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ABSTRACT

This work aimed at efficiently employing the plastic waste sources of energy for power
generation with the additional benefit of clean environment. This work focuses on production of
hydrocarbon fuel by pyrolysis process with the plastic waste feed. The condensed vapor of
pyrolysis gases is called as liquid hydrocarbon fuel which can be used commercial Cl Engines,
tractors for agricultural farming and generator sets for rural areas. This work also proposes to
have utilization of pyro-char for self healing material. The proposed sustainable energy model
would provide decentralized energy supply to the local communities and household sector along

with the benefits of mitigating environmental pollution.

The liquid hydrocarbon fuel (LHF) derived from mixed municipal plastic waste has a
high calorific value and contains a significant composition of cyclic and aliphatic hydrocarbons,
making it a viable alternative to fossil fuels. The Pyrolysis of mixed municipal plastic waste
(MMPW) from the University of Petroleum and Energy Studies, Dehradun, showed that the
resulting liquid hydrocarbon fuel is a potential energy source for heat and power generation. The
Liquid hydrocarbon fuel of mixed-plastic waste showed great potential for diesel range

hydrocarbon fuels that can be utilized in diesel engines.

When used in a traditional engine, the external mixture formation approach may be
effectively deployed at a low cost with minor modifications to the existing intake manifold.
Cooled EGR was employed to manage the PCCI combustion up to a 10 % concentration.
Because of EGR usage in the PCCI engine, there was a delay in the combustion process.
Compared to a traditional engine, the combustion in the PCCI engine occurs early and at a low
temperature & pressure. According to the analysis of the testing results, the test engine's brake
thermal efficiency with liquid hydrocarbon fuels decreased at intermediate and higher loads.
However, while operating within uncertainty limitations, the engine's efficiency with liquid
hydrocarbon fuels was nearly as good as the engine's efficiency with diesel fuel at all load
activities. With liquid hydrocarbon fuels, the number of carbon-based pollutants that came out of
the engine was slightly higher than diesel fuel at intermediate and larger loads, excluding the
nitrogen oxides. Lower load activities did not demonstrate substantial differences between the

pollutants studied. Nitrogen oxide emissions were significantly decreased while using diesel

iv



blended liquid hydrocarbon fuel vapor at high loads owing to a drop in the temperature of the in-

cylinder combustion chamber.

At 30% and 15 % fuel vapor induction, exhaust gas recirculation could be a preferred
alternative for diesel PCCI combustion. HC, CO, NOx, and smoke emissions were 0.692 g/kW.h,
0.95 g/kW.h, 5.46 g/kW.h, and 52.69 %, respectively, with 15% fuel vapor and 10% EGR.
Whereas HC and CO emissions surged, NOx and smoke emissions declined significantly,
replicating earlier observations. The current investigation reveals that the PCCI engine generates
a small amount of NOx and smoke emissions compared to ordinary engines. When analyzing the
performance obtained with conventional diesel operation to those obtained with engine operation
using liquid hydrocarbon fuels, it was discovered that PCCI operation's emission characteristics
were reduced. Recovery and recycling of municipal mixed plastic waste to converted to liquid

hydrocarbon fuel, on the other hand, showed better emissions behavior in engine operation.

Additionally, activated carbon from mixed municipal plastic waste could be employed as
a filler in an epoxy vitrimer composite. The enormous surface area of activated carbon in the
AC-epoxy vitrimer biocomposite allows for chain exchanges. Self-healing was observed in
virgin epoxy vitrimer at 80 °C for 5 minutes, however when activated carbon was added, the
material showed a lower temperature self-healing at 348 K for 5 minutes. Vitrimer composites
with 1 wt % AC (EP-1) exhibited an 83% and 75 % recovery efficiency after two successive
healings in flexural trials. Composite vitrimer research will be useful in the future to witness

ecologically sound vitrimer composite materials for practical uses.



ACKNOWLEDGMENT

| would like to express my heartfelt gratitude to my supervisors Dr. Deepak Kumar and
Dr. Bhawna Yadav Lamba, for their continuous encouragement and motivation throughout my
thesis work. I am very thankful to them for presenting this promising area of research to me and

for their supervision, which | have been getting all these years of my research.

In addition to my Supervisors, | would like to show gratitude to Dr. Sunil Rai
(Chancellor), Dr. Ram Sharma (Vice-Chancellor and Dean, SoE) at the UPES for their cherished
support for my research work.

I would like to express my gratitude to Dr. Devesh Kumar Avasthi (Dean R &D), Dr.
Pankaj Kumar Thakur (Associate Dean, R&D) Dr. S.M Tauseef (Associate Dean, R&D), Dr.
Ashish Karn (Head of Mechanical Cluster) Dr. Ajay Kumar, Dr. Sravendra Rana and Dr. Shyam
Pandey at UPES, for his support during my research.

I would like to extend my special thanks to my dear faculty Dr. Praveen Kumar Ghodke

NIT, Calicut and friend Dr. Balaji K who stood with me at each phase of my work.

Thanks to Dr. Sakthi Ganesh Murugesan, Ms. Rakhi Ruhal, Dr. Caneon Kurien, Dr.
Debajoyti Bose, Dr. Pinnisetti Swami Sai Ram, Mr. Raghunath, Dr. Meera CS, Dr. Aslesha, Dr.
Balaji, Dr. Akhilan raja and Dr. Shiva. | also thank all my faculty colleagues at Department of

Mechanical Engineering.

I would like to acknowledge in-house Bio diesel research lab, Central Instrumentation
Centre (CIC) and Engine research Lab facility; where | have carried out my research work. | also
thank lab technicians Dr. Amit Kumar, Dr. Devendra Rawat, Mr. Charu Pant and Mr. Pradeep

singh.

I would like to express my gratitude to R&D Department and SRE Department for their
support. I also thank Dr. Vijay.P, Mr. Yogesh sharma, Team SRE and R&D.

Vi



DEDICATION
I would like to dedicate and thank you to my Amma R.Gomathy, my Appa K.Rajendran,

my Thangachi R.Meenachi Eshwari, my Thangachi R.Samundeeshwari, my Illaal S.Jeya Preethi,

my Magavu Prabanjan K.J. and all family Members for their support.

vii



TABLE OF CONTENTS

DECLARATION. ..ottt bbbt b et b bbb e an e i
THESIS COMPLETION CERTIFICATE ..ot ii
ABSTRACT « ettt b bbb bbb bR b ettt Y%
ACKNOWLEDGMENT ...ttt Vi
DEDICATION . 1ttt bbbt b bbb et et vii
TABLE OF CONTENTS ...ttt viii
LIST OF FIGURES .......coo ottt sttt bbbt Xi
LIST OF TABLES ...t bbbt bttt sttt sn s Xiii
LIST OF ABBREVATIONS ... .ottt sttt Xiv
CHAPTER 1 : INTRODUCTION. ..ottt 1
CHAPTER 2 : LITERATURE REVIEW ....ccooiiiiiieeee s 3
2.1 INEFOAUCTION ...t bbbttt bbb 3
2.2 Composition and Physical Properties of MMPW ..........cccooiiiiiiinieceee e 5
2.3 Thermal pyrolysis Of MIMPWV ..o 7
2.3.1 Effects of temMPerature ...............ccooviiiiiiiieiice e 10
2.3.2 Effects of pressure and residence time..................cccocoiiiiiininn 10
2.3.3 Effect of types of reactors ..............cccocoiiiiiiiiiiiiiii 11
2.3.4  Effect of catalysts...........cocooiiiiiiiiiiii 18
2.3.4.1  Types Of CAtalYSt......ccveiiiiiee e 18

2.3.4.2  ZEOITE CALAIYST.......oiviiiiiiiiiciee e 19
2.3.4.3  Fluid catalytic cracking (FCC) .......cccoiiiiiiiiiienesese e 22
2.3.4.4  Other CatalyStS........ccooiiiiiiieiee e 23
2.3.4.5  Clay CALAIYSE ....c.ooiviiiiisieeieee e 24
2.3.4.6  CatalySt TUNING ...ovoviiiiieiee bbb 26

2.4 ProdUCE @NAIYSIS.....ccuviiiieiie ettt ettt e et e nnae s 30
CHAPTER 3 : PYROLYSIS OF MIXED MUNICIPAL PLASTIC WASTE(MMWP) ..... 42

viii



3.1 Scope and Outline of the Present WOrk ...........ccooviieiiiii e 42

I B Loty T L (el 1o - o SRS 42
BTG O o] 1=Tod €L 42
CHAPTER 4 : PREPARATION OF LIQUID HYDROCARBON FUEL FROM PLASTIC
LAY 3 1 =SSR 43
4.1 Production of hydrocarbon fuels from mixed municipal plastic waste ....................... 43
4.2 Feedstock Materials and characterization methods ..........ccccooviiiininienene s 43
4.2.1  Municipal mixed plastic WaSTe. ... 43
4.2.2  CatalySt MAterialS .......ccoiiiiiie e 43
4.3 EXPerimental TEST SETUPD .....ooviiiiieiieieiee et 44
4.4 ReSUIT aNd DISCUSSION ......viiiieiiiiiesiieie et siee e ee s e steeseesteesteeseesseesteeneesseesseeseesneesseenseaneens 46
4.4.1 Investigation of MIMPW fEEA.........ccoviii i 46
4.4.1.1 FTIR spectrometric @nalySiS.........ccccoveiieiiiiieiieieeic e 47
4.4.2 Charactrization OF CAT -1 . ..ot 48
4421 FTIROF CAT L. it 51
4.4.3 Analysis of liquid hydrocarbon............cccccveiviiiiiieiiciece e 52
4431 FTIR of liquid hydrocarbon from MMPW .........ccccoiiiiiiininiiinenns 54
4.4.3.2 GC-MS characterization of liquid hydrocarbon generated from MMPW 56
A5 SUMIMATY ...ttt ettt bbb e bt st e bt b e se e e b e bt e e s e b e e e e s 58
CHAPTER 5 : EFFECT OF COMBUSTION ON PLASTIC WASTE FOR LIQUID
HYDROCARBON FUEL PRODUCTION ....oooiiii e 59
5.1 Properties of liquid hydrocarbon fuel produced from MMPW Waste..........c..ccc....... 59
5.2 Engine test setup and experiment Methodology ..o 60
5.3 The effect of using liquid hydrocarbon fuels on the engine performance.................... 63
5.3.1 Brake thermal effiCIENCY .......ccoiiiiiiiiiiiie s 64
5.3.2  SpecCific fuel COMBUSTION ........c.coviiiei e 65
5.3.3 EXNaust gas teMPEratUIe.........cccviiiiiiiiieiie st sre et 66
5.3.4  VolUMELIIC effICIBNCY ...ccveiiiie et 67
5.4 The effect of using liquid hydrocarbon fuels on the engine Emissions ........................ 68
5.4.1 Hydrocarbon EMISSIONS .........cccoueiuiriiriiiriiiieeee et 68
5.4.2  Carbon monoXide BMISSIONS..........ceiiiieiieereeie e e e e eee e sre e sreesseeeesreeneas 70
5.4.3  NOX BIMISSIONS ....eiueeitrerieetiesieeieseesteeiesseesseeaesseesseestesseesseesseaseesseesseassessesssesssessessses 71



B5.AA  SINOKE BIMISSION ..ottt e e e e e e e ettt e e e e e e ee e eeeeeeeeaaan 72

0.5 SUMIMAIY ..ottt sa e e bt e e e st b e e e nbb e e e bbe e e bb e e e bneennnes 73
CHAPTER 6 : A NOVEL APPOROACH TO USE RESIDUE AS SELF HEALING
IMATERIAL .1ttt bbbttt b bbbt bt b e bt b et bbbt ens 75

6.1 Development of self-healing epoxy vitrimer composites with activated carbon

pyrochar derived from municipal mixed plastic waste pyrolysis.........ccccccoveiiveviviiesinennnns 75

8.2 IMMALETTAIS ..o bbbttt are s 75

6.3 Preparation of epoxXy NANOCOMPOSITE .......ccvveieieeiieiieie e 76

6.4 Material characterization MethodsS ..o 76

6.5 Material CharaCteriZation .............cooiiieiieri et 77

6.6 Mechanical and thermo-mechanical Properties...........ccccooviiiiininiiieiese e 80

6.7 DYNAMIC PrOPEITIES ... .oviiiiiiiiieiieiet ettt bbbttt e e bbbt e ane s 84

B.7.1  STreSS FelaXatiON .....ccveiiiieiice ettt snee e 84
6.7.2  SEIf-NEAIING .....eovviiie s 85

LR IS0 [0 10 4 F= 1 PRSP 87
CHAPTER 7 : CONCLUSION. ...ttt sttt be st sne e 88

8 A U (O V0] 1 o] oL RSSO 90
REFERENGCE. ... ..ottt bbbt b e b st et e e saenbestenbeene e 91
LIST OF PATENT GRANTED AND JOURNAL PUBLICATIONS ......cccoooeviiiieieiiins 110
APPEND X ¢ttt ittt bbbttt b e bRttt bbb reeres 112
PLAGIARISM CERTIFICATE ... .ottt ettt 113



LIST OF FIGURES

Figure 4.1 Three-stage condensing system for liquid hydrocarbons production through
PYFOIYSES .ttt bbb bbbk b bR bR ettt e bbb 44
Figure 4.2 Lab scale pyrolysiS REACTON ..........ccoiiiiiiiiiiiieieesese e 45

Figure 4.3 Reactor in series with condensation for the pyrolysis-based production of

NYAroCarDON TUBL ... 46
Figure 4.4 MMPW Fourier Transformed Infrared Spectra............ccccooiiiiiiiiiinciennenn, 47
Figure 4.5 shows results for XRD pattern of CAT-1. ..o 50
Figure 4.6 shows the CAT-1 catalyst's FT-IR spectrum analysis findings................c.ccocevu... 51

Figure 4.7 Distribution pattern of pyro-char, liquid hydrocarbon and non-condensable
syngas from thermal pyrolysis Of MIMPW ..........cccoiiiiiiiiiiie s 53

Figure 4.8 Distribution pattern of pyro-char, liquid hydrocarbon , and non-condensable

syngas from thermal catalytic (CAT-1) pyrolysis of MMPW...........ccccooiiiiiiinineninennn 53
Figure 4.9 FTIR analysis of liquid hydrocarbon from MMPW ..........cccooviiiiiinniieie, 55
Figure 4.10 GC-MS of plasto fuel generated from MMPW...........cccooviiiiiiiiiicienc e 57

Figure 5.1 Schematic flow process diagram of domestic plastic waste to alternate fuel....... 60

