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ABSTRACT

In this work, continuous catalytic cracking of polyethylene over zeolite beta were
investigated in the moving bed screw reactor design for the production of liquid fuel from a feed
with different viscosities. The moving bed screw reactor consisted of four sections: a feeder
(single screw extruder), a reactor (screw reactor), a product collector, and a residue chamber. The
single screw reactor carried feed and the catalyst down through the residue chamber at the bottom
of the reactor and allowed cracked gases to exist from the top of the reactor. The catalytic
cracking of polyethylene was carried out at 430°C for over 5 hours on stream. Zeolite beta was
used as the catalyst, and nitrogen was fed as a carrier gas with a flow rate of 50 ml/min. The
catalytic cracking of polyethylene can be continuously operated without deactivation in the
design moving bed screw reactor. The effects of reactor screw speed (RSS; 46, 66 and 130 rpm),
catalyst content (1.0 and 2.0 % wt.), polyethylene feed rate (~400, 600, 700 and 800 g/hr.) and
viscosity of polyethylene feeds (2.7, 4.0 and 20.3 poise) were investigated. It was found that 3-24
% gas products, 4-63 % liquid products and 0.3-16 % wax products can be obtained. The cracking
activity was increased with an increase in the reactor screw speed and catalyst loading. However,
thermal cracking can be promoted by a better heat transfer at high reactor screw speed. In
addition, the higher cracking activity occurred when the feed rate was decreased. Polyethylene
fed at high viscosity with exceeding high molecular weight, cannot be easily cracked to the
polyethylene fragments small enough to diffuse and further cracked within the pore of zeolite

beta. The cracking activity was decreased. In addition, the liquid fuels from this work composed
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of mainly of olefins while the less paraffins and aromatics hydrocarbons showed the higher

octane number, as compared with commercial gasoline 91.

v



ACKNOWLEDGEMENTS

I would like to thank and express my profound gratitude to my advisor, Assoc. Prof. Dr.
Tawan Sooknoi for encouraging guidance, advice, discussion and helpful suggestions throughout
this work. I am also grateful to Assist. Prof. Dr. Vanchat Chuenchom, Assoc. Prof. Dr. Ittipol
Jangchud and Assoc. Prof. Dr. Sirirat Jitkarnka for serving as the chairperson and the committee
members, and their valuable comments.

Special thanks are also given to Energy Policy and Planning Office of Thailand for
financial support and TPI Polene Public Company Limited for supplying polyethylene. 1 also
appreciate the supports from the Department of Chemistry, Faculty of Science, King Mongkut’s
Institute of Technology Ladkrabang for the equipment, chemicals and facilities.

1 would like to extend my sincere appreciation to all of my teachers, and my friends for
their support and encouragement.

Finally, I dedicates my work to my above parents, my family for their moral support.

Boonsueb Sontayamarn



CONTENTS

Page

That ADSIIACE. .......oiiiiiiie e et e e e e I
English ADSIract........ccouniiiiiiiiiiii e 111
ACKNOWIEAZEMENT. ......oiiiiiiiii it \%
COMEENS. cee ettt e e et VI
List Of Tables. .......uuuiiiiiiii et e XI
List Of FIGUIES.....ooiiiiiiiiiiii e e e e X111
List of ABBIeviations.............uoveieiuiineiiiieiiiiiieeee e e, XVII

CHAPTER 1 INTRODUCTION. .......c.ootioieeeaeeeeeeeeeeeee e 1

1.1 Statement and significance of the problems...............ceeeuiiuveiuneeennnn, 1

1.2 Goal and ObJECtiVES.......ccouuuniiriiiiieee et e e 2

1.3 Scopes of the StudY........ovviiuniriiiiiiiieee e 2

1.4 Expected results.........c.oviuiiiiiiieiiiiiie e, 3

CHAPTER 2 LITERATURE REVIEWS AND THEORY...............oooovvi, 4

2.1 ZEOMHES....ouniiiitiie i 4

2.1.1 Applications of Zeolites .........coeiiuiiriiiiiiiiiiiii i, 8

2.1.1.1 Ion-exchange applications...........ccccceovuveneeniveeeeneinennnnnn.. 8

2.1.1.2 Adsorbent applications.................c........ e 9

2.1.1.3 Catalyst applications............cecevuniuniuiieneenioineeneennannaan, 9

2.1.2 Zeolite BEta .....cunieueineiiiiii e e 11

2.2 CracKing reaction.........covvuuniiunerinii e e, 12

2.2.1 Thermal cracking ..........coceeeeeeeneiuiienrniiee e ee e 12

2.2.2 Catalytic cracking ......c....ooeeeeevniienneeeriieee e e eeeeeneeeee 14

2.2.3 HydroCraCKing ........ceeueuiioerineiie it eeeeee e, 17
2.3 Polyethylene (PE)........ccouiiiiiiiiiiiiiiiie e e 19
2.3.1 History of polyethylene ...........cccoeeiiiiiiiiiiinniiiiiiee e 19

VI



CONTENTS (Continued)

Page

2.3.2 Description and Physical properties ...........ccc.covvveiiiiiiiiiiiiinnnn. 20
2.3.3 Product applications............oevviiniiniiniiniiieie 21

2.4 Melt flow INdEX.....cuvvuneinieeeiiieanieeeeienieeen e e 21

R 21 ) F PO 23
2.5.1 Gaseous fUEIS.....euereimiin i e 23
2.5.2 GaSOHDE...c.eiitiiientir et ee e 23
AT IR =) (011 11T U U 25
2.5.4 DHESEL. . virenie i et ea e bnes 26

