affected slightly.

\ 4 d high density polyethylene cracking
are mainly propene, i-but! I’ . T ’/) roducts obtained by cracking of
bozssssm—ange from Cs to Co which is
similar to that for cOiiin: /] " Sovuiucarbon based on the boiling
point range using 1 wiaa ceolite beta catalyst can be
regenerated easily ity still does not change

significantly.

The suggestions for fi

1. To investigate the tyr ﬁﬁ*,_ mponents in liquid fraction product.

2. To comp -— j4~resoporous materials for
catalytic c* A A ondition.

3. To investigel| ) the etticion RESEROCIIIC beta‘ fi ,,, catalytic cracking of mixed
plastic containigg DPE, LDPE, PR, P

ﬂUEJ’JVIEWI?WEﬂﬂ‘i
Qmmnmummmaﬂ



[10]

[11]

[12]

REFERENCES

Plastic recycling information sheet [Online]. 2004. Available from: http://www.waste
online.org.uk/resources/InformationSheets/Plastics.htm [2008,February 29]
Michaeli, W. Plastic Processing: An Introduction, pp. 1-2, 13. New York: Hanser

Publishers, 1995.
Recycling Plastics [Online]. Available from: http://www.polymer.com/dotcom/home.
html [2006, August 5]

Plastics; Future Contract
December 2]
Lotfi, A. Plastic Rec

from: http://www.ncdex.com [2007,

aable from: http://www.lotfi.net/
recycle/plastic

mical Group. 2006. Available

from: http://w 4 o — ’x N s/ChemlcalsNewsletter/eD1gest
ChemicalDetall.c, A \ 7 suly 20]
Marcilla, A.; Ruiz-F#ne & . ~ ‘1%:rmal and catalytic pyrolysis of
crosslinked poly; v ; 76(2006): 254.
P T
Marcilla, A.; Gémez, A @ 'Cia-Martinez, J.; and Cazorla-Amorés,

. b .
MD. Catal‘ G : ./ ategsopolymers: comparision of

different ze(l V = .;" 495-506.
Ali, S.; Garforth, AJ A .. nee, i) J.; and Uemichi, Y. Polymer

¥

waste recycllng %ver used catalyst. Catal Today 75(2002): 247.

Serrano, D.ﬁ ﬂmﬂ m : and Miguel, G. S. An
1nvest1wlon 1nto the catalytic crackmg 0 PE using Py-GC/MS.
Agu%mjdﬁﬁﬁ jﬂﬁﬁ ’1’; m g‘l l) @wﬂtes pp. 154. The

royal Society of Chemistry, Cambridge, 1999.
Kim, J. R.;; Yoon, J. H.; and Park, D. W. Catalytic recycling of the mixture of
polypropylene and polystyrene. Polym. Degrad. Stab. 76(2002): 61.



[13]

[14]

[15]

[18]

[19]

[20]

[22]

[23]

[24]

137

Kaminsky, W.; Schlesselmann, B.; and Simon, C. Olefins from polyolefins and
mixed plastic by pyrolysis. J. Anal. Appl. Pyrol. 32(1995): 19.

Conesa, J. A.; Fant, R.; Marcilla, A.; and Garcia, A. N. Pyrolysis of polyethylene in a
fluidized bed reactor. Energy Fuels 8(1994): 1238.

Wanpler, T. P. Thermometric behavior of polyolefins. J Anal. Appl. Pyrol.
15(1989): 187.

Adams, C. J.; Earle, M. J.; and Seddon, K. R. Catalytic cracking reactions of
polyethylene to light alkanes g gqnic liquid. Green Chem. (2000): 21-23.

Garcia, R. A.; Serranc 7 77 AR D ic cracking of HDPE over hybrid
zeolitic-mesopo g af A4 45— - NN SN0l 74(2005): 379,

Manos, G.; Yusof, 1. * 4 = v gas N. H. Catalytic cracking of

: \ \m h an ultrastable Y zeolite. Ind.

\

ic conversion of polystyrene over

polyethylene #e:
Eng. Chem. Re#
Serrano, D. P.; Aguad ;
HMCM-41, HZSN, W.-AL,O;: comparison with thermal
cracking. Appl. Catal .'9.;-".& &/ 25(2000): 181.
Ooi, Y. S,; Zak';.‘

material M§4

bl S. Synthesis of composite

‘.-"‘ ince in waste used palm oil
cracking. App 'I Catal, S )04): 4l -23.

Altwasser, S.; Welkerg Gy Traa, Y.; andgWeitkamp, J. Catalytic cracking of n-octane

el NN THEANT

Nakao, R.; K¥bota, Y ; Katada,y lehlyama N.; Kunimori K and Tomishig, K

immﬁmﬂﬂ“f?ﬂ’ﬂ ﬁfﬂ“ﬂ“’ cracking. Appl.

Bonetto, L.; Camblor, M. A.; and Corma, A. Optimization of zeolite beta in cracking
catalysts: Influence of crystallite size. Appl. Catal., A: General 82 (1992): 37-
50.