Figure 5.2 Engine experimental test setup schematic Diagram...........c.ccoovveieienencnenennnnn. 61
Figure 5.3 Engine experimental teSt SETUP........ccooiiiiiiiiiieiee e 62
Figure 5.4 Brake thermal efficiency variation concerning engine load .............ccccccevvvenene 65
Figure 5.5 Specific fuel consumption variation concerning engine load............ccccooccoevnenene. 66
Figure 5.6 Exhaust gas temperature variation concerning engine load ............cc.cccccoovnenene 67
Figure 5.7 Volumetric efficiency variation concerning engine load.............ccccooceveniiinnnnnne. 68
Figure 5.8 Hydrocarbon emission variation concerning engine load..............cccccocevciivnennnne 69
Figure 5.9 Carbon monoxide emission variation concerning engine load.............c.ccccooenee. 71

Xi



Figure 5.10 NOx emission variation concerning engine 10ad............c.ccocovviiinneniencienennnnns 71
Figure 5.11 Smoke emission variation concerning engine load ............ccccccovviveiieieiicinennns 73

Figure 6.1 Epoxy, activated carbon, and the epoxy-activated carbon composite each have

their characteristic UV SPECIIUML. ........coiiiiiic et 78
Figure 6.2 XRD spectrum for activated Carbon...........ccccceeveiieiieii e 78
Figure 6.3 FTIR spectrum for cured and uncured epoXy COMPOSItE .........cccevvververiereeinennens 79
Figure 6.4 SEM images for pyrochar Carbon...........cccccovieiiiie i 79
Figure 6.5 SEM images for activated carbon ..............cccooveiiiii i 80
Figure 6.6 Storage modulus for €pOXY VITFIMEN ..........ccciieiiiie i 82
Figure 6.7 Loss modulus fOr epOXY VITFIMEL ........cc.ooviiiiieiecc e 83
Figure 6.8 Stress-strain curve for epoXY VITFIMEN ..........ccoveiiiiieiic e 83
Figure 6.9 EP-pristine healing represented stress-Strain CUrVe............cccccveveiieeiiececveseennns 86
Figure 6.10 EP-1% healing represented Stress-Strain CUNVE. .........ccccecveieeiieieeseesie e s 87

Xii



LIST OF TABLES
Table 2.1 Characteristic properties of different plastic residues [13]..............c.ccoeriiiininnn 6

Table 2.2 Different types of reactors and their effects on pyrolysis process. ...........cccoceeveee. 15

Table 2.3 Products yield plastic waste pyrolysis process at an optimum temperature [67] 20

Table 2.4 Product distribution of FCC in a fresh and steaming state [71]..........ccccccvvnene. 22
Table 2.5 Product analysis from catalySt/ PP ratio...........c.cccoeviiiniiinininiecee e 23
Table 2.6 TYPeS OF CAtAlYST ..o s 24
Table 4.1 Plant process parameter OptimizZation. ............ccooveieierenenenenieeeee s 45

Table 4.2 Characteristic properties of Municipal mixed plastic waste feedstocks (dry basis)

....................................................................................................................................................... 46
Table 4.3 MMPW FTIR @nalysis reSUILS. ..ot 48
Table 4.4 AcCid Properties Of CAT -1 ... s 48
Table 4.5 Chemical composition OFf CAT-1......cooiiiiiiiiiieee s 49
Table 4.6 FTIR @nalysis Of CAT-L.. ..o 51
Table 4.7 Fuel properties 0f MIMPW ... s 53
Table 4.8 FTIR analysis of liquid hydrocarbon. ... 55

Table 4.9 Chemical Composition of liquid Hydrocarbon obtained from mixed plastic waste.

....................................................................................................................................................... 57
Table 5.1 Fuel properties determined in based on ASTM standards. ...........cccecvvevvverrenenne. 59
Table 5.2 Technical parameters for the diesel engine under test. ........c.ccocvvvriiiiencienenn. 62
Table 5.3 Measurement accuracy and UNCEITAINTY..........cooerrririnininesi e 64
Table 6.1 Glass transition temperature of epoXy COMPOSITES ........cccceveririiriiriiie e 81
Table 6.2 Mechanical properties epoxy AC NAN0COMPOSITES ........cccerverireeiierienieriesesiesieenes 84
Table 6.3 After healing, the flexural modulus Varies. ............ccooerviieiiiere s 86

Xiii



LIST OF ABBREVATIONS

AFD
A-F
BADGE
BTE

C

CA

CcC

Cl

CNT
CO
DETA
DI
DMA
DSC
EGR
EGT
FV

HC
HCCI
GC-FID
GC-MS
GC-TCD
GO

NOXx

rGO

PCCI
TMA

2- Aminophenyl disulfide

Air—fuel ratio

Bisphenol A diglicidyl ether

Brake thermal efficiency,%

Carbon

Crank angle

Combustion chamber

Compression ignition

Carbon nanotube

Carbon monoxide

Ddiethylenetriamine

Direct injection

Dynamic Mechanical Analysis

Differential scanning alorimetry

Exhaust gas recirculation

Exhaust gas temperature

Fuel vapor

Hydrocarbon

Homogeneous charge compression ignition
Gas chromatograph with a flame ionisation detector
Gas chromatograph with Mass spectrometer
Gas chromatograph with a thermal conductivity detector
Graphene Oxide

Hydrogen

Nitrogen

Oxides of Nitrogen

oxygen

Reduced Graphene Oxide

Partially premixed charge compression ignition

Thermogravimetric analyzer

Xiv



UV-Vis : Ultraviolet-visible spectroscopy

XV



CHAPTER 1: INTRODUCTION

The population, development activities, changes in lifestyle, and socioeconomic situations all
contribute to a rise in solid waste. Energy security and clean environment are the two major
thrust areas in the current scenario. Treatment of municipal solid waste (MSW) would satisfy
this dual target of energy security and clean environment simultaneously. Plastic waste is
categorised as industrial or municipal waste based on its origin; each waste category has various
characteristics and features. Waste accounts up a significant portion of municipal waste. It
accounts for a significant proportion of solid waste.

Based on information submitted by 35 Indian states and union territories, the Central Pollution
Control Board (CPCB) has calculated that India produced 4126997 TPA of plastic waste in
2020-21 and the projected total plastic waste employed to useful product in all 25 States/UTs of
India in 2020-21 is 1109180 TPA (Annual Report 2020-21 on Implementation of Plastic Waste
Management Rules, 2016 Central Pollution Control Board, n.d.; Overview of Plastic Waste
Management, 2013).

States and union territories of India use their plastic waste for a wide range of processes, along
with recycling (539447 TPA), reusing plastic in road construction (31578.3 TPA), co-processing
plastic as an AFR in cement kilns and power plants (250705 TPA), Waste to Energy plants
(135432 TPA), converting plastic waste into liquid fuel through pyrolysis plants (4918 TPA),
and others processes (147099 TPA) (Annual Report 2020-21 on Implementation of Plastic Waste
Management Rules, 2016 Central Pollution Control Board, n.d.; Overview of Plastic Waste
Management, 2013).

Industrial plastic waste (social lead primary waste) is scum generated by the major plastics

production, refining, and packaging sectors.

Plastic material is divided into two primary categories: thermoplastics and thermosettings.
Thermoplastics account for around 80% of all post-consumer plastics waste created in India,
with thermoset accounting for approximately 20%. Polyethylene Terephthalate (PET), Low
Density Poly Ethylene (LDPE), Poly Vinyl Chloride (PVC), High Density Poly Ethylene
(HDPE), Polypropylene (PP), Polystyrene (PS), and other thermoplastics are recyclable plastics.

Thermoset plastics, on the other hand, include epoxy, ester, melamine formaldehyde, phenolic



formaldehyde, silicon, urea formaldehyde, polyurethane, metalized and multilayer polymers,

among other things.

The following are some of the environmental consequences resulting from inadequate plastic
waste management:
o Littered plastics detract from the aesthetics of the city, obstruct drains, and make valuable
public spaces dirty.

o When plastic-containing garbage is burned, it may pollute the air by producing harmful
gases.
o Garbage containing plastics causes challenges in garbage processing plants and may also

create issues in landfill operations.
o Recycling companies operating in non-conforming regions are causing environmental

hazards.

The pyrolysis of plastic waste to produce hydrocarbon fuel is a viable method of extracting
energy from waste. Despite the fact that pyrolysis technology is well known in India, significant
research challenges such as reactor temperature, pyrolysis vapour retention time, particle size,
toxicity, heating rate, catalyst loading, and different plastic waste mixing remain for appropriate
pyrolysis system integration in the real market.With this motivation the proposed research is
aimed at expeditiously harnessing the plastic waste as sources of energy for alternative fuel

instead of diesel with the additional benefit of clean environment.

The proposed work would focus on production of hydrocarbons fuel by pyrolysis process using
plastic waste feed. The condensed vapor of pyrolysis gases is called as pyrolysis oil, which can
be used in tractors for agricultural farming and generator sets for rural areas. The proposed
sustainable energy model would provide decentralized energy supply to the local communities

and household sector along with the benefits of mitigating environmental pollution.



CHAPTER 2 : LITERATURE REVIEW
2.1 Introduction

Plastic is an important material in the industrial field and in the human society because of its
beneficial properties such as lightweight, cheap cost, and resistance to corrosion(Annual Report
2020-21 on Implementation of Plastic Waste Management Rules, 2016 Central Pollution Control
Board, n.d.). Because of the wide scale manufacture and breakdown challenges of plastic
materials, garbage generated after their usage poses a significant ecological hazard. To overcome
these issues, the scientific community concentrated on converting waste into useful goods,
particularly liquid hydrocarbon fuels. Technologies for recycling of individual plastics such as
polypropylene (PP), low-density polyethylene (LDPE), linear low-density polyethylene
(LLDPE), high-density polyethylene (HDPE), polystyrene (PS), and polyethylene terephthalate
(PET) are matured. However, there is currently no well-established process for transforming
MMPW-—a combination of PP, LDPE, HDPE, PET, and PS—into liquid hydrocarbons. Plastics
used in wide range of applications in fluid containers, wrapper films, building materials,
shopping, and trash bags, outfit, toys, domestic and industrial products generate huge amount of

MMPW.

The majority of current research efforts are focused on tertiary recycling, with the goal of
introducing recycling technology into the petrochemical industry's everyday operations. Many
generations of experience have been gained in the use of various established plastic waste
treatment technologies such as incineration, landfill, gasification, plasma gasification,
combustion, glycolysis, hydrolysis and aminolysis towards the yield of gaseous/fuel products
which can be utilised to produce heat and power. However, these conventional technologies
suffer many hurdles to penetrate the market for real ground utilization due to huge investments,
practical implications and environmental issues. In order to overcome these hurdles, researchers

are focusing on alternate options for plastic waste treatment such as fast pyrolysis technology.

Among all the available technologies to treat MMPW, pyrolysis technology is a promising
option to attain high yields of valuable products(Williams & Williams, 1998). In view of
ecological security and reduction of non-recoverable conventional fuels, conversion of MMPW
into valuable hydrocarbon fuels has attracted world. Few studies have discovered hypotheses and

innovations for transforming discarded plastics to liquid products. Many patents on altering over



invention have been filed. Various experimental reactors have been established across the globe.
Recent investigations on the pyrolysis of certain kinds plastic materials have been conducted
(Adrados et al., 2012; P. Ghodke & Mandapati, 2018; I. Kayacan & Dogan, 2008; Thahir,
Altway, Juliastuti, et al., 2019; Williams & Williams, 1998).

There are no commercial plans for converting MMPW into liquid fuel due to its variable
temperature, breakdown behavior, and complicated chemical structure. There have been several
proposed recycling routes to reduce MMPW, from primary recycling to secondary recycling
technologies (Dayana Anuar Sharuddin et al., n.d.). Incineration (S. Kumar et al., 2013a; Kunwar
et al., 2015; Lopez et al., 2017; Y. Yang et al., 2012), gasification (Brajendra K.Sharma, Bryan
R.Moser, Karl E.Vermillion, Kenneth M.Doll et al., 2014; Buckley, 1991; Mahadevan et al.,
2015; Parikh et al., 2004), plasma gasification (Adelawon et al., 2022; Igathinathane et al., n.d.;
Y. Zhang et al., n.d.), combustion (Bimbela et al., 2014; Tan et al., 2021), pyrolysis (Alper et al.,
2015; Khuenkaeo & Tippayawong, 2020; Kilic et al., 2014), glycolysis (Onwudili et al., 2009;
Pinto et al., 1999), hydrolysis (Ng et al., 1995; Shah et al., 2010), aminolysis (Demirbas, 2004) ,
and hydrogenation (Chin et al., 2014) are all examples of thermochemical recycling routes for
plastic waste that yield gaseous/fuel products (I. Kayacan & Dogan, 2008). Thermochemical
degradation techniques such as pyrolysis provide one of the most dependable answers to this
problem. Due to its complicated chemical makeup and varying thermal and decompositional
behaviours, MMPW cannot be directly converted into a liquid fuel.

Pyrolysis is one of the important thermochemical conversions that involves heating of
MMPW at moderate temperatures range of 573-823K in the inert atmosphere to produce oils,
gases, and solid carbon black(P. Ghodke & Mandapati, 2018; Thahir, Altway, & Rachmania
Juliastuti, 2019). The use of catalyst brings down the temperature and pyrolysis can occur at
considerably lower temperature. The inorganic substances produced by pyrolysis retain
unmodified and may be employed in chemical alteration, road construction, or as binders for
other polymers(Adrados et al., 2012). In any case, few considerations are describing the process
technology and the product characteristics of MMPW pyrolysis. Sharuddin et al. 2016 used
pyrolysis technology to convert plastic waste into several forms of fuel, including all by product
and streamlined the quantities of liquid hydrocarbon fuels(Dayana Anuar Sharuddin et al., n.d.).

Product elasticity might be attained in the pyrolysis process by adjusting operational factors such



as heating rate, pressure, pyrolysis temperature, and catalyst. Product elasticity might be attained
in the pyrolysis process by adjusting operational factors such as heating rate, pressure, pyrolysis
temperature, and catalyst. Conclusions arrived by Sharuddin et al. 2016, MMPW pyrolysis
reduces the dependence on fossil fuel, environmental problems and rise in energy demand
issues(Dayana Anuar Sharuddin et al., n.d.). In slow pyrolysis with short residence time, wax
formation is favorable, higher temperatures and longer residence times favor BTX (Benzene,
Toluene, and Xylene) products (Lopez et al., 2017). Kunwar et al. (2016) highlight the pyrolysis
technique and appropriate variables for the transformation of plastic waste to oil in their study on
plastic waste to oil. The study suggests that parameter variations such as catalysts, reactor
design, heating value, and plastic/catalyst ratio be used to improve overall plastic waste
processing to gasoline or diesel range fuels. Catalysts with high acidic characteristics and surface
area may increase the transition of plastic waste to oil, while FCC catalysts have been considered
for the synthesis of aromatic and gaseous hydrocarbons. The research addressed various issues
with the use of MMPW in this review, one of which is the presence of PVC, which creates HCI
throughout the process, and provided a viable way to manage the PVC in the MMPW. Product
improvement was also suggested by alternative heating methods such as IR, microwave heating
for higher heating rates(Kunwar et al., 2015). It could be observed from the above literature
review that catalyst plays a vital role in pyrolysis process. In last years, there are few reports on
the tuning of the present catalyst which are efficient enough concerning previously reported
catalysts. In recent years, focus had turned towards the clay catalyst to reduce the costing of
process and for green approach. Apart from the catalyst, several factors affect the products like

resident time, type of reactor, temperature, and pressure.