2.6 LIterature TeVIEWS. . ciiiiiniie e ie ittt rer e e an e eeeaneaaaaneas 27

CHAPTER 3 EXPERIMENTAL DETAILS. ... ..o 32

3.1 REAEZENIS....cuiniiniiiiiiitiii e et et e e 32

3.2 APPAratlS. . cciniiiiiniiiiiiii e e e e 32

3.3 Experimental procedure........c..oeuvmiiiieuiiiiiiiiie i 34

3.4 Experimental details............oooeiiiiiiiiii e eans 35

3.4.1 Development of CONtINUOUS PTOCESS.....uvvirrrininininieiiiieeatrenveennens 35
3.4.2 Characterization of zeolite catalyst.........cccvviriiiiiiiiiiiiiiiiiin 36
3.4.2.1 Determination of zeolite structure using X-ray Powder
Diffractometer (XRD)....cvvietiiiiiieieeiieeieaiireenennseneee 36
3.4.2.2 Determination of zeolite crystal morphology using Scanning
Electron Microscope (SEM)....cccccevieiiiiiiiiiininiiiinnnen 36
3.4.2.3 Determination of zeolite surface area using Gas Adsorption
Analyzer (Autosorb-1C).....cooviviiiiiiiiiiiii e 36
3.4.2.4 Determination of zeolite silicon/aluminum ratio using X-ray
Fluorescence spectroscopy (XRF)............coooiiiiininnnnnn, 37
3.4.3 Characterization of polyethylene material....................o 37
3.4.3.1 Determination of polymer material heat of fusion and melt
temperature using Differential Scanning C;;lorimetry 37

(DSC).enitieirceetrctrrieres e eseestssssse st s sbn s srnesasnassabasresnensnes

VII



CONTENTS (Continued)

3.4.3.2 Determination of melt flow index of polymer material using
melt flow indexer (ASTM D 1238,1SO 1133).cccc.cvviviininenn,
3.4.4 Study on thermal degradation of polyethylene with different viscosity
using Thermogravimatric analyzer (TGA).......c.cvcvierimvnecrnrnrrnennns
3.4.5 Study on cracking reaction of polyethylene in continuous process......
3.4.6 Analysis of products from cracking reaction of polyethylene.............
3.4.6.1 Determination of product composition using Gas
Chromatograph (GCu......uevveniinieiniiieiies cirieeeereeenenane
3.4.6.2 Determination of product composition using Gas
Chromatograph/Mass Spectroscopy (GC/MS)...........coivene
3.4.6.3 Determination of the composition and predicted octane
number of the gasoline products using Nuclear Magnetic
Resonance (NMR) . ...oiiiiiriiniiiiiiieiieer e e eans
3.4.6.4 Thermal degradation of residue from reaction using
Thermogravimetric Analyzer (TGA).......c.cccevuiinieinninnnenns
3.4.6.5 Determination of gasoline yield and distillation characteristics
of liquid product using Automatic distillation
ot 137/ S TP
3.4.6.6 Determination of wax products heat of fusion and melt
temperature using Differential Scanning Calorimeter (DSC)...

3.4.7 Calculation of the catalytic activity

CHAPTER 4 RESULTS AND DISCUSSION.....cooetreeeceeieereeeree e s
4.1 Characterization of zeolite catalyst ............coovenininnn. e e
4.1.1 Determination of the zeolite structure using X-ray Powder
Diffractometer (KXRID) ..ciniiiieiiieee it eeair e itreerinereens
4.1.2 Determination of the crystal morphology of zeolite using Scanning
Electron Microscope (SEM).......ouvieniiiinininiiiiiiiiiiniiiicee
4.1.3 Determination of the surface area of zeolite using Gas Adsorption

Analyzer (Autosorb-1C).....ceiiiiiiieiiic it

Page

37

38

39

40

40

41

41

41

42

43
43

46

46

46

47

47



CONTENTS (Continued)

4.1.4 Determination of the silicon/aluminium (Si/Al) ratio of zeolite
using X-ray Fluorescence spectrometor (XRF).............c.ccuvn.e
4.2 Characterization of polyethylene material............ccoovveviiiiiicinnnnn.,
4.2.1 Determination of melt flow index of polymer material using melt
FlOW INAEXEr. ..ottt ee e e e e e rea e neaes
4.2.2 Determination of polymer material heat of fusion and melting
temperature using DSC .....oviiriii e
4.3 Study on thermal degradation of polyethylene using Thermogravimatric
ANAlYZET (TGA). . ittt eee et ee e e e
4.4 Study on cracking of polyethylene in continuous process..........cocvvervveeenannee
4.4.1 Effect of reactor screw speed......coceverririniiaiiiiirccirnerieneenennenenn
4.4.2 Effect of catalyst CONtent......coveviiienereiinenreeerearnerrneruoneenensenenn
443 Effect of feed rate......ooeniiiiiriiiiiiiii e

4.4.4 Effect of viscosity of polyethylene fed....................cooinne,

CHAPTER 5 CONCLUSIONS AND SUGGESTION..........cccoiiiiiiiiins

5.1 COMCIUSION. .t itttit ittt ittt eiiietierraeeseensensnsssirnsssnssrnssnsnnseessesssensrnsans

5.2 Suggestion for future studies.........c..oeeereiiiiiiiiiiiieee e

REFFERENCES. ... ..ottt e e e et

APPENDICES. ... o e e

APPENDIX A Melt flow index of low-density polyethylene........................
APPENDIX B X-RAY diffraction of standard pattern.............cccooiiiiniianinn
APPENDIX C Reaction data.........ooiiiinniiiiiiiiiiiii i i
APPENDIX D Gas chromatograph condition and data....................coooooi
APPENDIX E Gas chromatograph/mass spectrometer condition and data.........
APPENDIX F NMR data...cc.oeiiniiiniiieneiie it en e e

IX

Page

48
48

48

48

50
53
53
59
65
71

76

76
78 ~

79

85



CONTENTS (Continued)

AUTHOR BIOGRAPHY

..........................................................................



Table
2.1
2.2

23

2.4

3.1

3.2

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

4.10

LIST OF TABLES

Zeolite and their pore (APerture).........c.coueeuiiniiiiniuiiiiiiriinireieeeeeeereeeneeans

Commercial processes using zeolite catalysts.........ccccoeiiiiiiiiiiiiiiiiiinnn e e

Refining technologies for producing reformulated gasoline constituents..............
Boiling range of petroleum produets..........ec.eeereernrreieriieiireniiereneereeannan
Preparation of apparatus for distillation of liquid products...............coeeeiiiiill,
Distillation condition of liquid products. ..........c.ceeiiiiiiiiiiiiiiiii e
Crystal size, surface area, and Si/Al ratio of the zeolite beta............................
Melt flow index, Viscosity, T  and heat of fusion of polyethylene fed................
Degradation data of polyethylene feds with different types and % catalyst

COMENES. ..o s e Cerrerereniee
Yields and selectivity of liquid products from cracking of polyethylene in
continuous process with different reactor screw speed (RSS)............... vrreeeenns
The melting temperature and heat of fusion of the wax products from cracking of
polyethylene in continuous process with different the reactor screw speed (RSS)...
Yields and selectivity of liquid products from cracking of polyethylene in
continuous process with different catalyst content (1.0 and 2.0 wt.)..................
The melting temperature and heat of fusion of the wax products from cracking of
polyethylene in continuous process with different catalyst content (1.0 and 2.0
19 T PRI
Yields and selectivity of liquid products from cracking of polyethylene in
continuous process with different polyethylene feedrate ...................c.coeeeee.
The melting temperature and heat of fusion of the wax products from cracking of
polyethylene in continuous process with different polyethylene feed rate...........
Yields and selectivity of liquid products from cracking reaction in continuous

process using polyethylene fed with different viscosity...........c.cooviiiiiiiiaan.