[28]

[29]

138

Manos, G.; Gaeforth, A.; and Dwyer, J. Catalytic degradation of HDPE over different
zeolitic structures. Ind. Eng. Chem. Res. 39(2000): 1198.

Serrano, D. P.; Aguado, J.; and Escola, J. M. Catalytic cracking of a polyolefin
mixture over different acid solid catalysts. Ind. Eng. Chem. Res. 39(2000):
1177.

Marcilla, A.; Gomez-Siurana, A.; and Valdés, F. Catalytic pyrolysis of LDPE over H-
beta and HZSM-5 zeolites in dynamic conditions: Study of the evolution of the

process. J. Anal. Appl. Pyrol. 7%2007): 433-442.

Marcilla, A.; Gémez-Siuran; # 4. F. Catalytic cracking of low-density
polyethylene over 3 ""_;- -~ Fand /i7e011tes Influence of the external
surface. Kinetic ™ Sm. )eg-q2(2007) 197-204.

Aguado, J.; Serrano. 'S /S <=oorri, E.; and Ferndndez, J. A.
Catalytic conver.
Stab. 69(2000): 1,

Lee, Y. J.; Kim, J#.:
zeolite: An eff,

. Seo, G. Nanocrystalline Beta

huid-phase degradation of high-

‘ ‘ental [online]. 2008. Available
from: http://www.< gnzz= )@ arch 17]

Breck, D.W. Zeolite Molecul?
York: John 7 ‘1 .

Secondary Buildi V %vailable from: http://www.
ch.ic.ac.uk/ve [ nlib/CONS Stre.hif} [2007, November 12]

density polyethy:

T re, Chemistry, and use. pp. 3-20. New
d-'%‘ 4

Szostak, R. Zeolite Melgular Sieves. chzples of Syntheszs and Identification. pp.

o AUBTRENTNEIAN T

Lin, Y. H.; Yehg, M. H.; Yeh, T F.; and Ger, M D. Catalytic degradatlon of HDPE

TR IN LI TeEp = -

Garforth, A.; Fiddy, S.; Lin, Y. H.; and Sharratt, P. N. Catalytic degradation of
HDPE: An evaluation of mesoporous and microporous catalysts using thermal
analysis. Thermochim. Acta 294(1997): 65.



[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

139

Aguado, J.; Sotelo, J. L.; Serrano, D. P.; Callers, J. A.; and Escola, J. M. Catalytic
conversion of polyolefins into liquid fuels over MCM-41: Comparison with
ZSM-5 and amorphous SiO,-Al,03. Energy Fuels 11(1997): 1225.

Derouane, E. G. New aspects of molecular shape-selectivity: Catalytic by zeolite
ZSM-5. Stud. Surf. Sci. Catal. 5(1980): 5.

Wadlinger, R. L.; Kerr, G. T.; and Rosinski, E. J. US Patent 3 308 068 (1967).

Keading, W. W.; Chu, C.; Young, L. B.; Weinstein, B.; and Butter, S. A. Selective
alkylation of toluene with methanol to produce para-xylene. J. Catal. 67(1981):
159. 20N

Prasetyoko, D.; Ramli, 7.3

' / and Sulikowski, B. Conversion of
e

O, b

e —ﬂ0(2006) 1173-1179.
sveld, H.; and Bekkum, H. On the
remarkable beh~ o 00 BN Natalysis. Catal. Today 38(1997):

rice husk ash to 28

Jensen, J. C.; Creyghtoz

Wite Science and Technology,

Sun, J.; Zhu, G.; Cher ~ ‘. ; - Y.; Li, H.; and Qiu, S. Synthesis,
surface and cryste i’:"‘f 148 of the large zeolite beta crystal.
Micropor. Mesopor Mo, _'9’.,; 7 , L42-248.

Newsam, J. M.:' ire
Characteri ‘ ;

'1(’ \eGruyter C. B. Structural
!d A420(1988): 375.

Treacy, M. J.; and "| SWSdl, meiree-| " mensmnal twelve—ring zeolite

frameworks of ‘whlch zeolite is a dlsordered intergrowth. Nature
332“?1"12“&'37]&“7]57‘ alI{)
Corma, A.; Njvarro, M Rey, F.; Rius, J and Valencia, S Pure polymorph C of

PIRSIR AT AN AR

Corma, A.; Navarro, M. T.; Rey, F.; and Valencia, S. Synthesis of pure polymorph C
of Beta zeolite in a fluoride-free system. Chem. Commun, 16(2001): 1486.
Leonid, V. A. Elements of X-ray crystallography. pp. 4-25. New York: Mcgraw-hill,

1997.



[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]

140

Skoog, D. A. Principles of Instrumental Analysis. 4™ ed. pp. 363-364. New York:
Harcourt Brace College Publishers, 1997.

Myers, D. Surface, Interfaces and Colloids: Principles and Applications. 2™ ed.
pp. 550-556. USA: John Wiley & Sons, 1999.