Hence, the present study focused on various parameters affecting the pyrolysis process such
as temperature, reactor design, pressure, resident time, product, and catalyst characterization. In
addition, insights on recent advancements and modifications of catalyst and comparative

assessment of different catalysts have also been addressed.

2.2 Composition and Physical Properties of MMPW
Kayacan and Doan (2008) used a TMA in a N2 environment to determine physical properties of
plastic waste (Akubo et al., 2019). A first-order decomposition reaction and the integral

technique were used to analyse the kinetic parameters of the plastic waste pyrolysis process



(Akubo et al., 2019; Kaminsky & Kim, 1999; Overview of Plastic Waste Management, 2013; K.
B. Park et al., 2019) . TG analyses were carried out at various heating rates of 10, 15, and 20 K
mint. The combustion temperature was set at 1273 K in the presence of oxygen to determine the
ash content of MMPW. Table 1.1 (Jung et al., 2010) depicts the detailed characterisation of
MMPW.

Ultimate analysis or elemental analysis of any MMPW can be determined using CHNS (carbon,
hydrogen, nitrogen, sulfur) analyzer. It is very important to determine the elemental composition
of MMPW to determine the theoretical heating value or calorific value. Parikh et al. (2005)
provided a formula to calculate the energy content of fuel with excess moisture, based on its
chemical composition (Undri et al., 2014). Czajka et al., 2016 employed the LECO TruSpec
analyzer to do the final analysis, which included total carbon, hydrogen, sulphur, and nitrogen
content according to standard PN-EN 15,104:2011, sulphur content according to PN-EN
15,289:2011, and oxygen content estimated by difference of total (Aishwarya & Sindhu, 2016).
Yang et al. (2013) conducted the Conradson Carbon Residue (CCR) test using the conventional
ASTM D189 procedure, in which a carefully balanced sample is placed in a crucible and heated
vigorously by a direct burner. The experiment would perform under room temperature, the black
carbon residue remaining after the reaction/cracking and coking final sample is weighed and
expressed as a mass percentage of the original feed sample(S. Kumar et al., 2013a; Y. Yang et
al., 2012).

Table 2.1 Characteristic properties of different plastic residues (B. K. Sharma et al., 2014).

Properties PP LDPE HDPE PS PE MMPW
Volatile 99.44 96.76 97.5 52.01 96.76 83.44
matter(wt%)

Fixed 0.00 1.68 1.01 47.99 1.68 10.82
carbon(wt%)

Bulk Density (kg | 481 689 713 641 689 737
m3)

Ash (Wt%) 0.67 1.57 0.2 0.0 1.57 11.10
Conradson 0.22 0.67 0.53 0.65 0.67 1.01
Carbon

residue(wt%)




Heating value | 45.3-46.4 | 34.7- 46.6 49.4 37.7-42.1 34.7-46.3 14.4t0 45.3
(MIkg™)
Carbon (wt%) 77.52- 69.67- 85.7 83.9 83.10- 92.7 | 69.67-85.4 | 70.14

86.1
Hydrogen(wt%) | 14.22- 10.12-13.0 14.9 7.82-7.9 10.12-14.4 | 6.81

13.7
Oxygen(wt%) 7.46-0.2 | 0.9-18.55 0.74 0-8.88 0.03-18.55 | 14.73
Nitrogen(wt%) 0.1 0.09 0.05 0.21 0.09 3.27
Sulfur(wt%) 0.0 0.0 0.0 0.0 0.0 0.0

The calorific value of MMPW can be determined by using an oxygen bomb calorimeter. Various
formulae for calculating heating values from their elemental composition have been proposed by
many authors(Buckley, 1991; Parikh et al., 2004). Mahadevan et al. (2015) have determined the
specific heat capacity (higher heating value) using a Parr 1341 Oxygen Bomb Calorimeter
(Mahadevan et al., 2015). The density of solid materials is usually measured as bulk/average
density. The density of materials affects the economics of complete process and technology,
mainly collection and separation, transportation of feedstock and storage in bunkers/silos and
finally loading the material into the reactor. Igathinathane et al. 2010 observed the permeability
of material affects the feed gas flow rate(lgathinathane et al., n.d.). This ultimately influences
reaction parameters such as thermal conductivity, heating rate, reaction efficiency and
emissions(lgathinathane et al., n.d.; Y. Zhang et al., n.d.). Therefore, understanding the physical
characteristics of any solid fuel is important in the utilization of heat and power generation
systems. It is noted that knowing the physical parameters such as high heating value, viscosity,
proximate and ultimate analysis of MMPW contributes for its effectual employment through

thermo - chemical techniques.

2.3 Thermal pyrolysis of MMPW

As considerable activation energy is needed to break the Carbon-Carbon and Carbon-Hydrogen
bond in an inert environment like nitrogen gas, heat is the primary factor in thermal pyrolysis
and the breakdown of hydrocarbon chains. Demirbas (2004) described the process of pyrolyzing
plastic waste, in which polymeric materials are heated to high temperatures to break down their

massive molecular structures into smaller molecules, resulting in a variety of liquid




hydrocarbons upon condensation. Any solid fuel may be pyrolyzed into a liquid, a solid, and a
gas. The liquid byproduct of pyrolyzing MMPW contains hydrocarbons in the gasoline and
diesel ranges. Pyro-char, a byproduct of the process, might be employed as a road base or as a
feedstock in other petrochemical procedures (Lopez, de Marco, Caballero, Laresgoiti, et al.,
2011) . To understand better Adrados etal. 2012 describe the thermochemical phenomena of
MMPW by considering simulated homogeneous and known composition of plastic waste. The
plastic waste mixture was defined that are usually present in municipal waste(Adrados et al.,

2012).

Slow pyrolysis occurs under circumstances of modest temperature (200-400 °C), long residence
time (20-60 min), and slow heating rate (0.1-10 °C min™). Fast pyrolysis occurs under
circumstances of intermediate temperature (450-500 °C), moderate heating rate (10-100 °C min
1y and minimum residence time (10-20 min)(Adelawon et al., 2022; Alper et al., 2015; Bimbela
et al., 2014; Khuenkaeo & Tippayawong, 2020; Kilic et al., 2014; Tan et al., 2021).

A considerable number of studies have been reported on the utilization of used plastic of
particular kinds in different reactors. For example, on wudili et al., 2009 explored the pyrolysis
of PE, PP, PS, and PET in Parr mini autoclave at 773 K and found that the yields of heavy crude
plastic oil around 90-95 wt%, 5-10 wt% of gases and up to 1wt% solid residue which indicate
all the feed is converted into products(Onwudili et al., 2009). Similarly, Pinto et al. (1999)
conducted the pyrolysis of municipal plastic waste (MSW) comprising of polyethylene (PE),
polypropylene (PP), and polystyrene (PS) in 1dm?® autoclave with varying compositions of Nz,
they observed for plastic particle size of 3 mm, optimum conditions for maximum yield was at
temperature of 703 K and pressure of 3.5 MPa with the residence time of 20 min. Total
conversion was higher than 90 % and the main product was liquid, and gas yield was lower than
10 %. Plastic oil produced was aliphatic hydrocarbon carbon ranging from C5-C11 along with

branched and cycled alkanes in low concentration(Pinto et al., 1999).

Abbas and Shubar (2008) conducted experiments in an autoclave reactor with HDPE plastic and
observed the highest yield of 70 wt% at 753 K with a residence time of 20 minutes. At 708 K
and 5.5-6.0 MPa of N2 gas pressure for 1 hour, Siddiqui and Redhwi, 2009 investigated the
thermal plus catalytic pyrolysis of PS in the presence of LDPE, HDPE, PP, and PET plastics in a

25 cm?® stainless steel micro reactor. Experiments were performed with ratios of 1:1, 1:2, and 1:3,



however the highest production of plastic oil was found with a ratio of 1:1. Using hydro treating
catalysts, solvents, the catalyst based on feed, a one-hour residence period, 5.5-6.0 MPa pressure,
and optimal temperature of 703-713 K, the author also identifies the useful products (de Marco et
al., 2009; Sarker et al., 2012). Thermogravimetric examination of PS, PE, and PP municipal
plastic waste subjected to non-catalytic pyrolysis was investigated by Bosmans et al., 2014. The

final stages of deterioration were seen at temperatures between 447 and 500 K.

Miskolczi et al. (2004), studied the pyrolysis of HDPE and PP waste generate of hydrocarbon
fuels in a pilot size shell and tube reactor at 798 K temperature either with or without ZSM-5
catalyst. Increased gas, gasoline, and light oil yields were observed when a catalyst was
employed. They also found that, depending on the conditions, plastic wastes might be turned into
gasoline at a yield of 20-48% and light oil at a yield of 17-36% (Bujak, 2015) . Adnan et al.,
2015 observed the highest production of the hydrocarbon fuels during the pyrolysis of PET in the
temperature range 373-753 K. The analysis also reported the existence of insoluble compounds
including waxy higher hydrocarbons, gums, and coke (D. Chen et al., 2015a) . Used Plastic has
been pyrolyzed at a low temperature (548 K) in a batch reactor (Shah et al., 2010). The 3 mm
length feedstock was used with a mix of LDPE and PP and observed the yield of the plastic oil
was 48.6 % with a non-catalytic pyrolysis technique(Shah et al., 2010). Thermal decomposition
of virgin PE was investigated by Ng et al., 1995, with parametric condition of pressure range of
1.38-16.13 MPa, residence time of 10 min and temperature range of 373-873 K. Maximum
liquid production was observed at 743 K and chemical composition analysis revealed that the
product constitutes of a- olefins along with branched hydrocarbons(Ng et al., 1995). Demirbas,
2004, studied the pyrolysis of PP, PE and PS to obtain the gasoline-range hydrocarbons at 720—
760 K and reported that by using fractional distillation some of hydrocarbon compund generated

from plastic oil(Demirbas, 2004).

To overcome the requirement of high temperatures for pyrolysis process, catalyst can be used. A
catalyst, which ultimately diminishes the temperature for the reaction, is reducing the
prerequisite activation energy for bond breaking and pyrolysis can occur at substantially lower

temperature.



2.3.1 Effects of temperature
Temperature has a major role in how easily a polymer will breakdown during the pyrolysis

process. There exists Vander Waals interaction between polymer molecules. Since the bond
between C-C is non-polar, it is very strong and requires a large amount of energy to break it. The
stability of the C-C bond requires a high temperature of 573—1073 K. The thermal
decomposition of various polymers varies throughout a wide range of temperature. Also, studies
show that at different heating rates, the process of liquid fuel may effect. For example, heating
rates increase the weight loss and reaction rate for the pyrolysis of HDPE(Chin et al., 2014).
Another investigation found that 773 K is best for extracting the most liquid hydrocarbon fuel.
The yield of liquid products decreases as the temperature rises over 873 K (Donaj et al., 2012;
Kaminsky & Zorriqueta, 2007). Similarly, a thermal degradation temperature range of 623-773
K (Gerasimov & Volkov, 2015) for both polystyrene and PP.

Silvarrey and Phan 2016, conducted PE waste pyrolysis in TGA equipment and observed that
degradation peak starts at 623 K and reaches maximum degradation at 693 K and degradation
finishes at 793 K(Diaz Silvarrey & Phan, 2016). A single decomposition peaks were observed for
PE, PP, PS pyrolysis however for PVC waste two decompositions peaks were observed which
infers HCI release correspond to first peak and remaining polyene decomposition as the second
peak. Additionally, for a mix of all the plastic waste pyrolysis, 99.4 wt% decomposition was
observed at temperature 773 K(Diaz Silvarrey & Phan, 2016). Encinar and Gonzélez 2008,
performed the experiments both isothermal and non-isothermal mode using thermogravimetric
and observed the effects temperatures. It was observed that polyethylene below 698 K, mass
conversion was low. However, the reaction was fast above the 723 K and maximum conversion
was occurred up to 99.6 wt%. If the process temperatures are below 698 K multiple peaks were
observed in the corresponding DTG curve of the PP pyrolysis process(Encinar & Gonzélez,
2008). There are three distinct reaction stages in the pyrolysis of low-density polyethylene, as
seen by three distinct breakdown peaks in the DTG curve at 660, 698, and 791 K (Almeida & De
Fatima Marques, 2016). According to Walendziewski and Steininger (2001), pyrolysis of
polyethylene occurs between 643 and 723 K (Degnan, 2000).

2.3.2 Effects of pressure and residence time
Murata et al. (2003) have carried out studies on the effect of pressure in the process of pyrolysis.

For HDPE, they reported that gaseous products increased from 6 % to 13 % at 683 K and
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observed a specific small increment of 4 % to 6 % at 713 K, and as the pressure increased from 1
to 8 bars maximum yields were obtained. They also have shown that when the pressure was high,
lower molecular weight products resulted in the liquid fuel(Murata et al., 2004). At low
temperatures, the effect of pressure becomes less apparent and residence time shows greater

impact.

The amount of time that feeds spend within the reactor is known as their "residence time." More
thermally stable products, such as lower molecular weight hydrocarbons, are formed when
particles are kept in the reactor for longer (Elordi et al., 2009; Renzini et al., 2011). Research
shows that the distribution of a product at different temperatures depends on the residence
period, with lower yields for the liquid product over longer residence times. Higher liquid yields
with longer residence time of 2.56s below 958 K and has no effect of residence time above 958
K (Y. H. Lin & Yen, 2005) were found in studies on HDPE waste pyrolysis done by Mastral et

al., 2003 to understand the effect of residence time on product distribution.

2.3.3 Effect of types of reactors
Different type of reactor has an impact on the process and product yields. By keeping reactants in

the reactor for longer periods of time, the batch-scale reactor can achieve high conversion rates
despite being a closed-loop, isolated system. Large-scale systems have high labor costs and
difficult in maintenance, which is considered as the main disadvantage of large-scale continuous
reactors. In contrast, a semi-batch reactor permits the addition of reagents and the discharge of
products simultaneously and is suitable for manufacturing on a micro level (Fogler & Fogler,
1999). Both reactors have been used for small scale laboratory production and the temperature
range lies in 573—1073 K.