XI

24

27

42

43

47

49

51

55

56

61

62

66

68

72



Table
4.11

Al

C.l1

C2

C3

C4

Cs5

C.6

C.7

(OR]

C9

C.10

c1

F.1
F.2

F3

LIST OF TABLES (Continued)

The melting temperature and heat of fusion of the wax products from cracking of
polyethylene in continuous process using polyethylene fed with different
VESCOSIEY et tteintienteae it e eneiesiaeee e et enaeanaannrn et ateeenas i eaae i ee e

Calculation of melt flow index of low-density polyethylene.................c.co..eeee.

The average conversion, yield of products and selectivity of liquid product from
cracking of polyethylene in continuous process at 430 °C under nitrogen flow.....
The melting temperature and heat of fusion of the wax products from cracking of
polyethylene in continuOUS ProCess. ..c...vvvuivrnininiiiiiiiiiiiinceee s

All products weight from cracking reaction with reactor screw speed as 130

All products weight from cracking reaction with reactor screw speed as 66 rpm.....

All products weight from cracking reaction with reactor screw speed as 46 rpm.....

All products weight from cracking reaction with catalyst content as 2.0 %wt.........

All products weight from cracking reaction with polyethylene feed rate as 442

All products weight from cracking reaction with viscosity of polyethylene feed as
20,3 POISE. ceneeniit it a e et
All products weight from cracking reactiori with viscosity of polyethylene feed as
A 1o TSR e,

NMR SPectral TEZIONS. ...ucuvineiiiiiicii it v s enaaees

Intergrated area of the spectral regions of liquid product with commercial

aS0lINE 1. ... e e

The hydrocarbon types and octane number of liquid products from cracking of

polyethylene in continuous process at 430 °C under nitrogen flow.............ooouet

X1

Page

73
86

90

91

92

93

94

95

96

97

98

99

100
129

132

133



Figure
2.1

2.2

23

24
2.5

3.1

3.2

33

4.1

4.2

4.3

4.4

4.5

4.6

4.7

LIST OF FIGURES

Page
Shape-selectivity dehydration of n-butanol on (a) CaA (only n-butanol converted)
and (b) NaX (both n- and i-butanol converted) ........c.ouveermemnciiiiiiiiiiiniiin. 7
Transition state shape selectivity in zeolite channel...............cccoo. 8
Products shape selectivity in zeolites channel...............c.o.o 8
Structure formed stacking of Zeolite beta........coccovvvniiiiiniiii i 11
Yields of products from thermal and catalytic cracking of polyethylene using
H-Betaand H-ZSM-=-5.....cuiniiiiiiiiii it 28
The SINGle reaCtOr SCIEW.....ccvuuiiirinieniiitin e iee e sttt et e et 35
ThE WaX traD. . ..ceernetitiie e e e ettt e 36
Schematic representation of developed continuous process.........coveveruceiiencennene. 39
X-ray diffraction pattern of zeolite Beta............cooiiiiiiiiiiiii 46
Scanning electron micrograph of the zeolite Beta...........cooveiiiiiiiin, 47
Thermogram curves of polyethylene sample (LDPE 1630J) with different %
catalyst contents as a function of temperature..........c..ooceviiiiiiiiiiiiiii 50
Thermogram curves of polyethylene samples with various viscosity (LDPE
SU1018, LDPE 1630J and LDPE 1905F) as a function of temperature................. 51
Conversion from catalytic cracking of polyethylene with different the reactor screw
speed (RSS) as a function of time on Stream............ocovieiiiiiiniienii 54
The carbon distribution of liquid products from the reaction using various of the
reactor screw speed (RSS).......ceiiuiimmiiiiiiiiiiiii e 56
The distillation data of liquid products from the reaction using various of the
reactor screw speed (RSS)......uuiivuiiiimiiiiiiiiieii et 57

XIIX



Figure
4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19
4.20

4.21

LIST OF FIGURES (Continued)

Page
The hydrocarbon types of commercial gasoline and liquid products from cracking
reaction of polyethylene with different the reactor screw speed (RSS).................. 58
The octane number of commercial gasoline and liquid products from cracking
reaction of polyethylene with different the reactor screw speed.........c..c.cceevenenn. 58
Conversion from catalytic cracking of polyethylene in continuous process with
different the catalyst content as a function of time on stream.........c..c.ccoeevnennnenn, 59
Thermal and catalytic cracking of polyethylene chains produce the lower
molecular weight hydrocarbons..........cccoooooiiiiiil, et 60
The DTG curve of residue from the reaction using different the catalyst content (1.0
AN 2.0 W) .ottt et ra et e e e e e e e aa e aat e aeaa e 61
The carbon distribution of liquid products from the reaction using various of T
catalyst content (1.0 and 2.0 WE.)......ouiuinininiii et 63
The distillation data of liquid products from the reaction with different the catalyst
content (1.0 and 2.0 W) .. oviviniiviee ettt e 63
The hydrocarbon types of commercial gasoline and liquid products from cracking
reaction of polyethylene with different the catalyst content (1.0 and 2.0'wt.)...... 64
The octane number of commercial gasoline and liquid products from cracking
reaction of polyethylene with different the catalyst content (1.0 and 2.0 wt.).......... 64
Conversion from catalytic cracking of polyethylene in continuous process with
different the feed rate as a function of time on stream...............c.cccoiivnin.nn. 65
The DTG curve of residue from the reaction using different the feed rate.............. 66
Products yields from the reaction using different the feed rate 67
The carbon distribution of liquid products from the reaction with different the
feed TAtE. ... eeeeie et 68
The hydrocarbon types of commercial gasoline and liquid products from cracking
reaction of polyethylene with different the feed rate.............cccoviiiiiiiiiniiinnnn 69