Ding, L.; Zheng, Y.; Hong, Y.; and Ring, Z. Effect of particle size on the
hydrothermal stability of zeolite beta. Micropor. Mesopor Mater. 101(2007):
432-439.

Basic operating principles of ths sarptomatic [Online]. 1990. Available from:

)/sorpoptprin [2005, November]
¥ ®_JAPAN, INC. 57.
=

2 ul, Y. g ination of pore volume and area

http://saf.chem.ox.ac.ul

Analysis software user’s.:!
Elliott, P. B.; Leslie, G¥
distributions in = itations from nitrogen isotherms.
Contribution fr: Baugh and Sons Company,
Mellon Institure .
Brunauer, S.; Emn#®L, , i e X \'b on of gases in mutimolecular
layers. The Buy :

60(1938): 309.

oW george Washington University

Temperature-programme fleez= = oMharacterizing the acid sites on oxide
gics [Online]. 2006. Available from:
b £S5 [2007,0ctober 10]

-
-

‘.-“' R.; and Weikamp, J.

surfaces-supplier dat .-“95;" A
http://www@pg :
Hunger, M.; SL8
Characterizati :I of Uic e T M-4 14} pe materials by spectroscopic

and catalytic tec]gngle. Micropor. M;sopor Mater. 27(1999): 261.

Simon-MasﬂDWM%%ﬂj 7" %;w E]l\'i] ﬂb‘eiro F. R.; Gener, L; and

Guisne@JM. Influence of t}1e Si/Al ratio and crystal size on the acidity and
: o/

=
TN I AN IND >
Zhengq .; and Ding, L. Nanocrystalline zeolite beta: The effect o template agent on

crystal size. Mater. Res. Bull. 42(2007): 584-590.

Andag, O.; Tatlier, M.; Sirkecioglu, A.; Ece, 1.; and Erdem-Senatalar, A. Effects of
ultrasound on zeolite A synthesis. J. Micropor. Mesopor. Maters. 79(2005):
225-233.



[64]

[65]

[71]

[72]
[73]

[74]

141

Suslick, K. S. The Chemistry of Ultrasound [online]. Available from: http://www.scs.
uiuc.edu/suslick/britannica.html [2007, July 14]

Mason, T. J. Practical Sonochemistry: user’s guide to applications in chemistry and
chemical engineering. pp. 20-30. London: Ellis Horwood, 1991.

Suslick, K. S. Executive Summary: The chemical and physical effect of ultrasound
[online]. Available from: http://www.scs.uiuc.edu/suslick/execsummsono.html
[2007, October 8]

He, J.; Yang, X.; Evans, D. G.; .

d Duan, X. New methods to remove organic

Chem. Phys. 77(2002): 270-276.

templates from porous sl

Yury, V. K. Chemical | vvc = Wcracking over solid acidic catalyst:
alkanes and alkenes. T 48(2001): 85.

Scherzer, J. Octaiiyex i Cientific and technical aspect.
Catal. Rev.| ;r A d

Greensfflder, B. S.: "'| 1d VOgs ‘ talytic and thermal cracking of
pure hydroca:bo‘as Ind. Eng. Che 41(1949) 2573

Thomas, C. ﬂ %mﬂaﬁlﬂﬁlw m;ﬂqem 41(1949): 2564.

Sie, S. T. Ad{-catalyzed cracklnﬁ of parafﬁmcs Part2. Ev1dence for the protonnated

TR IR ARG TR ey i e

Williams, B. A.; Babitz, S. M.; Miller, J. T.; Snurr, R. Q.; and Kung, H. H. The role
of acid strength and pore diffusion in the enhanced cracking activity of steamed
zeolites Y. Appl. Catal., A. 32(1999): 161.



[75]

[76]

[77]

[78]

142

Cumming, K. A.; and Wojciechowski, B. W. Hydrogen transfer, coke formation and
catalyst decay and their role in the chain mechanism of catalytic cracking.
Catal. Rev. Sci. Eng. 38(1996): 101.

Wojciechowski, B. W.; and Abbot, J. The mechanism of catalytic cracking of n-
alkanes on ZSM-5 zeolite. J. Chem. Eng. 63(1985): 462.

Makkee, M.; Wissink, M.; and Moulijin, J. A. Gasoline conversion: reactivity
towards cracking with equilibrated FCC and ZSM-5 catalysts. Appl. Catal., A:
General 223(2002): 85.

Serrano, D. P.; Aguado, - | § . and Rodriguez, J. M. Influence of
nanocrystalline H- é s on the -catalytic cracking of

—_360.

AULINENINYINT
ARIAATANNING A Y



AULINENINYINT
ARIAATAUNN TN



144

Appendix

A-1 Calculation of Selectivity to Other Hydrocarbons

% Selectivity of gas fraction and liquid fraction

% Selectivity of X =

concentration of X x 100
total cong Jof fractions

Concentration of X =

a = Peak area of X in 2
b =% molarof X i

¢ = Peak area of X ir,

‘ Y |
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