For substantial rates of reactant conversion, a reactor in which there is neither an inflow nor an
outflow of component is used. Nevertheless, the most significant drawback associated with these
reactors is the variable quality of the output of each cycle, as well as the high employment cost
and large-scale manufacturing(Anene et al., 2018). Unlike Batch reactors, semi-batch reactors
allow either reactant addition or product removal continuously. In semi-batch reactors, the
selectivity of the reaction may be a benefit, but the expense of manpower can be a negative. Both
reactors have the benefit of being able to regulate the operating parameter, in addition to having
the simplest design possible (J. J. Park et al., 2003), (Fogler & Fogler, 1999). Fixed-bed reactors
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are widely used for batch-type pyrolysis of MMPW/(Akubo et al., 2019). Fixed-bed reactors are
easy to design, operate, with constraint of irregular feed particle size and shape cause problem
during the feeding into the system and surface area availability for process reaction. In MMPW
pyrolysis process, for fixed-bed reactor yields a maximum hydrocarbon fuel of 70-75 wt%
without catalyst and 85-90 wt% with catalyst.

To overcome the problems faced in the fixed-bed reactor, a fluidized bed reactor is used by many
authors(K. B. Park et al., 2019). Kaminsky et al. (1999) used inert gas to fluidize the reaction
bed, causing the feed particles to float in a fluid state along with the catalyst. Thus, provides
better mixing of catalyst and feed in the reactor, thereby increasing surface area for the
reaction/process in fluidized-bed pyrolysis of MMPW(Kaminsky & Kim, 1999). Because the
fluidized-bed reactor maintains consistent conditions throughout the process and has efficient
heat and mass transmission, it is able to limit the amount of product variation. The authors Jung
et al. (2010) used fluidized bed reactors to conduct pyrolysis on waste PP and PE materials. It
was observed that process reaction temperature was constant with better heat and mass transfer,
and shorter residence time which results in consistency of liquid product produced from PP with
a yield of 87 wt% and HDPE with yield of 85 wt% at 773 K(Jung et al., 2010).

Conical spouted bed reactors (CSBRs) manage a wide range of particle sizes and delivering
effective mixing (Choi et al., 2010). Olazar et al., 2009 decided to employ CSB reactors rather
than fluidized bed reactors since the earlier had a reduced potential for bed dispersion and a
reduced attrition rate (Marcilly, 2000). CSBR offer numerous benefits over fluidized-bed
reactors, such as high thermal rates and little defluidization limitations, while also being able to
withstand large feeds like as PE and PP at a certain temperature. These advantages may be found
in both the design and operation of the reactors. The operation of the CSBR had, however,
provide a few challenges, the most notable of which were catalyst entrainment, catalyst feeding,
and the collection of finished products (liquid fuel and solid pyrochar). The slow pyrolysis
process at low temperatures generally one which CSBR favours the most since it results in the
production of waxes using plastic waste pyrolysis technologies. Experiments were conducted by
Aguado et al.,, 2002, to create waxes using the CSBR reactor from HDPE, LDPE, and PP
pyrolysis at temperatures ranging from 723 to 873 K. At a temperature of 723 K, they found that
the HDPE and LDPE pyrolysis produced waxes yield of around 80 wt%, while the PP pyrolysis
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produced 92 wt% (Chitnis & Sharma, 1997). Elordi et al., 2007 carried out the HDPE pyrolysis
process in CSBR using the HY zeolite catalyst at 773K. They found that the process produced
liquid fuel at a rate of around 68.7 wt%, the majority of which was gasoline fraction (C5-C10)
fuel (Gil et al., 2007).

The usage of conventional thermal pyrolysis approaches has been found to be inferior to the
microwave-assisted technology in a number of respects. This method enhances the pace of
reactions by rapidly heating materials in an energy-efficient manner, resulting in enhanced
production speed as well as reduced production costs (Budsaereechai et al., 2019; Lewandowska
et al., 2002; Manos et al., 2001). Because microwave pyrolysis involves the quick and direct
transmission of heat to the feed materials using microwave radiation, it is possible to avoid the
loss of heat energy while still carrying out the fast pyrolysis process. Major limitations of the
microwave pyrolysis process, there is no sufficient data available on dielectric properties of
mixed plastic waste materials. Undri et al., 2014 performed microwave pyrolysis for HDPE and
PP waste using carbon and tires as absorbers in the microwave power range of 1.2—6.0 kW(Undri
et al., 2014). According to the findings, HDPE pyrolysis produced the maximum output of liquid
fuel at 83.9 wt%, while PP pyrolysis produced a yield of 74.7 wt%. Similarly, some other
authors(Aishwarya & Sindhu, 2016; Ludlow-Palafox & Chase, 2001) performed the microwave
pyrolysis of HDPE and toothpaste packaging at 775—873 K. They found 100 % conversion of
plastic waste, producing 79—82 wt% of liquid product and 19-21 wt% of gaseous product in-
case of HDPE pyrolysis. Many parameters influence the microwave pyrolysis process such as
inert nitrogen gas flow rate, type of absorber and microwave rotation design. Internal chambers
of rotary drums, furnaces, or kilns built of steel drums are lined with refractory materials that
have high resilience and are resistant to corrosion. They are intended for prolonged residence
durations of around twenty minutes or more and have inclined low speed spinning movements.
Because of the significant temperature differential that occurs inside the system, rotary kilns
produce a product that is subject to a broad range of variations. Punkkinen et al., 2017,
performed (Werther & Ogada, n.d.) the plastic waste pyrolysis in a rotary kiln designed with

screens for solid circulation at 823-953 K(Punkkinen et al., n.d.).
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From the results, it was observed that the products obtained from rotary kiln pyrolysis yields
around 38.12 wt% liquid, 49.09 wt% solid, 2.39 wt% of gaseous fuel product. Table 2.2
summarzes the effect of different reactor types on pyrolysis  process.
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Table 2.2 Different types of reactors and their effects on pyrolysis process.

_ Process Process Residence )
Type of plastic Type of reactor ) Product yield Other remarks
temperature pressure time
o _ MPW  vyields are higher [ The surface structure
Municipal solid waste ) )
111 min at | compared to MSW. and physical form of
(MSW) and _ ] .
) _ Batch fixed Atmospheric [ 773  K,89 | Also, observed catalyst addition | the chars were
mixed plastic waste 773-873 K ) ) ) o -
_ ) reactor pressure min at 823 | increases the yields rapidly in the | modified by catalysts
(MPW) (Miskolczi et al., _ _ _
K thermo-catalytic pyrolysis | used in the process,
2013a) )
process (Ni-Mo)
Pyrolysis temperature
) The  reaction ) - affects product
An electrically Pyrolysis gas composition was
Wood, paper, ) temperature ) outcomes.  Observed
o ] induced heated Atmospheric [up to 50 | CO, Hz, CHs, and COz. _ )
municipal plastic _ was  changed ] o increases in the gas
) fixed bed pressure min The liquid  products are
waste (Jiang, 2006) from 773-1173 product, decrease the
reactor hydrocarbons _ o
K yield of liquids and
char.
Batch reactor )
) ) Pyrolysis was
MSW fractions and with three-
) _ _ performed up )
mixed waste | section, with | Atmospheric _
) o to 823 K (with 30 min N. A
plastics(Dahlbo et al., | individual _ pressure
Heating rate of
2018) temperature )
20-25 K mint)
controllers
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o _ Mettler Toledo
Virgin plastic: 40 wt%
TGA/SDTA851
PE, 35 wt% PP, 18 wt%
analyzer and an ) o
PS, 4 wt% PET, and 3% _ Atmospheric ] Liquid: 42.9 wt%, Gases: 56.2
] unstirred 823 K 30min _
PVC(Lo6pez, de Marco, _ pressure wt%, Solid: 0.9 wt%
- stainless  steel
Caballero, Laresgoiti, et ) )
reactor in semi-
al., 2011) ]
batch operation
Pre-treated domestic ) ) o
Atmospheric ] The char with a calorific value of
refuse; MPW (Gerasimov | Rotary drum, 723-773 K 50-60 min
pressure around 10 GJ/t.
& Volkov, 2015)
A mixture of LDPE and | Batch and semi- Atmospheric ) o
673 K, 90min 54% Liquid yield
PP (Escolaetal., 2011) | batch reactor pressure
PE (de Marco et al., | Batch and semi- Atmospheric ) 40% Gases, 55% Liquid, 5%
733 K 30min )
2009) batch reactor pressure Solid
Cleaned PP  waste | Batch and semi- Atmospheric o _
633 K 2%Gases, 92% Liquid, 6% Solid
(Sarker et al., 2012) batch reactor pressure
- ~ | fluidizing bed reactor,
LDPE and PP (Jung et | Fluidized bed 42.8% Gases, 56.7% Liquid,
953 K, ) product gases are used
al., 2010) reactor 0.5%Solid o
as fluidizing gas
Shredded MSW, ) The pyrolysis gas
_ Atmospheric _ Power from steam
+ 50% waste Rotary Kilns, 773-823 K 60 min passed through

plastics (Bujak, 2015)

pressure

Turbine

a cyclone before the
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boiler

Flue gas scrubbing
system of the
coal-fired power plant

Industrial waste,

spent tires, industrial

Gaseous products are

_ Rotary kiln, Atmospheric | 45— ] utilized to produce
plastic ~ waste and ] 773-823 K _ CO/Hz-rich fuel gas
_ _ pyrolysis pressure 60 min heat and process the
domestic solid waste (D. _
pyrolysis process.
Chen et al., 2015b)
Pyrolysis process
carried out  with
Shredded waste, and ) process heat from the
) ) ) Atmospheric _ )
industrial waste A rotary Kiln 723-873 K 45 min N.A drying zone.
ressure
(Porzio et al., 2016) P Char  separation is
carried out using cloth
filters.
Mixed waste, MSW, Conical  shape, )
) ) ) o Atmospheric steam; ash and
industrial and hospital | inclined and | 873-973K
_ pressure metals
waste (Malkow, 2004a) | rotary kiln.
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2.3.4 Effect of catalysts
Typically, catalyst effects the rate of the reaction either positively or negatively without being

consumed. The positive catalyst reduces the activation energy requirement hence enhancing the
rate of reaction. The catalyst in the pyrolysis process helps eliminate the need for very high
temperatures and makes the process more uncomplicated. Catalyst also affects/controls the
product composition and gives higher selectivity for the desired chemicals(Marcilla et al., 2007).
Usage of the catalyst reduces the cost of energy due to low temperature reactions in the pyrolysis
and enables for commercial applications.

2.3.4.1 Types of catalyst
Catalysts are of two kinds - Homogeneous (dissolves with reactant and solvent) and

heterogeneous (does not dissolve). The most significant drawback of homogeneous catalysts that
they difficult to separate from the reaction mixture after the reaction has taken place, in contrast
to heterogeneous catalysts, which are often solid and hence simple to separate. TiCls, AICl3,
FeCls, and TiCls together function as a powerful Lewis acid and acceptor of electron pairs. They
have the potential to disperse their charges differently throughout the polymer chain if they
degrade in liquid resin. After charge distribution, they accept hydride ion to produce carbonium
ion(Donaj et al., 2012; Kaminsky & Zorriqueta, 2007). lvanova et al., 1990 used AICl; as a
catalyst (Homogeneous), which required lower temperatures and higher yields of the gaseous
product but the poor selectivity of monomer compared with the un-catalyzed process (Ivanova et
al., 1990). Thus, the main area for research in catalysis remains with the development of
Heterogeneous catalysts.

There are many case studies of heterogeneous catalysts in the scientific literature. Some of these
include zeolites, Nanocrystalline zeolite (HUSY, n-HZSM-5, H, HMOR), silica-alumina,
alumina, FCC (Fluid Catalytic Cracking), MCM-41, cement powder (J. J. Park et al., 2003),
Clay/Sand, kaolin (Miskolczi et al., 2013b), SBA-16, metal oxides, and molecular sieves, among
others. Acidic property, pore size, adsorption property, and surface area of the catalyst are some
of the properties that influence the process. All the catalysts that were named above exhibit these
characteristics uniquely, and their effects on reaction speeds, product ranges, and other
characteristics may be seen.(Dongj et al., 2012).

Mechanism of cracking incorporates the development of carbenium ion with isomerization, f3-
cleavage, random bond scission, oligomerization/alkylation, hydrogen transferal, aromatization

which is governed by acidity, density, and acid sites on the surface of the catalyst(Almeida & De

18



Fatima Marques, 2016). Since Lewis and Brnsted acid sites, thought to be present within the
apertures of materials like zeolites (S. Kumar & Singh, 2011), affect the acidity of solid
crystalline catalysts, the pore size of the catalyst must be large enough. Isomerized products are
formed when hydrogen ions are donated to polyolefin at the highly acidic spots on the catalyst's
surface. The catalyst becomes inactive due to high acidity and pore size (Jamradloedluk &
Lertsatitthanakorn, 2014). In recent years, researchers have focused on tailoring catalysts to
produce pyrolysis products with specific properties (Duangchan & Samart, 2008; Sharypov et
al., 2002) . These novel catalysts have produced intriguing outcomes, demonstrating high levels

of efficiency and output.

2.3.4.2 Zeolite catalyst
Zeolites are structures of alumino-silicate minerals having microporous sites used as commercial

adsorbents and catalysts(Degnan, 2000). It has a three-dimensional framework with an oxygen
atom link in the tetrahedral site. Different zeolite has a different ratio of silica-alumina and the
specific ratio has different reactivity. Even this was well demonstrated by Artetxe et al., 2013
that with different ratios of SiO2/Al>03 30, 80, 280 using catalyst HZSM-5 zeolite. SiO2/Al>03 =
30 has the greatest acid strength and also has a higher BET surface area and average pore
diameter. While SiO2/Al>03 = 280 has the least acidic strength(Artetxe et al., 2013).

With a SiO2/Al>O3 ratio of 30, the most acidic catalyst is the most important functional site for
breaking waxes, leading to increased yields of light olefins and decreased yields of the C12-C20
heavy fraction. The yields of the C12—C20 and C5-C11 fractions are decreased by 28 wt% and
28 wt%, respectively, while the production of light olefins chemicals is increased by 58 wt% as a
result of the reduction in SiO2/Al20z.