X1V



Figure
4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

Al

A2

A3

B.1

D.1

D.2

D.3

D4

LIST OF FIGURES (Continued)

The octane number of commercial gasoline and liquid products from cracking
reaction of polyethylene with different the feed rate...........ccooveveieeiiiieeiinninn,
Conversion from catalytic cracking of polyethylene with different viscosity in
continuous process as a function of time on stream.................ovuveeneeineevnneennn.
The DTG curve of residue from the reaction using polyethylene fed with different
VISCOSIEY « vttt et ettt et et e e e e e
The carbon distribution of liquid products from the reaction using polyethylene fed
with different VISCOSItY. ......vivvneiiiiiiiiii e
The distillation data of liquid products from the reaction using polyethylene fed
with different VisCoSItY.........eeuuiiiieiiiiiii e
The hydrocarbon types of commercial gasoline and liquid products from cracking
reaction using polyethylene fed with different viscosity...............coeeveeuneernnn...
The octane number of commercial gasoline and liquid products from cracking
reaction using polyethylene fed with different viscosity...............coeveueeeuienn...n.
Isoparaffins index of liquid products from cracking reaction using polyethylene

fed with different ViSCOSItY....c..euiiuiiiiii it
Data sheet of LDPE SUT018.......ccciitiiiiiiiiiiiieie e e e
Data sheet of LDPE 1630J........cuuiriiiiiiiiiiiiii i
Data sheet of LDPE 1905F.......couiiiiiiiiiiiiiii e
X-ray diffraction pattern of standard Beta.............ccceiviiiniiniinienniineeeerinnn.

Chromatogram of liquid products from cracking reaction with reactor screw speed

Xv

Page

73

74

74

75

102

104



Figure
D.5

D.6

D.7

D.8

D.J9

E.1

F.1
F.2

LIST OF FIGURES (Continued)

Chromatogram of liquid products from cracking reaction with polyethylene feed
rate @S 442 G/Nr. ..o oo ettt e e aan
Chromatogram of liquid products from cracking reaction with polyethylene feed
Tate @S 771 G/Nr. .o e e
Chromatogram of liquid products from cracking reaction with polyethylene feed

rate as 865 G/Mr...co.ieininiiii e
Chromatogram of liquid products from cracking reaction with viscosity of
polyethylene feed as 20.3 POiS€.....c.ivvviriiiniiiiiiireeiii e errieee e eeaenenes
Chromatogram of liquid products from cracking reaction with viscosity of
polyethylene feed as 2.7 POISE.....ouveiriiririiiiiitiiiiieiiiee e eeereeaeieaenes
Chromatogram GC-MS of liquid products from cracking reaction of polyethylene at
430 °C under NItrogen floW. . ..covnini e
NMR spectrumn of liquid product............ooiiiiiii i e

NMR spectrum of commercial gasoline 91.......c..coiiiiiiiiiiiiiiiniiiiiin e,

XVI

Page

110

112

115

118

120



DSC
FID
GC
GC/MS
MFI
NMR
LDPE

SEM
TGA
XRD

LIST OF ABBREVIATIONS

Differential Scanning Calorimeter
Flame Ionization Detector

Gas Chromatograph

Gas Chromatograph/Mass Spectrometer
Melt Flow Index

Nuclear Magnetic Resonance
Low density polyethylene
Reactor screw speed

Scanning Electron Microscope
Thermogravimetric Analyzer
X-ray Powder Diffractometer

X-ray Fluorescence Spectroscopy

XVII



CHAPTER 1

INTRODUCTION

1.1 Statement and significance of the problems

Currently large amounts of waste plastics that resulted from a dramatic increase in
polymer production gives rise to serious environmental concerns, as plastic does not degrade and
remains in municipal refuse tips for decades. Plastic waste being more voluminous than the
organic waste takes up a lot of landfill space that is becoming scarce and expensive. Incineration
is not an acceptable solution to the problem, as toxic gases are produced and a solid waste
problem leads to air pollution. The only sustainable solution is polymer recycling. Amongst
various polymer recycling methods, thermal and/or catalytic degradation of plastic waste to fuel
show the highest potential for a successful future commercial process. Especially plastic waste
can be considered as a cheap source of raw materials for fuels, when depletion of natural
resources is accelerated. This is particularly the case for community polyolefins, i.e. LDPE,
HDPE and PP. Since, they cannot be easily depolymerized into the original monomers but readily
transformed into hydrocarbon mixtures [3]. Catalytic degradation of plastic waste offers
considerable advantages, as compared to the thermal degradation. This is because the latter
demands relatively high temperatures and its products require further processing for their quality
to be upgraded. Catalytic degradation occurs at considerably lower temperatures and forms
hydrocarbons mainly in the range of motor gasoline over zeolite catalyst.

Most of previous research have been studied on thermal and thermo-catalytic degradation
of low [9,14-15,26] and high [3,5-8, 10-12] density polyethylene in batch processes. For
continuous process, catalytic cracking of low viscosity polyethylene was generally reported [25,
29-31, 39]. However, both in batch and continuous processes, the deactivated catalyst were
disadvantage. Although attempt on FCC of polymer waste were made to cure the deactivated
catalyst, the suitable particle sizes of both catalyst and polymer feed is crucial that may be
laborious to use with general plastic waste [20]. Accordingly, the moving bed screw reactor was
proposed in the previous work [39]. The limitation of particle sizes feeds was solved employing
the screw extruder that mix and feed the catalyst with polymer into the reactor. With the screw at
the bottom end of the rotating paddle within the reactor, the used catalyst can be continuously

removed and replaced by newly fed one. However, the rotating paddle of reactor cannot



controlled the resident time of feeds within the reactor. In addition, the general plastic waste was
mainly composes of HDPE, LDPE and other polyolefins that possess different viscosity. This
sometime makes it difficult for the system to handle the polymer feed with high viscosity as the
used catalyst and polymer residue cannot be satisfactorily driven out of the reactor.

In this thesis, the moving bed was developed by incorporating a screw into the reactor for
cracking the polyethylene samples with different viscosity and molecular weights. With the screw
reactor, the resident time of the feeds can be readily controlled. Various hydrocarbons products
including gas, liquid, wax products and residue can be separated and determined. The effect of
reactor screw speed (RSS) and viscosity of polymer feeds were investigated, together with the

typical reaction parameters, namely catalyst content and polymer feed rate.

1.2 Goal and Objectives
The objectives of this thesis were as follows:
1.2.1 To obtain vertical moving bed reactor for cracking of low-density polyethylene (LDPE)
with variable viscosity.
1.2.2 To understand effect of factors in cracking process namely viscosity, catalyst (zeolite
H-beta) content, polyethylene feed rate and residence time (reactor screw speed).
1.2.3 To obtain suitable operating condition for the production of motor gasoline with high

selectivity.

1.3 Scopes of the study
The scopes of this thesis are as follows:

1.3.1 Characterization of zeolite catalyst by X-ray powder diffractometer (XRD), X-ray
fluorescence spectroscopy (XRF), Scanning electron microscope (SEM) and Gas
adsorption analyzer (Autosorb-1).

1.3.2 Characterization of polyethylene material and determination of visédsity by Differential

scanning calorimeter (DSC) and Melt flow indexer (CEAST 6841.000 ASTM
D1238, CEAST)

1.3.3 Development of the moving bed screw reactor for cracking of polyethylene samples

with different viscosity.

1.3.4 Study on thermal and catalytic degradation of polyethylene by Thermogravimatric

analyzer (TGA).



1.3.5 Study on effect of feed rate (400-800 g/hr), catalyst content (1.0 and 2.0 %wt),
residence time (reactor screw speed 40-130 rpm) and viscosity (4-20 poise). It was be
considered from conversion, selectivity, and yield and wax production of cracking
reaction.

1.3.6 Analyse and evaluation of the liquid products from the reaction based on their
compositions and quality as liquid fuel by, Gas chromatography (GC), Gas
chromatograph/Mass spectrometer (GC-MS), Nuclear magnetic resonance spectrometer
(NMR) and Automatic distillation analyzer.

1.3.7 Analyses and evaluation of the wax products from the reaction based on their the
melting point and heat of fusion by Differential scanning calorimeter (DSC).

1.3.8 Study on thermal degradation of the residue using Thermogravimatric analyzer (TGA).

1.4 Expected results
1.4.1 This thesis would reduce the problem of the catalyst deactivation in the cracking of
polyethylene with various viscosity and process severity (i.e. temperature, pressure and
contact time) using the moving bed screw reactor.
1.4.2 This research would provide a process for high yield gasoline production from the
cracking of plastic waste, from which an industrial scale process may be developed.

1.4.3 This research would provide an approach for alternative energy resource.



CHAPTER 2

THEORY AND LITERATURE REVIEWS

2.1 Zeolites

Zeolites are hydrated aluminosilicate minerals with micro-porous structure. Zeolites, is
Greek in origin, coined from word “zein” and “lithos” meaning to boiling store. This is because,
when zeolites was rapidly heated, it began to dance about as the water evaporated. Zeolites was
first observed in the 18th century by a Swedish mineralogist named Axel Fredrik Cronstedt.

Natural and synthetic zeolites microporous possess ion exchange, sorption, and
molecular sieving properties. Zeolites are built from an infinite extending three dimensional
network, composed of SiO, and AlO, tetrahedra with O atoms connecting the neighboring
tetrahedra. For a complete siliceous structure, combination of SiO, units in this fashion leads to
silica (Si0,), which is an uncharged solid. Upon incorporation of Al into the silica framework,
the +3 charge on the Al makes the framework negatively charged, and requires the presence of
extraframework cations (inorganic and organic cations can satisfy this requirement) within the
structure to keep the overall framework neutral. The zeolite composition can be best described as
having three components :

M™ . [Si,,ALO,] nH,0

n/m

exchangeable cations framework sorbed phase

The exchangeable cations give rise to the rich cation exchange chemistry of these
materials. The novelty of zeolites stems from their microporosity and is a result of the topology
of the framework.

The =zeolites contain intracrystalline pores and apertures having dimensions
approximately the same as molecular dimensions of organic compound. The zeolites are
classified according to the size of these aperture.Table 2.1 shows the number of oxygen atom in
the aperture of some zeolites and the aperture dimension (the smallest being 0.4 nm for zeolites
A and the biggest being 0.74 for faujasite). The size of the aperture depends on for types of

structure and also the size of the exchangeable cations.
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Free radicals are very reactive. A free radical reacts with a hydrocarbon by abstracting

a hydrogen atom to produce a stable end product and a new free radical:

Initiation
CH,CH,CH,CH, —— CHCHCH,  + cH,
Propagation
CHCH,CH,CH, + CH —— CH,CHCH,CH, + CH,
CH,CHCH,CH, — CH,=CHCH,CH, + H
CH, + CHCHCH, —> CH, + CHCHCH,
Termination
2CH,CH,’ —— CH,CH,CH,CH,
CH,.CH,” + H' — > CH,CH,
Disproportionation

CH=CH, + CH,CH, @ ———> CH,CH,CH,CH,
2CH,CH,CH," ——— CH,CH-CH, + CH,CH,CH,

Other reactions, such as

CH,CH,CH,CH, ——— CH,~CH, + CH,CH,

One of the significant features of hydrocarbon free radicals is their resistance to

isomerization, for example, migration of an alkyl group:

CH,CHCH,CH, —><—> CHJ(':CHJ

CHs

An increase in pressure favours the shift of equilibrium towards the polymerzation of
olefins and the alkylation of paraffins. Because of this, a high pressure prevents a deep cracking
of the raw material, which inhibits the formation of low molecular weight gaseous products and

therefore promotes the formation of higher molecular weight materials [46].
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2.2.2 Catalytic cracking

Catalytic cracking is the most important and widely used in refinery process for
converting heavy oils into more valuable gasoline and lighter products. But this reaction is not a
major route to petrochemicals, except to insure and ample supply of propylene for the United
States [54]. Catalytic cracking is basically the same as the thermal decomposition of
hydrocarbons but it differs in the use of a catalyst, which is not consumed in the process [57].
Serveral reactions take place in a catalytic cracking unit with varying degree of importance.
These include carbon-carbon bond breaking, disproportionation, olefin formation and cyclization.
Thermal cracking has essentially been replaced by catalytic cracking as the process for gasoline
manufacture. The main advantage of catalytic cracking over thermal cracking is the increased
gasoline production and the formation of hydrocarbon components having more gasoline of
higher octane and anti-knock properties than thermal cracking because gasoline produced by
catalytic cracking is richer in branched paraffins, cyclopa;éfﬁns, and aromatics [53,58]. This is
due to the effect of the catalyst, which promotes isomerization and dehydrocyclization reactions.
Another advantage of catalytic cracking process is the production of C, and C, hydrocarbons for
LPG uses. Catalytic cracking also produces less methane and C, hydrocarbons than thermal
cracking. These differences are due mainly to the presence of an acid catalyst which promotes
carbonium ion intermediates that are more selective than the free radicals formed in the thermal
cracking reaction.