Elordi et al., 2009, presented a report of comparison between HZSM-5, HP, Hy acid zeolite
catalyst on CSBR for HDPE. HZSM-5, HP, Hy have SiO2/Al>Os ratio of 30, 75, 5.2 and BET
surface area 182, 231, 221 m? g respectively(Elordi et al., 2009). Since the Hy catalyst
possesses bigger microspore’s possibly causes bimolecular cracking and hydrogen
transfer reactions whereas monomolecular cracking taking place in HZSM-5. HZSM-5 giving
more gaseous olefins and less coke precursor reactions, but reaction with Hy giving more
paraffin and coke formation. HP3 catalyst with mild acid strength and pore size shows normal
results of additional catalysts. The Major disadvantage of Hf} and Hy catalyst is its deactivation
due to coke production whereas HZSM-5 is producing much lower amount.

19


https://www.sciencedirect.com/topics/materials-science/polyethylene
https://www.sciencedirect.com/topics/materials-science/hydrogen-transfer
https://www.sciencedirect.com/topics/materials-science/hydrogen-transfer

Renzini et al., 2011 studied the performance of H-ZSM-11 (H-Z) and BETA (H-B) zeolites for
LDPE and other plastics. The fresh H-B zeolite catalyst possesses better catalytic action than the
fresh H-Z zeolite. The microporous structure of H-Z hinders has a large opening of polymeric
molecules to the internal acidic sites and are 10 membered ring structure. Whereas H-B, having
higher accessibility to its active sites was more active, has 12 membered rings as pore. Since H-
B is more Lewis/Brgnsted acid than H-Z catalyst (Renzini et al., 2011). Product distribution
using (Table 1.3) HZSM-5, HUSY, HMOR catalyst for PP has been shown by Lin and Yen,
2005 (Y. H. Lin & Yen, 2005). According to the results in Table 2.3, the liquid product yields
employing HZMS-5 were the highest when compared to HUSY and HMOR. The thorough
analysis of fuel source generated by catalytic pyrolysis process of PP waste gives hydrocarbons
ranging from C1-C4 and C5-C9 in amounts of about 60-67 wt% and 26-28 wt %, respectively,
utilising the HZSM-5 and HMOR catalysts. HUSY formed C1-C4 and C5-C9 hydrocarbon
molecules with roughly 30-37 and 52-55 wt percent, respectively. Table 2.3 compares the yields
of the product produced with various catalysts.

Table 2.3 Products yield plastic waste pyrolysis process at an optimum temperature (Y.-H.

H. Lin & Yen, 2005)

HUSY Y- HNZ | Silica Cement(Obeid

(Y. H. Zeolite(Bagri | (J. J. | sand(Obeid | et al., 2014)
Type  of | -

Lin & | HZSM-5 | HMOR & Williams, | Park et al.,
catalyst

Yen, 2002) et al, | 2014)

2005) 2003)
Liquid (%) |89.49 | 94.77 88.29 84.23 6543 |40 82
Gaseous(%) | 3.75 231 454 11.54 18.95 | 51 18
Residue(%) | 6.76 3.92 7.17 4.23 1562 |9 0
Coke(%) | 3.44 1.25 3.21 0 0 0 0

HUSY produced extensive molecular range compare to HZSM-5 and HMOR catalyst. However,
both HUSY and HMOR are deactivated during the reaction(Y. H. Lin & Yen, 2005).

Adnan et al., 2015, studied the effects of polystyrene (PS) and polyethylene terephthalate (PET)
interactions in the presence of 20 wt% Al-Al,O3 supported catalysts. PET was pyrolyzed at a
temperature of 773 K and a residence period of 60 minutes to generate the by product. Based on
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the liquid composition, significant interactions were identified. PET content boosts gas
production, and single-ring aromatic hydrocarbons (C6-C9), mainly styrene monomers,
dominate in the liquid product (D. Chen et al., 2015a). Sriningsih et al. (2014) investigated the
liquid product breaking of low-density PE polymers over bi-functional catalysts Ni/Z, Ni-Mo/Z,
Co/Z, and Co-Mo/Z. Furthermore, the hydrotreating/hydrocracking operation were effectively
performed out at 623 K with 20 mL min™* of hydrogen gas for one hour of residence time. At 623
K, the transformation of LDPE across Co-Mo/Z produces a greater selectivity of gasoline of
71.49 % (P. K. Ghodke, 2021b) .

Lopez-Urionabarrenechea et al. (2012) have documented the pyrolysis of polyethylene,
polypropylene, and polystyrene waste at 713 K for 30 mins utilising ZSM-5 zeolite as a catalyst.
During the pyrolysis process, several valuable chemicals for commercial applications like
aromatic compounds are produced (S. Kumar et al., 2013b). When coupled with polystyrene
plastic, commercial chemicals such as benzoic acid, naphthalene, naphthalene derivatives,
biphenyls, tetra-phenyls, and quarter-phenyls are detected in the pyrolysis result of plastic trash.
Aromatic hydrocarbons, notably styrene monomer and styrene oligomers, are prevalent among
the hydrocarbons generated. The catalyst to input ratio of 1:1 produced the highest yield of liquid
output pyrolysis and was shown to be an uneconomical method.

Bagri and Williams, 2002, conducted the catalytic pyrolysis of LDPE in a fixed bed reactor at
temperatures of 673, 723, 773, 823 and 873 K independently with presence of ZSM-5 and Y
zeolite. Pyrolysis process of LDPE to product yield 46 wt% liquid product and zero char and
negligible gas yield. Performance of Y- zeolite catalyst was observed the liquid yields reduced to
84 wt% and increase the char product. As the temperature of the reaction bed climbed, the gas
production increased but the liquid product production dropped. The employment of catalysts
improves the aromatic hydrocarbon content in pyrolysis oil (Chintala, Godkhe, et al., 2018).
Vasile et al. (2001) used H-ZSM-5 and P-ZSM-5 zeolite catalysts to pyrolyze a mixture of all
type of polymers. The enhanced gaseous products found in this pyrolysis process reduce the
liquid production rates. The composition of the produced hydrocarbon is determined by the
reactivity and acidity of the catalyst (Chintala, Godkhe, et al., 2018). Park et al., 2003, performed
pyrolysis in a semi-batch fixed bed reactor with a HNZ catalyst and a temperature range of 723-

773 K. to generated liquid production maximum was observed (Panda et al., 2012).
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In conclusion, zeolite catalysts are efficient for hydrocarbon production. However, some zeolites
are producing char that leads to catalyst deactivation but HZSM performing better. Miskolczi et
al. (2009) investigated the pyrolysis of mixed plastics waste in such a pilot-scale reactor at 723 -
796 K temperature in the appearance and without of the catalyst ZSM-5. The use of zeolite
catalysts boosts the yields of liquid products including gasoline and light oil (Walendziewski,
2005).

2.3.4.3 Fluid catalytic cracking (FCC)
The most significant catalyst for the upgrade process of hydrocarbon products involves fluid

catalytic cracking. It converts high molecular weight and high boiling hydrocarbons into
important fuel products. FCC has been created by combining zeolite and non-zeolite acidic
crystals in a matrix. Because of its excellent product selectivity and thermal stability, zeolite-Y
was the primary component of the FCC catalyst (Kalargaris et al., 2017) . Many zeolite catalysts
have significant production costs; in this case, FCC catalyst has an economic benefit since it
creates wasted catalyst that is still active in other processes. M. Olazar et al. 2014, reported a
reduction in the acidity of the FCC catalyst due to the steaming of catalyst bed (Table 2.4). This
reduces the yields of C1—C4 compounds(Abbas-Abadi et al., 2014). In this case, steaming of FCC
lump formation, it affects the yields of liquid product. It has been discovered that the output rates
for utilising a fresh catalyst and a catalyst that has been subjected to moderate steaming have
been respectively, 35 and 38 wt %. During the reaction process, it causes a considerable decrease
in the catalyst activity that was utilised in conjunction with intense steaming (22 wt %).
Interestingly it is found that, fresh catalyst yield the diesel fraction of 13 wt%, mild steamed FCC

catalyst yields diesel fraction up to 40 wt%, and a severe steaming yields highest as 69 wt%

(Table 2.4).
Table 2.4 Product distribution of FCC in a fresh and steaming state (Abbas-Abadi et al.,
2014)
Ci—Cs4 Cs—Cy (medium gasoline) | Co+  (diesel)
Type of FCC catalyst
(gaseous)(wt%) (wWt%) (wt%)
Fresh FCC 52 35 15
Mild steaming 25 38 40
Severe steaming 5 20 70
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Coke deactivates the catalyst, rendering it ineffective for breaking waxes. Monitoring catalyst
activity revealed that a chemical equilibrium catalyst has been a promising alternative for plastic
waste pyrolysis (Kalargaris et al., 2017). Abbas-Abadi et al. (2013) demonstrated the influence
of the catalyst/PP ratio (Table 2.5) on product distribution using the FCC catalyst (Sayin et al.,
2009).10 wt% of the catalyst is best to obtain condensed product compare to 20, 40 and 60 wt%
of catalyst. To conclude the FCC catalyst, we can say that the usage of ‘spent FCC catalyst’
added advantage to it. This catalyst has greater efficiency in liquid oil production.

Table 2.5 Product analysis from catalyst/ PP ratio

Non-
Catalyst | Condensed Coke ) ) ) Olefin/
condensab | Olefin | Paraffin | Naphthen | Aromatics )
/ PP | product yield Paraffin
) ) le product s(%) | s (%) es (%) (%)
ratio yield (%) ) (%) (%)
yield (%)
0 95.2 4.4 0.4 Nd Nd Nd Nd Nd
0.1 92.3 4.1 3.6 44,63 | 32.87 17.23 5.27 1.36
0.2 85.2 9.6 5.2 46.57 | 29.36 17.28 6.79 1.59
0.4 79.3 13.8 6.9 48.04 | 24.77 18.34 8.85 1.94
0.6 76.7 14 9.3 50.08 | 23.35 16.6 9.97 2.14
2.3.4.4 Other catalysts

Silica-Alumina combination also works as a catalyst having Lewis and Brgnsted acid sites.
Lewis acid with electron-accepting sites whereas, Brgnsted acid electron sharing sites with an
ionizable H* atom. Sakata et al., 1997 investigated acidity with different ratios of SiO2/Al.Os.
SiO2/Al,03 (SA =4.99) has higher acidity than SA-2. SA-2 with lesser acidity produce a higher
yield of liquid oil (74.3 wt%), followed by (67.8 wt%) if SA=1, ZSM-5 has strong acid sites
which yield higher liquid product(Sakata et al., 1997).

Cement also works as a catalyst and effects product composition in the pyrolysis process as
demonstrated by Obeid et al. 2014 determined product distribution by using the silica sand and
product of pyrolysis are 51 wt% of gas, 40 wt% liquid, and 9 wt% wax was obtained whereas the
use of cement powder bed produced 82 wt% of liquid and 18 wt% of gas production. The silica
band produced Cio-C22 hydrocarbons but cement bed produced between Ci0-Cis hydrocarbons.
This also shows that suitable bed material and catalyst gives the generated pyrolysis liquids to

become similar to fuel compounds(Obeid et al., 2014).
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Panda and Singh 2011, used kaoline as a catalyst and compared it with silica-alumina catalyst
and thermal pyrolysis for polypropylene(Panda & Singh, 2011). The catalyst reduces the resident
time for the reaction to finish. Si-Al has slightly better performance than kaolin (Table 2.6).

For the first time, Mesoporous silica SBA-16 is utilized by Choi et al. 2010, for catalytic
conversion of plastic waste. SBA-16 catalyst produces the high yields of olefins and
gasoline/diesel range oils and found resistance to coke formation. AI-SBA-16 catalyst retains a
high potential for catalytic activity for the pyrolysis of polyethylene plastic(Choi et al., 2010).

Table 2.6 Types of catalyst

Kaolin(Panda & | Silica-alumina(Choi et
Thermal
Singh, 2011) al., 2010)
Catalyst 10 wt% and | Catalyst 10 wt% and
Parameter Temp 773 K
Temp 723 K Temp 723 K
Oil yield wt% 82.85 89.5 91
Non condenble gas yield
16.25 9.75 8
wit%
Pyro char wt% 0.9 0.75 1

Shape selectivity is an important part of the catalytic process. Often, shape selectivity plays a
more important role than acidity. Shape selectivity influences the catalyst's activity and stability
against coke formation throughout the process (Marcilly, 2000). So, in all catalysts, FCC is
better than the rest of the catalyst. ‘Spent FCC catalyst’ makes it economically favorable while
other catalysts are being deactivated during the process due to coke production. Sometimes even
if the catalyst is not deactivated, at the end of the reaction it mixes with solid residue and then

difficult to separate from residue.

2.3.4.5 Clay catalyst
Catalytic pyrolysis using clay as the main catalyst has been studied widely. Although they are

less active than zeolites, they can still decompose the plastics at a higher temperature. Clay
behaves as a solid acid catalyst and they were used as a catalyst in the petroleum industry before
the discovery of zeolites. Zeolites and silica-alumina catalysts are used instead of zeolites since

they are more thermally stable(Chitnis & Sharma, 1997). Since clays, being low-price they are
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commercially attractive. Acidity and activity of these catalysts are enhanced by pillaring and
acid treatments. These have very extensive use in the organic chemistry industry as a solid acid
catalyst. Layered clay forms a two-dimensional porous network, having a microporous
dimension larger than zeolites. Pillared clays (Gil et al., 2007)are mainly used as catalytic studies
in pyrolysis since they have a network of voids and less flexible than that of their parent
expanding clays. In addition, their interlayer space is not changeable during
the calcination process. Bronsted and Lewis acidity in the clays comes from hydroxyls and the
pillars (Manos et al., 2001).

Manos et al., 2001, compared ultra-stable (US) Y zeolite with clay catalysts. According to the
report below 600 K clay, the catalyst is less reactive but with increased temperature, they proved
superior to zeolite. Liquid oil yielded 70 wt%, which is 50 wt% more than US-Y zeolite. In
addition, the percentage of alkene was more in case of clay catalyst might be due to lower
possibilities of hydrogen-transfer secondary reactions because of lower acidity. Coke formation
also decreased up to 10 % compare to US-Y zeolite (Manos et al., 2001).

Budsaereechai et al. 2019, conducted the PP, PS, HDPE and LDPE waste pyrolysis using binder-
free pelletized bentonite clay at different temperatures and ratio of plastic waste to clay catalyst.
It was observed from the results obtained around 85-89 wt% of liquid hydrocarbon yields
without catalyst and with catalyst 86-90 wt% of liquid hydrocarbon fuel(Budsaereechai et al.,
2019). On details characterization, liquid hydrocarbon produced from clay catalyst contains
mostly gasoline range (C5-C9) hydrocarbon for PS pyrolysis and for other plastics, yields
aliphatic hydrocarbons suitable for use in diesel engines.