Catalytic cracking may be regarded as the modermn method for converting high boiling
point petroleum fractions, such as gas oil, into high quality gasoline and other low boiling point
fractions. Thus, catalytic cracking in the usual commercial process involves contacting a gas oil
fraction with an active catalyst under suitable conditions of temperature, pressure, and residence
time, so that a substantial part (50-60%) of the gas oil is converted into gasoline and lower boiling
products, usually in a single-pass operation [58]. However, during the cracking reaction,
formation of high molecular weight aromatic products called coke can be obtained. Solid deposits
of coke accumulate in the catalyst; the deposits clog the pores and cover the catalytically active
sites. Coke is a catalyst poison, which markedly reduces its activity, and removal of the deposit is
extremely necessary. This is usually accomplished by burning the deactivated catalyst in the

presence of air until the catalyst activity is reestablished.
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A major difference between thermal and catalytic cracking is that reactions through
catalytic cracking occur via carbonium ion intermediate, compared to the free radical intermediate
in thermal cracking. Carbonium ions are longer lived and accordingly more selective than free
radicals [51]. Moreover, the degradation products are distributed in a narrow range of carbon
number compared with those obtained by thermal degradation. However, this type of catalyst is
now being replaced by crystalline aluminosilicates (zeolites) or molecular sieves [53]. Low gas
and coke yields, less sensitivity to poisoning, lower operation temperature, and low contact time
are the main features of the new generation of cracking catalysts [52]. The formation of
carbonium ions during catalytic cracking may be generated by:

1. By a proton from the Bronsted acid site (H") in zeolite adding to an olefin hydrocarbon

which was formed by a cracking process.

" '
e 0 o "0 0 o
\/\/ " \/\/
RCH=CHy + Si Al\ — > RCHCH3 + Si Al
PAYAS PAYAN
2. By a Lewis acid site abstracting a hydride ion (H) from a hydrocarbon.
Y 0
R—H + O—|Si—-0-—Al > R 4 O—ISi-—O—zi\l ----- H
6] (l) 6] o

3. By a carbonium ion formed from step 1 or 2 abstracting a hydride ion from another

hydrocarbon to form another carbonuim ion.

CH, CH,
N I |
R + R— f—H —_— RH + Rr—cC*
|
CH; CH;

However, carbonium ions are not formed by cleavage of a carbon-carbon bond:

-+ -
RCH 2CH2R ~ ——(— RCH2 +  RCH2 260 kcal/mol

but

RCH2CHpR @—— > 2RCH, 76 kealmol
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Once the carbonuim ions are formed, can isomerize through either a hydride shift, a

methide shift or both.
1,2 Hydride shift :

+ +
RCH2CHCH2 —_—> RCHzCHCH:;

H

Methide shift-hydride shift :

CHs CH
+ | 7+ 3
RCCHzCH3 _— R— (':_ CHZ —_— R—C— C}.I3
+
H H

Abstraction of a hydride ion from a tertiary carbon is easier than from a secondary, which
is easier than from a primary position. The formed carbonium ion can rearrange through a
methide-hydride shift similar to catalytic reforming. This isomerization reaction is responsible
for a high ratio of branched isomers in the products. The cracking rate is also influenced the
structure of the molecule, with those containing tertiary carbon atoms cracking most readily while

quaternary carbon atoms are most resistant.

Many reactions take place starting form a carbonium ion in addition to hydride and
methide shifts. Among these are the important carbon-carbon beta bond scission and cyclization.
The carbon-carbon beta bond scission is the most important cracking reaction of catalytic
cracking. A bond at a position beta to the positively-charged carbon breaks heterolytically,

yielding an olefin and another carbonium ion. This can be represented by the following example:

+ +
RCH7CHCH 2CH3R' —_> R + CH=CHCH 2CH3R’

+
—— RCHp + RCH2CH=CH 2
The new carbonium ion may experience another beta scission, rearrange to a more stable

carbonium ion, or react with a hydrocarbon molecule in the mixture and produce a paraffin.

Cyclization can take place by carbonium ion addition to a carbon-carbon double bond in the same

molecule.
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i i
+
,CH AN
T o
CH, ,CH CH, *tcH
N N
2 CH,

Cyclic olefins and aromatics can be produced by a two step hydrogen transfer sequence.
The first is a proton transfer and the second is a hydride transfer. A continuation of these

sequence converts the cyclic carbonium ion to an aromatic hydrocarbon and paraffins.

Il{ R
et '
/
CH, ~CH, CQZC\CH +
éH |CH + R—CH=CH—R ———> | [ + RCH,—CH—R
\2 / 2 CHZ CH2
N2 s
CH, CH;
R R
N '
VA /
CH, ~CcH + CHZ,C\ CH
| +  RCH,—CH—R —> | | + RCH,—CH,—R
4, CH, CH, *CH
N\ 7 2
AN
CH2 CHZ

In essence, the use of a catalyst permits alternate routes for cracking reactions, usually by

lowering the free energy of activation for the reaction. [58]

2.2.3 Hydrocracking

Hydrocracking is essentially catalytic cracking reaction whereby higher molecular weight
hydrocrabons pyrolyze to lower molecular weight paraffins and olefins inthe presence of
hydrogen. Relatively high pressures of hydrogen (100-2000 psi) are employed, and the overall
result is usually a change in the character or quality of the products. It produces less olefinic
hydrocarbons whatsoever as the added hydrogen traps the intermediate species to yield saturated
products. Since the hydrocarbon molecules in naphtha are relatively low molecular weight,
hydrocraking forms molecules boiling in the gas range. Thus hydrocracking competes with the
aromatization reaction by elimination hydrocarbons that can be aromatized. Such processes are

generally expensive because of the considerable amount of hydrogen used and the high operating

pressure [53, 58].
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The wide range of product possible from hydrocracking is the result of combining
catalytic cracking reactions with hydrogenation. The reactions are catalyzed by bifunctional
catalysts used in hydrocracking provide high surface area cracking sites and hydrogenation-
dehydrogenation sites. The cracking function is provided by an acid support such as silica-
alumina or zeolite catalyst, whereas the hydrogenation-dehydrogenation function is provided by
metals such as noble metals (palladium and platinum), or nonnoble metal sulfides from group
VIA (molybdenum and tungsten) and group VIIIA (cobalt and nickel). [59] Catalysts with strong
acidic activity promote isomerization, leading to a high iso/normal ratios. These metals catalyze
the hydrogenation of the feedstock, making it more reactive for cracking and heteroatom removal,
as well as reducing the coking rate. The metals also initiate the cracking by forming a reactive
olefin intermediate via dehydrogenation.

Essentially all the initial reactions of catalytic cracking occur, but some of the secondary
reactions are inhibited or stopped by the presence of hydrogen. The following is a representative

hydrocracking reaction.

zeolite .
RCH 2CH,CH2CH3 — RCH 2CH,CHCH 3
+ beta-scission
RCHCH,CHCH 3 — RCH, + CH=CHCH3
catalyst
CH7=CHCH3 + Hj — CH3CH?2CH3

The effect of hydrogen on naphthenic hydrocarbons is mainly that of ring scission
followed by immediate saturation of each end of the fragment produced. The ring is
preferentially broken at favored positions, although generally all the carbon-carbon bond

positions are attacked to some extent.

CH,—CH Hy e [
7~ LU

“CHCH; —_— CH;CH,CHCH,CH, CH;CH,CH,CHCH,
CH;—CH, +

CH,CH,CH,CH,CH,CHj,
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Aromatic hydrocarbons are resistant to hydrogenation under mid conditions, but under
more severe conditions the main reactions are conversion of the aromatic to naphthenic rings and
scissions within the alkyl side chains. The naphthenes may also be converted to paraffins.

As anticipated, most products from hydrocracking are saturated. For this reason,
gasolines from hydrocracking units have lower octane ratings than those produced by catalytic
cracking units since they have a lower aromatic content due to the high hydrogenation activity.
Products from hydrocracking units are suitable for jet fuel use. Hydrocracking also produces

light hydrocarbon gases suitable as petrochemical feedstocks.

2.3 Polyethylene (PE)

2.3.1 History [62]

Polyethylene was first synthesized by the German chemist, Hans von Pechmann, who
prepared it by accident in 1898 while heating diazomethane. When his colleagues Eugen
Bamberger and Friedrich Tschimer, characterized the white, waxy substance he had created, they
recognized that it contained long -CH,- chains and termed it polymethylene.

The first industrially practical polyethylene synthesis was discovered (again by accident)
in 1933 by Eric Fawcett and Reginald Gibson at the ICI works in Northwich, England. Upon
applying extremely high pressure (several hundred atmospheres) to a mixture of ethylene and
benzaldehyde, they again produced a white awaxy material. Because the reaction had been
initiated by trace oxygen contamination in their apparatus, the experiment was at first difficult to
reproduce. It was not until 1935 that another ICI chemist, Michael Perrin, developed this accident
into a reproducible high-pressure synthesis for polyethylene that became the basis for industrial
LDPE production beginning in 1939. Subsequent landmarks in polyethylene synthesis have
revolved around the development of several types of catalyst that promote ethylene
polymerization at more mild temperatures and pressures.

The first of these was a chromium trioxide based catalyst discovered in 1951 by Robert
Banks and J. Paul Hogan at Phillips Petroleum. In 1953, the German chemist Karl Ziegler
developed a catalytic system based on titanium halides and organoaluminum compounds that
worked at even milder conditions than the Phillips catalyst. The Phillips catalyst is less expensive
and easier to work with, however, and both methods are used in industrial practice. By the end of

the 1950s both the Phillips and Ziegler type catalysts were being used for HDPE production.
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Phillips' initially had difficulties producing a HDPE product of uniform quality, and filled
warehouses with off-specification plastic.

However, financial ruin was unexpectedly averted in 1957, when the hula hoop, a toy
consisting of a circular polyethylene tube, became a fad among youth in the United States.A third
type of catalytic system, one based on metallocenes, was discovered in 1976 in Germany by
Walter Kaminsky and Hansjorg Sinn. The Ziegler and metallocene catalyst families have since
proven to be very flexible at copolymerizing ethylene with other olefins and have become the
basis for the wide range of polyethylene resins available today, including very low density
polyethylene , and linear low density polyethylene . Such resins, in the form of fibers like
Dyneema, have (as of 2005) begun to replace aramids in many high-strength applications. Until
recently, the metallocenes were the most active single-site catalysts for ethylene polymerisation
known — new catalysts are typically compared to zirconocene dichloride. Much effort is
currently being exerted on developing new single-site (so-called post-metallocene) catalysts, that
may allow greater tuning of the polymer structure than is possible with metallocenes. Recently,
work by Fujita at the Mitsui corporation (amongst others) has demonstrated that certain
salicylaldimine complexes of Group 4 metals show substantially higher activity than the

metallocenes.

2.3.2 Description and Physical properties

Polyethylene is a polymer consisting of long chains of the monomer ethylene (IUPAC
name ethene). The recommended scientific name 'polyethene’ is systematically derived from the
scientific name of the monomer. In certain circumstances it is useful to use a structure-based
nomenclature. In such cases IUPAC recommends poly(methylene). The difference is due to the
'opening up' of the monomer's double bond upon polymerisation. In the polymer industry the
name is sometimes shortened to PE, in a manner similar to that by which other polymers like
polypropylene and polystyrene are shortened to PP and PS, respectively. In the United Kingdom
the polymer is commonly called polythene, although this is not recognised scientifically. The
ethene molecule (known almost universally by its common name ethylene), C,H, is CH,=CH,,

Two CH, groups connected by a double bond, thus:
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Polyethylene is created through polymerization of ethene. It can be produced through
radical polymerization, anionic addition polymerization, ion coordination polymerization or
cationic addition polymerization. This is because ethene does not have any substituent groups that
influence the stability of the propagation head of the polymer. Each of these methods results in a
different type of polyethylene.