Pyrolysis was performed by A. Marcilla and colleagues in 2005 in the presence of commercial
clay (sepiolite) given by industry (Agarwal et al., 2013). The researchers used two distinct
particle sizes. Clay catalysts were the primary focus of their research as it pertained to the
investigation of the influence on the temperature necessary for the pyrolysis process. Sepiolite
brought the temperature down to 23 K for the breakdown of PE and up to 70 K for the
degradation of PP when it was exposed to an inert environment. In terms of lowering the
temperature of the PP reaction, the sepiolite catalyst performed comparatively better than the
FCC and HZSM-5 catalysts (Agarwal et al., 2013).
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2.3.4.6 Catalyst tuning
In the case of waste plastic contains moisture, it affects the quality of liquid fuel produced and

producing the water in yield in the course of the reaction has been a major challenge. Tailored
catalysts have been a good solution to address this problem and upgrading bio-oil quality. There
are many reports in investigating new tailored catalysts. The main representative of the
mesoporous molecular sieves is MCM-41. They exhibit extremely high and large surface area
but, well-defined pore size. Despite, having thermal and chemical stability it has lower acidity
that is a major disadvantage of not useful in the petroleum industry. To overcome this problem
many laboratories incorporated silicon, aluminum, vanadium, etc. to improve the property of the
material.

In the various type of incorporation, AI-MCM-41 combination has been of great importance.
Even various types of metals such as Ni, Al, Co, Mo, Fe, and Cu found that the catalytic
properties of these materials could be improved(Lewandowska et al., 2002). Beatriz Valle et al.
incorporated transition metal as nickel in the HZSM-5 zeolite. This combination increased yields
of aromatic compounds and hydrothermal stability of the catalyst(Valle et al., 2010). Often this
behavior of metal attributed to the dehydrogenation ability and its moderate acidic behavior.

In the same context, different zeolite catalysts are also being tailored or modified with an
additional combination. Q. Zhou et al. 2003, presented their study on a new type of ZSM-5
Zeolite named DeLaZSM-5, prepared by desilication and ion exchange with La* under
microwave irradiation. In this catalyst, the Si/Al ratio is decreased and the BET surface area
and pore volume have been increased significantly. The DEGRE of liquid increased and the
percentage of gas and solid residue has been decreased respect of the original catalyst. Because
of the huge number of weak acidic sites in a liquid, the amount of olefin grew while the amount
of plastic oil products dropped (Sjoberg & Dec, 2011). This was due to the fact that the liquid
included more hydrogen atoms.

Nishino et al., 2008 employed Ga modified ZSM-5 for the breakdown of polyolefin on a
continuous mass flow rate of 10 kg per hour. The product had a liquid content that was more
than 50 %, and 80 % of them were aromatics, with the BTX (benzene, toluene, o-xylene, m-
xylene, and p-xylene) making up the majority of the aromatics. Modification of ZSM-5 zeolites
for catalytic cracking has gained many researchers' attention to the production of light olefins.

Keeping the right parameter and loading of the additive amount directly affects the performance
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of ZSM-5. Dehydrogenation reactions are brought about by alkaline and exotic metal ores, which
induce surface basicity. Transition metals, on the other hand, modify acid distributions, which
also brings about dehydrogenation reactions. These dehydrogenation events are the primary
factor responsible for the generation of light olefins (Rakopoulos et al., 2007; A. K. Sharma et
al., 2020).

To overcome the problems related to brominated high impact polystyrene, C. Ma et al. 2016,
studied tuning of HZSM-5 and MCM-41 catalyst with Fe and Ni (Ma et al., 2016). The Br-
OHIPS's important end product was hydrocarbon oil, which accounted for 69 % of the feedstock
it processed. As a result of these improved catalysts, the yield of wax products has been reduced,
which demonstrates a greater level of overall performance. The creation of coke also rises, which
may be linked to the intensive secondary cross-linking processes that take place. Liquid product
amount in the case of MOM-41 modified catalyst was more or less similar, instead of increasing
gas yields, this catalyst performed well in converting the wax product into the oil. FM and FZ
catalysts increased yields of double and single ring aromatic compounds significantly. The
intensive cross-linking interactions between the vapour intermediates on the surface of the
catalysts also improve the yields of multi-ring compounds. NZ increased the yield of
C16 hydrocarbons whereas FZ increased for Cg compare to the non-catalytic process. The same
trend was observed for MOM-41 modified catalyst but in the case of the HZSM-5 modified
percent area were more (Ma et al., 2017).

Nanocrystalline zeolites also have been studied for catalytic degradation of plastics. J.F. Master
et al. found greater yields of gaseous products and higher selectivity of products with
nanocrystalline HZSM-5 catalyst compared to thermal cracking. Gaseous products are due to the
size restriction of nano zeolites (Mastral et al., 2006). Nanocrystalline zeolites with excellent
activity and selectivity for gaseous olefins are a viable option for plastic waste reuse (Serrano et
al., 2005).

There are few reports which deal with modifications with clays. Next, we will look somewhat in
these metals are mainly introduced to have a beneficial effect in the process. Manos et al., 2002,
aluminum supported pillared clays for tertiary recycling of polyethylene to hydrocarbon fuel
(Manos et al., 2002). The total conversion was above 95 % for pillared clays also the yields to

liquid were above 70 wt%. Even the regenerated catalysts are giving 96 % conversion and
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67 wt% liquid yield, which is very close to the fresh catalyst. The regenerate- ability and almost
the same activity as fresh one is a very good advantage for commercial applications.

The catalytic pyrolysis of polyethylene was performed by De Stefanis et al., 2013, using pillared
and reconstructed clays. The selectivity to oil fraction was substantially greater (about 70%) for
all of the restructured and pillared clay catalysts examined than for the H-ZSM5 zeolite (50
wt%). Clay catalyst also decreases the temperature required for the reaction to 573 K compare to
catalyzed with >873 K. It has lesser activity than zeolite (HZSM-5), but superior for the
formation of the liquid products. Higher acidity like zeolites leads to high yields of heavily
cracked products, mainly gases, and coke formation (de Stefanis et al., 2013).

Li et al., 2017, used modified pillared clays for catalytic pyrolysis of mixed plastic instead of
single plastic waste. They modified pillared clays with different metals such as Fe, Ti, Zr
(designated as Fe-PICL, Ti-PICL, Zr-PICL). There was no increase in gas yield using clay
catalyst compare to the non-catalytic process. Fe-PICL produced the highest amount of oil
product 79.3 % and lowest gas product 18 % in comparison to non-catalytic and other modified
clay. In use of another catalyst over the cracking of polymer is suggested which reduces the yield
of oil products. All the clay-based catalyst produced a higher yield of Ci3-Cigrange
hydrocarbon, which is representative of diesel products. Ti-PICL catalyst showed high product
selectivity of aromatic compounds in light hydrocarbon range and Fe-PICL showed in heavy
hydrocarbon range. On the other hand, the amount of CO: is also increased in the catalytic
process compare to the non-catalytic process. Fe-PICL was reported for efficiency in
regeneration even up to two cycles. These modifications in the clays provide a new field for
opportunities and challenges, as they have great potential for commercialization (Li et al.,
2017a).

Catalyst characterization and analysis is very important in catalyst development, quality control
of product, activity, achieving performance or resolve deactivation problems. The catalyst can be
characterized using different techniques such as Fourier transform infrared spectroscopy, X-Ray
diffraction analysis, scanning electron microscope (Li et al., 2017b; Y. Zhang et al., 2017), and
Transmission Electron Microscope / Energy Dispersive X-ray Spectrometry (F. Chen et al.,
2016; Y. Zhang et al., 2015). An X-ray fluorescence equipment may be used to examine basic

chemical composition of a catalyst (X. Lin et al., 2015).
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The porous (micro-meso) structure of the catalyst has been characterized in the BET surface
analyzer by the adsorption-desorption concept. Lopez et al., 2011a, characterized the commercial
ZSM-5 zeolite catalyst for its surface area and found to be 412 m? g * with a micropore area of
346 m? g ! and pore volume of 0.1 cm® g%, which specifies catalyst having the high porosity and
active surface area available for process reaction (Lopez, de Marco, Caballero, Adrados, et al.,
2011). It was observed, ZSM-5 after the pyrolysis experiment decrease in micropore area
(3 m?g), the reasons explained by the authors was the residual pyro-char was deposited on the
zeolite surface during the process. Serrano et al., 2012, used AI-MCM-41 for the polyolefinic
waste plastics pyrolysis process. The BET surface area of AI-MCM-41 was ~1000 m? g * with a
mesoporous size of 2.7nm compared to an amorphous SiO>—AlOz (Serrano et al., 2012).
Serrano et al., 2000, prepared the nanocrystalline zeolite for the MPW pyrolysis process and
observed the external surface area of 81 m? g ! and its activity was higher compared to standard
HZSM-5 (Serrano et al., 2000).

To study the crystalline nature of the catalyst, X-ray diffraction was performed by (Li et al.,
2017b)at a 20 angle from 1° to 60° for the pillared clay. Ordering of the clay layers was
determined using measured basal spacing doo: resulting in 11.9 A, indicating the interlayer
distance increased by pillaring the clay with a procedure (Li et al., 2017b). This was confirmed
using the BET surface area analysis technique. The crystal size of the synthesized
nanocrystalline zeolite was determined using XRD. The average crystal size was measured to be
75nm for synthesized nanocrystalline zeolite and compared with standard HZSM-5 with a
crystal size of 3 um (Serrano et al., 2000). This Nano-zeolite was very active and the catalytic
degradation of MPW at 340 °C yields the maximum amount of liquid hydrocarbon fuel.
Incorporation of aluminum into the zeolite crystals improves the catalyst pore size and enhance
the plastic waste degradation (Y. H. Lin & Yang, 2007).

The Brgnsted acid or Lewis acid sites of catalysts can be characterized by FTIR PY/2,6-DMPY
adsorption method. In this method, Brgnsted acidity was identified based on the adsorbed DMPY
and if adsorbed by PY indicates the total acidity of the catalyst. Li et al., 2017, performed FTIR
PY/2,6-DMPY adsorption method for prepared PILC catalyst and observed that PILC contains
both Bronsted and Lewis acid sites, which mainly identify the structure of hydroxyl group
of montmorillonite and the metallic oxide pillars, respectively (Li et al., 2017b). Acid strength

improves the activity of the catalyst, provided if there are no steric or diffusional limitations. To
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understand the catalyst acid strength role in the pyrolysis process Zhao et al., 1996, performed
the catalytic cracking of PP in TGA, and observed activity of different acid strength selected
catalyst wise HY > H-mordenite > H-L zeolite > Na-mordenite (Zhao et al., 1996). Selectivity of
catalyst and acidity if catalyst both determines the activity of catalyst used for the pyrolysis
process. To measure the strength of the acid and determine the temperature-programmed
desorption (TPD) of NHz curves for the prepared catalyst Arabiourrutia et al., 2008 performed
calorimetric in combination with thermogravimetric measurements of NHs differential
adsorption at 423 K. After the catalytic pyrolysis process, HZSM-5 zeolite decrease
NHjs differential adsorption from 140 to 130 kJ (mol of NH3) %, the same trends were observed
while using HY zeolite catalyst (Arabiourrutia et al., 2008). To achieve the high acidity of
catalyst, incorporation of aluminum is performed by Lin and Yang, 2007, it enhanced the activity
of the catalyst in the degradation of polyolefins (Y. H. Lin & Yang, 2007).

2.4 Product analysis

It is well known that output products of plastic pyrolysis are liquid fuel, solid pyro-char, and
gaseous fuel. Liquid product, which is also called as hydrocarbon fuel or plastic oil can be
characterized chemically and physically. The liquid fuel and the gaseous fuel were examined by
N. Miskolczi et al. in 2004 applying GC-FID and GC-TCD respectively to detect the
hydrocarbon in by product. GC made of CarloErba VegaSeries GC 6000 equipped with a fused
silica capillary column (Al,Os/KCI coating) was used to separate the liquid fuel with a
temperature program that starts at 313 K isothermal time of 15 min and starts heating to 633 K at
heating of 15 K min*(Ng et al., 1995). C5-C18 range of hydrocarbons compounds were detected
as main components of MPW. Ates et al. 2013, analyzed the liquid fuel obtained from plastic
waste using GC/MS made of Hewlett—Packard HP 7890 gas chromatography coupled to
quadrupole detector(Miskolczi et al., 2013b). The temperature program used to separate the
liquid fuel was initial oven temperature was to set 318 K held for 2 min and then increased to
563 K at 5 K min™ with an isothermal hold for 10 min. Split less injection was applied. The ion
source and detector temperatures were set 503 K and 573 K, respectively. On analysis of the
composition, it was observed that C10 to C33 and from C10 to C35 were identified for the
Municipal solid waste (MSW) and municipal plastic waste (MPW) pyrolysis oil
respectively(Miskolczi et al., 2013b). Pielichowski and Njuguna (2005) used flash pyrolysis with
a pyro probe that was linked to various pieces of equipment, including GC-MS, GC-FTIR, and
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GC-AED (atomic emission detector), in order to determine the chemical components of the
liquid hydrocarbons that were derived from the pyrolysis of MMPW (Pielichowski & Njuguna,
2005). Kumar and Singh 2011, detected the aliphatic hydrocarbons (alkenes and alkanes) in
HDPE pyrolysis hydrocarbon fuel with carbon number C9- C24(S. Kumar & Singh, 2011). A
SHIMADZU IR-470 made FTIR spectrometer was used to analyze the IR spectra of olefin
content in the wavenumber range of 4000-400 cm™. Miskolczi et al. 2004, identified the vinyl

double bonds at 910 and 990 cm™ while vinylidene has internal double bonds at 890 and 956 cm"
1

An elemental analyzer was used in order to accomplish the ultimate examination of the pyro-
char (Leco, TruSpec Micro CHNS, USA). Jamradloedluk and Lertsatitthanakorn 2014,
conducted experiments on pyro-char produced from MMPW pyrolysis and observed pyro-char
contains carbon (81-91wt%), and hydrogen (8—15wt%) in major portion nitrogen (00.1wt%),
and sulfur (<0.1wt%) in minor content. It also observed PVC pyrolysis pyro-char product
contains chlorine in major content compare to nitrogen and sulfur(Jamradloedluk &
Lertsatitthanakorn, 2014).

Simulated distillation is the procedure to quantify the different liquid fuel fractions obtained from
the pyrolysis process. The simulated distillation curve was plotted for the hydrocarbon fuel
obtained from LDPE/PS waste pyrolysis as per the standard ASTM D 2887-8(Onwudili et al.,
2009). Pyrolysis was performed in the temperature range 673-773K and plotted the cumulative
yields of the product composition (wt%) of the hydrocarbon fuel against their boiling point
ranges 323 K-773 K. The LDPE hydrocarbon fuel obtained at 723 K was close match to
kerosene fuel when the plot was compared with diesel and kerosene fuels(Onwudili et al., 2009).
Sharma et al. 2014 used high-temperature GC-FID to obtain the boiling point distribution of
hydrocarbon plastic crude oil fractions(B. K. Sharma et al., 2014), and experimentally distillation
was conducted under 673 K and observed good range of fuels obtained consisting of naphtha,
diesel aviation fuel, gasoline, and fuel oil. Detail plot of different fraction fuel were plotted and

compared with petroleum fractions.

It was observed that fractions were compatible with petroleum crude oil(B. K. Sharma et al.,
2014). This simulated distillation was also conducted with the intention of maintaining the purity

of products. It was observed from the analysis of different MMPW pyrolysis, non-condensable
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gases composition consisted of Hz, CO, CO2, CH4, CoHe, C2H4, C3Hs, C3He, C2H2, CsH10, and
C4Hs gases (I. Kayacan & Dogan, 2008) (Duan et al., 2015; Martin et al., 2014; W. J. Yang et
al., 2015). Atesetal.2013, reported the concentrations of CO and CO> were 20.43 wt% and 41.52
wt% of MSW pyrolysis at 773 K. Similar results were published by Sharypov et al. 2002, and
Duangchan and Samart 2008 (Duangchan & Samart, 2008; Sharypov et al., 2002). Ruoppolo et
al. 2012, investigated the non-condensable gases from MMPW pyrolysis and observed the
carbon-oxides/hydrocarbons ratio was 1.192 at 873K without catalysts (Ruoppolo et al., 2012).
Pielichowski and Njuguna; 2005, studied the evolved gases from the pyrolysis process using GC
coupled with a mass-selective detector to understand the complete spectra of chemical

composition(Al-Salem et al., 2009).

Plastics are long-lasting and non biodegradable. With an eye toward environmental security and
a reduction in non-recoverable conventional fuels, reusing innovation for switching to fuels
made from plastic waste has got a lot of attention around the world (Brown et al., 2002; Kessler
& White, 2002; Yassin & Hojjati, 2017) . Several scholars and foundations have developed
theories and innovations for converting plastic trash to fuel. There have been many patents filed
in this area. In various regions of the world, many pilot plants have been established (Brown et
al., 2004; Kessler et al., 2003). Numerous investigations over the pyrolysis of certain types or
unmixed plastic materials have been conducted. The thermal decomposition behavior of these
plastics makes it difficult to convert them into useful fuel in a single reactor. There is a lack of
information on the technological elements of plastic waste conversion, and further research is
needed to turn plastic waste into fuel (Luzuriaga, Matxain, et al., 2016; Peng et al., 2016; Tesoro,
1988).

Thermochemical conversion technologies are becoming increasingly important for the
management of plastic waste. One of the most significant thermochemical conversion techniques
for transforming plastic waste into useful products such as liquid oil, gas fuel, and carbon black
is pyrolysis (Altuna et al., 2016; Luzuriaga, Martin, et al., 2016). It entails heating material in an
inert environment at moderate temperatures of 573-823 K. (nitrogen). It is an endothermic
reaction that necessitates a contribution of energy, which is normally provided through the
reactor's walls when the feedstock is delivered. Condensable vapours, non-condensable gases,

and solid pyro-char (fixed carbon and inorganic compounds (glass, metals, ash, etc.) are
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produced as the volatile stuff in input plastic trash decomposes. Pyrolysis produces inorganic
chemicals which can be reused in many applications such as chemical recovery or modification,
building roads, additives to other plastics, and the third alternative, disposal in landfills, lessens
the weight of plastic waste accumulation in the long run (X. Yang et al., 2018; Zako & Takano,
2016). In any event, there are a few points to consider while defining the pyrolysis method and

the plastic waste pyrolysis result.

A small number of studies were published on the production and use of specific types of plastic
garbage. Hazard 2014., for example, observed hydrocarbon waxes, gums, and coke, as well as
light oils, in the liquid result of pyrolysis of high-density polyolefin in the range of temperature
373-753 K (Burger et al., 2016). The results of co-pyrolysis of polypropylene with coal and
bottoms of petroleum residue were encouraging, and the plastic waste was repurposed to make
condensed coal products. T.Williams and Slaney, 2007 examined the batch method of
transforming virgin polymer (PE, PP, PS, and PET) to unrefined liquid oil at 773 K in a Parr
micro autoclave yields of 90-95 %, 5-10%, and 1% of liquids, gases, and solid waste,
respectively (Benesi & 61, n.d.). Similarly, Chan and Balke (1997) examined the pyrolysis of
polypropylene and polyethylene in a steel micro reactor across a temperature range of 523-773
K and discovered that polypropylene conversion was maximum (98 wt %) at 573 K, while
HDPE conversion was 92 wt % at 623 K. A wide variety of paraffinic hydrocarbons between C6
and C16 were discovered in the liquid product generated in a microreactor. Because of its good
fuel qualities, the liquid can be utilized as a strong fuel (Ganesh et al., 2008a; P. K. Ghodke,
2021b; Kaimal & Vijayabalan, 2015).

Shah et al. (2010) employed a batch reactor to undertake pyrolysis of used plastic at low
temperatures. The feedstock utilized was a 3 mm long combination of LDPE and PP. With a
non-catalytic pyrolysis process, the usual output of liquid content in the hydrocarbon fuel from

plastic waste pyrolysis is 48.6 wt % at 548 K(Porzio et al., 2016) .

Miskolczi et al. (2004) evaluated the utilisation of PP and PE polymers in horizontal tubular
reactors at 798 K for the synthesis of hydrocarbon fuels and observed that yields are sensitive on
the polymers' feed composition and residence duration (Bujak, 2015).Pinto et al., 1999, used an
autoclave to test the same plastics and found that the best conditions for maximal yield were 723

K, 0.14 MPa, and a 30-minute residence period. Aliphatic hydrocarbons, carbon spanning from
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C5 to C11, as well as low concentrations of cyclic and branched alkanes, were generated as
liquid hydrocarbons (Ganesh et al., 2008a). Ng et al., 1995, evaluated thermal degradation of
virgin PE under parametric conditions of residence period of 10 min, pressure of 1.38 — 16.13
MPa range and temperature range of 373 — 873 K. At 743 K, the maximum liquid production
was recorded, and the composition analysis of the product revealed that the product included -
olefins and branched hydrocarbons (N. Kumar, 2019a; Malkow, 2004b).

In most of the investigations, plastics are converted to liquid product using pyrolysis technology
in batch autoclave reactors, stainless steel reactors, and tubular reactors etc. very few studies
available on the effect of operating temperatures to convert virgin/domestic plastic into usable
alternate fuels (Gray & Ryan, 2018; N. Kumar, 2019a). The effect of temperature on the
pyrolysis of municpal mixed plastic wastes in a single reactor was investigated in this study, and

the thermal behaviour of MMPW was analyzed.

The thermochemical conversion of plastic waste to fuel presents an opportunity to address the
industrial, transportation, and agricultural sectors' energy needs. Segregation, on the other hand,
the presence of mixed wastes and the diversity of the materials are significant barriers to the
general use of the technology. The processing is the act of it is simplest to deal with single-
plastic wastes that have recognized physiochemical characteristics. Nevertheless, collecting
single-use plastic trash is a viable option for recycling and reusing. It will not be cost viable to
collect money from end-users. (Andersson & Stage, 2018; Moorthy Rajendran et al., 2020a) The
random scission process is used in the pyrolysis of polyolefins to break them down. Free radicals
are produced, which promote chain reactions that result in the breaking of polymers into a
diverse variety of hydrocarbons that exist in both the liquid and gaseous phases of the
environment. Several variables are contributing to the development of the process. The residence
time, the temperature, and the type of pyrolysis agent employed in the process are the most
critical variables to consider. Higher temperatures result in increased yields of hydrogen,
methane, acetylene, aromatics, and soot, whereas lower temperatures result in more liquid
products (Sakata et al., 1999). The oil product produced by catalytic pyrolysis of high-density
polyethylene contained a high production of gasoline range hydrocarbons (C8-C12), with a yield
of 97.72 wt. % and an aromatic content of 95.85 wt. %, respectively. According to the results,

the liquid products were mostly disseminated in the gasoline fractions (C6-C12) and were
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primarily consisted of aliphatic hydrocarbons (alkanes and alkenes). The deterioration over
HZSM-5, on the other hand, resulted in light hydrocarbons (C3-C4) reaching 50 wt. % of the
total weight and being dominated by aromatic compounds. Oils produced from waste plastics
have a wide range of uses, including agriculture industry, automotive industry, and
manufacturing industry. Using pyrolysis oil derived from waste plastic as a feedstock for engines
in the automotive sector is a huge step forward. (Chintala, Ghodke, et al., 2018; Oyedun et al.,
2014).

In comparing waste plastic oil and conventional petroleum products, Additionally, it was
discovered that it could be utilised as fuel in Cl engines. Because of their outstanding
driveability and better thermal efficiency in CI engines. Despite their benefits, they generate
large quantities of nitrogen oxides (NOx) and smoke, which will harm human health (P. K.
Ghodke, 2021a; Panda et al., 2012). Thermal brake efficiencies were lower than those of diesel
fuel under all load conditions, and the temperature of the exhaust gas increased as engine load
increased. NOx and CO emissions increase proportionately as the fraction of waste plastic oil in
blends increases. In the present state of the art, there has been a considerable lot of variety in
engine tailpipe emissions, including all type of pollutants, among other things. When using
plastic oils in CI engines, some have noted a decrease in carbon-based pollutants, but others have
observed NOx emissions (S. Kumar et al., 2013b)(Chintala, Godkhe, et al., 2018). In the case of
waste plastic oil, it is possible that this will result in more considerable heat losses and decreased
thermal brake efficiency (Kalargaris et al., 2017; Walendziewski, 2005). EGT was fuelled with
neat WPO at a variety of injection timings with increased EGR rates ranging from 10% to 30%.
EGT is a temperature indicator for the combustion chamber within the cylinder. The EGT drops
as a result of the thermal action of the high specific heat gases contained in the recirculated
exhaust gas (Sayin et al., 2009). Using a combination of emulsified bio-solution/palm-
biodiesel/diesel, Chen et al. (Saving Energy and Reducing Pollution by Use of Emulsified Palm-
Biodiesel Blends with Bio-Solution Additive | Elsevier Enhanced Reader, n.d.) proved that the
blends benefited the environment by reducing polycyclic aromatic hydrocarbon (PAH) and
particulate matter (PM) emissions from diesel engines while conserving Energy and saving
money. Previously, it was found that an oxygenated additive might improve nitrogen dioxide
(NO2) emissions and combustion efficiency while decreasing fuel consumption rate, brake-

specific fuel consumption, pm emissions, and carbon monoxide (CO) emission (C. Y. Lin &
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Wang, 2004). In addition, biodiesel has several drawbacks compared to diesel, such as a greater
viscosity, a higher pour point, and a weaker volatile index. As a result, biodiesel's poor cold flow
behaviour creates a barrier to biodiesel usage in freezing temperatures. (Performance and
Combustion Characteristics of Biodiesel-Diesel-Methanol Blend Fuelled Engine | Elsevier
Enhanced Reader, n.d.; Singh et al., 2021)

Prommes et al. (Kwanchareon et al., 2007) the phase diagrams of diesel-biodiesel-ethanol
blends at various ethanol purity levels and temperatures were analysed, as well as the fuel
characteristics and emissions performance of the selected blends in a diesel engine compared to
base diesel. They determined that a blend of 80% diesel, 15% biodiesel, and 5% ethanol was the
optimal ratio based on the fuel's excellent qualities and low emissions. However, while
comparing waste plastic oil to biodiesel, there was a 16 % increase in thermal brake efficiency
demonstrated. Additional results showed that when compared with diesel fuel, carbon-containing
gases were declined, while oxides of nitrogen were slightly increased, showing that the trend was
in the right direction. Senthilkumar et al. (Senthilkumar & Sankaranarayanan, 2016) conducted
investigation into the use of Jatropha biodiesel in diesel engines in combination with waste
plastic oil. Silica was used as a catalyst in an experiment using waste plastic pyrolysis oil. Diesel
engines may run on a mixture of waste plastic pyrolysis oil and diesel at the right ratios. NOx
emissions were found to have risen as exhaust temperatures rose. (Kaimal & Vijayabalan, 2015).
Agarwal et al. (Agarwal et al., 2013) In this study, morphological analyses of diesel-fueled
HCCI engine loads and EGR rates were varied to test for combustion particulate emissions.
Quartz filter paper was shown to accumulate more particulate matter when engine load reduced
and exhaust gas recirculation rate increased. When compared to a normal engine, the PCCI
engine generates a much lower amount of NOx and smoke pollutants. Post-exhaust gas
technologies, such as selective catalytic reduction, may further minimize the amount of HC and
CO released into the atmosphere (Bhurat et al., 2021; R. Lin et al., 2021). This is the most
critical parameter that controls the combustion characteristics of PCCI since it determines how
reactive the charged mixture is and how quickly they ignite. The ignition of PCCI may be
affected by adjusting the temperature, pressure, and chemical composition of the fuel in the
combustion chamber. Using PCCI ignition, an engine's thermal efficiency may be improved
while emissions of nitrogen oxides (NOx) and soot are reduced (Sjoberg & Dec, 2011). The

capacity to adapt to different fuels, on the other hand, is the most crucial criterion for the PCCI

36



combustion process. Many different types of study have been conducted to determine the effects
of various fuel physical and on in-cylinder combustion process yields composite properties.
Fuels of many types can be used in our processes provides us with a broad range of options for
extending the PCCI's operating range and managing the PCCI's ignition phase (Rakopoulos et
al., 2007; A. K. Sharma et al., 2020).

While diesel and internal combustion engines have been heavily scrutinised for their emissions,
most of this analysis seems troubled. ICEs can produce critical emissions, which means that the
pollution levels coming out of the tailpipe are lower than those in the surrounding air. Since the
commercial development of DPFs, we have been aware that they produce high levels of
particulate matter. As a result of increasing automobile use, air pollution has recently reached the
threshold of a significant worldwide problem(Kurien et al., 2019). Reduced emissions from
gasoline-powered automobiles, which now account for the vast majority of vehicles on the road,
are the only way to address this problem (Johnson & Joshi, 2018). Due to a rise in automobile
use, air pollution has recently become a major global issue. Reducing emissions from gasoline-
powered cars, which now account for the majority of new car sales, is critical to finding a
solution to this issue (Kishi et al., 1999).