Physical properties depending on the crystallinity and molecular weight, a melting point
and glass transition may or may not be observable. The temperature at which these occur varies
strongly with the type of polyethylene. For common commercial grades of medium-density and
high-density polyethylene, the melting point is typically in the range 120 to 130 °C ((250 to 265
°F). The melt point for average commercial low-density polyethylene is typically 105 to 115 °C
(220 to 240 °F). Most LDPE, MDPE, and HDPE grades have excellent chemical resistance and
do not dissolve at room temperature because of the crystallinity. Polyethylene (other than cross-
linked polyethylene) usually can be dissolved at elevated temperatures in aromatic hydrocarbons,

such as toluene or xylene, or chlorinated solvents, such as trichloroethane or trichlorobenzene.

2.3.3 Product applications

Polyethylene not only finds many products but also because of the many forms in which
it is produced as a resin. It may be obtained in granules, powders, film, rod, tube and sheet form
and molded through such processes as injection molding, fluidized bed coating, blow molding,
extrusion, vacuum forming, casting and calendering. Polyethylene is used for many purposes,
including: containers, electrical insulation, house-wares, chemical tubing, toys, freezer bags,
flexible ice cube trays, snap-on lids and battery parts. Two major applications of polyethylene are
films for packaging soft goods and other nonperishable and blow molded bottles. Squeeze bottles

from low densitypolyethylene and detergent bottles from high density are typical products.

2.4 Melt Flow Index [63]

The Melt Flow Index is a measure of the ease of flow of the melt of a thermoplastic
polymer. It is defined as the mass of polymer in grams flowing in 10 minutes through a capillary
of specific diameter and length by a pressure applied via prescribed alternative gravimetric

weights for alternative prescribed temperatures.

The method is given in ASTM D1238 and ISO 1133 (similar). Melt flow rate is an

indirect measure of molecular weight, high melt flow rate corresponding to low molecular weight.
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At the same time, melt flow rate is a measure of the ability of the material's melt to flow under
pressure. Melt flow rate is inversely proportional to viscosity of the melt at the conditions of the
test, though it should be borne in mind that the viscosity for any such material depends on the
applied force. Ratios between two melt flow rate values for one material at different gravimetric
weights are often used as a measure for the broadness of the molecular weight distribution.Melt
flow rate is very commonly used for polyolefins, polyethylene being measured at 190°C and
polypropylene at 230°C. The plastics converter should choose a material with a melt index so
high that he can easily form the polymer in the molten state into the article intended, but on the
other hand so low that the mechanical strength of the final article will be sufficient for its use.The
procedure for determining MFI is as follows:

1) A small amount of the polymer sample (around 4 to 5 grams) is taken in the specially
designed MFI apparatus which is nothing but a miniature extruder.

2) The apparatus consists of a small die inserted into the extruder,diameter of the die
generally being around 2 mm. .

3) The material is packed properly inside the extruder barrel to avoid formation of air

pockets.
4) A piston is introduced which acts as the medium that causes extrusion of the molten
polymer.

5) The sample is preheated for a specified amount of time: 5 min at 190°C for

polyethylene and 6 min at 230°C for polypropylene. ~

6) After the preheating a specified weight is introduced onto the piston. Examples of
standard weights are 2.16 Kg,5 Kg,etc.

7) On account of the weight shear is exerted on the molten polymer and it immediately
starts flowing through the die.

8) A sample of the melt is taken after desired period of time and is weighed accuarately.

9) MFI is expressed as grams of polymer/10 minutes of flow time.Synonyms of Melt
Flow Index are Melt Flow Rate and Melt Index.

Actually, more commonly used are their abbreviations: MFI, MFR and MI. Be aware
that, confusingly, MFR is also a term often used for the ratio between two melt flow rates at

different gravimetric weights. More accurately, this should be reported at the FRR (flow rate
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ratio) or simply the flow ratio. The FRR is commonly used as an indication of the way in which

rheological behaviour is inflenced by the molecular mass distribution of the material.

2.5 Fuel

The fuel products that are derived from petroleum supply more than half of the world’s
total supply of energy [60]. Gasoline, kerosene, and diesel oil provide fuel for automobiles,
tractors, trucks, aircraft, and ships. Fuel oil and natural gas are used to heat homes and
commercial buildings, as well as to generate electricity. The constant demand for products, such
as liquid fuels, is the main driving force behind the petroleum industry. Other products, such as
lubricating oils, waxes, and asphalt, have also added to the popularity of petroleum s a national
resource. However, for the main part, the petroleum industry was inspired by the development of
the automobile and the continued demand for gasoline, and other fuels. Such a demand has been
accompanied by the demand for other products: diesel fuel for engines, lubricants for engine and

machinery parts, fuel oil to provide power for the industrial complex, and asphalt for roadways.

2.5.1 Gaseous fuels

The principal types of gaseous fuels are oil gas, reformed natural gas, and reformed
propane or liquefied petroleum gas (LPG). Mixed gas is a gas prepared by adding natural gas or
liquefied petroleum gas to a manufactured gas, giving a product of better utility and higher.
Liquefied petroleum gas (LPG) is the term applied to certain specific hydrocarbg;ls and their
mixtures, which exist in the gaseous state under atmospheric ambient conditions but can be
converted to the liquid state under conditions of moderate pressure at ambient temperature. Thus,
liquefied petroleum gas is a hydrocarbon mixture containing propane, butane, iso-butane and to a
lesser extent propylene, or butylene. The most common commercial products are propane,
butane, or some mixture of the two and are generally extracted from natural gas or crude
petroleum. Propylene and butylenes result from cracking other hydrocarbons in a petroleum

refinery and are two important chemical feed stocks

2.5.2 Gasoline

Gasoline is a mixture of volatile, flammable liquid hydrocarbons derived from petroleum
that boil off over a range from about 25°C (77 °F) to below 185°C (3650F). The hydrocarbon

constituents in this boiling range are those that have four to twelve carbon atoms in their
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