Even though they offer many benefits, they release significant quantities of nitrogen oxides
(NOx) and smoke, which harm human health. In consideration of strict pollution rules and the
depletion of petroleum-based fuels, it has become imperative to find an alternate fuel source for
diesel engines (Dyundi et al., n.d.; D. Kumar et al.,, 2021). Engine emissions and fuel
consumption can be minimized while ensuring adequate engine performance by the use of a fuel
injection system (Mani & Nagarajan, 2009). As a result, the current research is primarily
concerned with the useful features of MMPW generated oils and liquid hydrocarbon fuel

examined in CI engine.

Plastics are made from petroleum products, which are hydrocarbon-based. At the same time,
they contain a number of additives that aren't necessarily good for the environment, such as
antioxidants, colourants, and stabilisers.(Brems et al., 2012). Char is a solid substance made up
of tiny particles that are high in carbon and contain some oxygen and hydrogen(Xu et al., 2020).
These particles have a large surface area and porosity, chemically stable, inexpensive, and may
be prepared at temperatures between 773- 973 K. (Ahmed & Hameed, 2020) To attain the
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desired material properties, plastics often incorporate additives such as, colour pigments,
reinforcing fillers, plasticisers, flame retardants, antioxidants and UV stabilisers (around 5 % of
total weight). (Beach et al., 2013). However, there has been little research on the use of char in
composite manufacturing, and none of these composites used epoxy resin (ER) as a matrix. In
aluminium alloy matrix composites, for example, coconut shell char was used.(Moorthy
Rajendran et al., 2020b; Murali et al., 1982)

White et al. recently proposed one of the autonomic self-healing systems adapted to fulfil
specific objectives in the realm of aeronautic applications.(White et al., 2001) (Krishnakumar et
al., 2020). As a result, the mending mechanisms of animated bodies areimitated. High chain
mobility permits multiple possible self-healing methods in soft materials with low glass
transition temperatures (lower than the material's service temperature). There are substantial
limitations in the selection of self-healing methods for load-bearing materials with high stiffness
and little chain mobility, resulting in limited chances of success. Hollow fibres and
microvascular networks have lately been presented as alternatives to microencapsulated
systems.(Patrick et al., 2016)(White et al., 2014). Although several chemistries for vitrimer
materials have been investigated, the reported materials are fairly limited in scope, and their
mechanical properties are frequently not equivalent to those of commercial resins or

conventional engineering polymers. (Brutman et al., 2014)(P et al., 2014).

Epoxy composite materials are created by using epoxy resins in the manufacturing process.
Epoxy resins are made up of a matrix and several types of particles that serve as composite
(Kang et al. 2001; Verma et al. 2017; Verma et al. 2018a). Talc, calcium carbonate, and
synthetic additives like carbon black are used to make these particles (Verma et al. 2018b, c)
(Kang et al., 2001; Verma et al., 2017, 2018, 2019). Isosorbide was selected as a natural building
block for renewable polymers with high glass transition temperatures due to the abundance of
resources it derives from maize, as well as its high stiffness and thermal stability (Tg). The
thermal reprocessing of epoxy vitrimers was helped by the relatively high thermal stability of
isosorbide. Meanwhile, the dynamic disulfide bond reaction is composed of several mechanisms
that are influenced by reaction conditions. Disulfide connections broke mechanically as a result

of external stressors, releasing thiol radicals that might swiftly exchange with other disulfide
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bonds, resulting in self-healing or reprocessing of crosslinked networks. (Black et al., 2014;
Duan et al., 2015; Fenouillot et al., 2010; Martin et al., 2014; W. J. Yang et al., 2015) .

Some bio-based compounds with numerous epoxy groups have been studied as part of the
process of developing bio-based vitrimers using this approach as the foundation. A bio-based
vitrimer with shape memory, mending characteristics, and the potential to be used as an adhesive
was generated by curing sebacic acid poxy with ozonized Kraft lignin. This formed the vitrimer.
A vitrimer having properties comparable to those of cured bisphenol in terms of its strength and
modulus In order to produce an epoxy, another bio-based triepoxy (TEP) was cured using an
anhydride monomer (Liu et al., 2018; S. Zhang et al., 2018) Furthermore, because to the new
trend in composite material manufacturing, "Out of autoclave," a significant amount of study has
been committed to understanding the nature of thermoplastic composite materials. (Yassin &
Hojjati, 2017).

In the further investigation, we employed epoxy resins that were cured at moderate temperatures
less than 1473 K to better understand the influence of the inorganic filler. We used tertiary
amines as curing catalysts to do this. Anionic polymerization occurs when Lewis bases, such as
tertiary amines, are present. Due to the lengthy cure cycles requirement and the low heat-
distortion point of the resultant resins, anionic initiator polymerization of epoxy resins has not
yet received widespread commercial use. However, the most recent discoveries, which are
described in this paper, provide strong potential for reducing earlier concerns and boosting
adoption of this class of catalytic curing agents in the future. Only a small amount of literature
exists in the subject of diepoxide (or polyepoxide) resins on the use of anionic initiators as curing
agents. However, in recent years, these curative agents have become more popular among
worldwide researchers working on aeronautical functional applications.(Brown et al., 2002,
2004; Kessler et al., 2003; Kessler & White, 2002; Krishnakumar et al., 2020; White et al.,
2001). Peng et al. employed a similar process to create (Graphene oxide) rGO/epoxy polymer
nanocomposites with good rGO nanosheet dispersion, which they found to be quite beneficial.
The GO was reduced by suspending it in an epoxy resin (triglycidyl paraaminophenol) for 5
minutes at 473 K, followed by curing the epoxy resin with the addition of 3,5-dimethylthio-2,4-

toluenediamine and curing the epoxy resin. (Peng et al., 2016) .
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The exchangeable link concept can also be used to create materials that are hard at room
temperature yet flexible but insoluble at higher temperatures. hydroxy groups and ester linkages
are found in widely used epoxy-anhydride resins. (Tesoro, 1988). Within that work,
theyinvestigateda reliable method for creating self-healing epoxy vitrimer nanocomposites that
are encouraged by graphene oxide without the need of a catalyst (Krishnakumar et al., 2020)

(Luzuriaga, Martin, et al., 2016; Luzuriaga, Matxain, et al., 2016).

In an effort to enhance the performance of an epoxy vitrimer, Altuna et al. conducted research on
the curing of the material with carboxylic acids using imidazole as a catalyst. After 1 hour of
heating at 433 K, the BERs of esterification and transesterification were utilised to analyse the
different properties of the epoxy vitrimer's reconfigurable forms. In the samples, shape fixities
and shape recovery ratios were 99 % accurate. During partial stress relaxation, the characteristics

of vitrimers can be identified to a limited extent.(Altuna et al., 2016).

Zako et al. devised a method for incorporating small thermoplastic adhesive particles into
glass/epoxy composite laminates (50m). The epoxy resin matrix was cured at a temperature of
373-383 K. When damaged composites were heated to 393 K for 10 minutes on a hot plate, the
thermoplastic particles implanted in them melted. The percentage of curing was documented in
the subsequent three-point bend test based on the measurement of flexural strength of the
repaired specimen, and the load-displacement curve revealed that stiffness was recovered in the

repaired specimen.(Zako & Takano, 2016).

Thermal activation is some of the most prominent approaches for developing self-healing
characteristics in biological systems. As a result, raising the heat conductivities of polymers
would assist in the enhancement of the self-healing efficiency of the polymers (Burger et al.,
2016; X. Yang et al., 2018).(Krishnakumar et al., 2020)

To create a low-temperature self-healing material, activated carbon pyrochar derived from
municipal mixed plastic waste pyrolysis was combined with an epoxy vitrimer system as part of
an effort to create more environmentally friendly composites. As a result, a composite vitrimer
with aromatic disulfide crosslink-assisted self-healing has been developed. For the purpose of
enhancing the chemical and mechanical characteristics of epoxy vitrimer composites, a number
of different aromatic disulfide concentrations are also used. The thermomechanical and self-

healing properties of plastic pyrochar-derived activated carbon epoxy vitrimer composites have
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yet to be thoroughly explored. The issues highlighted in this study have been dealt with

succinctly.
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CHAPTER 3 : PYROLYSIS OF MIXED MUNICIPAL PLASTIC
WASTE(MMWP)

3.1 Scope and Outline of the Present work

To produce liquid, gaseous fuels and char through fast pyrolysis of plastic
wastes and improvement in yield pattern by using catalysts.

To develop a cheaper catalyst for pyrolysis process and its testing at larger scale.
To design, fabricate and test a pilot scale demonstrable pyrolyzer for rural areas

To evaluate and confirm the potential of plastic waste pyrolysis oil as a fuel option for IC

engine application

3.2 Research gap

Availability of a more affordable catalyst for the pyrolysis process.

A pyrolyzer that can be demonstrated on a pilot scale.

Evaluating the viability of utilizing pyrolysis oil derived from plastic waste as a potential
fuel alternative for internal combustion engine (IC engine) applications.

3.3 Objectives

Based on the above mentioned research gaps following are the main objectives of the research

work

To design and develop a pilot scale demonstrable pyrolyzer for rural areas.

To optimize plant operating parameters and work on cheaper catalysts to improve yield
pattern.

To produce liquid and gaseous fuels as well as pyro char through fast pyrolysis of plastic
wastes.

To evaluate performance of IC engine fueled with plastic waste pyrolysis oil.
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CHAPTER 4 : PREPARATION OF LIQUID HYDROCARBON FUEL
FROM PLASTIC WASTE

4.1 Production of hydrocarbon fuels from mixed municipal plastic waste

Plastic waste is increasing everyday as a consequence of an ever-increasing population,
modernisation and industry industry. Because of their varied chemical compositions and thermal
characteristics, these plastic wastes make the production of hydrocarbon fuels a challenging
endeavour. Pyrolysis of MMPW was performed at temperatures ranging from 473 to 973 K in
order to solve these limitations. Reactor tests was performed to determine the best operating
parameters for maximum hydrocarbon fuel output. The experiments were carried out with the
assistance of a fixed-bed tubular reactor, which was responsible for the production of
hydrocarbon fuels. A 72.4 wt % yield of liquid fuel was achieved using mixed plastic wastes
under the optimal operating parameters specified. ASTM procedures were used to evaluate the
fuel's viscosity, density, fire and flash points as well as pour and calorific values, and the results

were motivating.

4.2 Feedstock Materials and characterization methods

4.2.1 Municipal mixed plastic waste

The plastic waste was gathered from several locations of university, including food court
waste, hotel garbage, classroom waste, office waste, sports activity area, library. The mixed
plastic particles that was collected was shredded into little pieces and sieved to get the particle
size between 10 and 15 mm. The particles were then cleaned and dried for the purpose of
investigation and testing.

4.2.2 Catalyst materials

Samples of different rocks were identified and taken from the Garhwal Himalayas region of
Uttarakhand, India to be used as catalyst for pyrolysis process. The in-depth investigation was
performed out so that their properties and behaviour as an acidic mineral clay with a large
surface area could be evaluated. Out of various samples, one sample named as CAT-1 was found
to be higly effective and choosen as catalyst. Before being put to use in the pyrolysis process,
the catalyst underwent calcination at a temperature of 973 K. The influence of the catalyst (CAT-
1) on the breaking down of the plastic waste to produce the highest possible yield of products

was investigated by using a catalyst concentration of 10 % by weight.
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4.3 Experimental test setup

The Centre for Alternative Energy Research (UPES) has developed a lab-scale pyrolysis reactor.
Production flow process of plastic to alternate fuel is illustrated in Fig. 4.1. It shows the flow
process of plastic waste to usable alternate fuel, plastic waste obtained from the university campus
was processed from cleaning to conversion into fuel. Pyrolysis reactor was designed to sustain the
high temperatures and corrosive chemicals. Cylindrical tube of 300 mm height and 54 mm
internal diameter cylindrical quartz column was designed such that preheated feed gas (Nitrogen)
can be facilitated at an adequate distance from the inlet of quartz cylindrical column (Fig. 4.2).
Inside the reactor, induced heating was being provided by a heating coil, and a programmable
temperature controller was linked so that the temperature could be kept at the required level.
Reactor outlet was connected to water cooling jackets to condense the volatile from the pyrolysis
of feedstock.

PID
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Heater

_< = _‘ = _“_—Gasﬁemaws;s

Thermo-couple
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N2 flow meter

Figure 4.1 Three-stage condensing system for liquid hydrocarbons production through
pyrolysis
Experiments were carried out in non-isothermal conditions with a heating rate of 10 °C per minute
from the surrounding ambient temperature up to the required temperature. This was followed by
30 minutes of isothermal conditions in order to achieve a consistent temperature throughout the

reactor and finish the reaction. Nitrogen was first used to purge the reactor at a rate of 500 ml per
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minute in order to maintain the reactor's state of inertness.The reactor's lower molecular
condensable volatiles are collected in a subsequent condenser (Fig. 4.2).

The process parameter like temperature, residence time, heating rate, and catalyst % were
optimized in this lab scale reactor and given in table 4.1

Figure 4.2 Lab scale pyrolysis Reactor

Table 4.1 Plant process parameter optimization.

Process Parameter Optimium value
Temperature 723 K
Residence time 30 minutes
Heating rate 10 °C per minute
Catalyst % 10%

After optimising the parameters, a pilot scale reactor was design and fabricated. The pilot scale
reactor having capacity of 5 kg. the reactor and condenser are made using stainless steel because

of the reactor operating temperature of around 723 K.

Fig 4.3 is the illustration of a pilot-scale pyrolysis reactor for conversion of municipal mixed
plastic waste to hydrocarbon fuel. This pilot-scale pyrolysis reactor has four major components:

a reactor, a condenser, a control panel, and a chiller. First, the plastic waste is dried in sunlight
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for moisture reduction, then fed into the shredder to get particle of size 10 mm to 20 mm to

increase the contact area and afterward feed into the reactor.

Figure 4.3 Reactor in series with condensation for the pyrolysis-based production of

hydrocarbon fuel.

The temperature and length of time in residence may both be controlled by using the control
panel. The first step in the procedure involves flushing the reactor with nitrogen to get rid of any
oxygen that may be present in the reactor. Following the completion of the purge, the feed are
then introduced into the reactor, where they undergo a reaction that results in the formation of a
liquid product that can be condensed and gases that cannot be condensed. In the bladder, we

were able to capture some of the gases that did not condense.

4.4 Result and Discussion

4.4.1 Investigation of MMPW feed

Properties of all the plastic feedstock are depicted in Table 4.2. The performance was evaluated
according to the standards in order to provide a proximate study of the combustion qualities. The
ultimate analysis was performed in an elemental analyzer (vario MICRO CHNS), and oxygen
concentration was calculated based on the difference. The high heating value was determined

using a bomb calorimeter.

Table 4.2 Characteristic properties of Municipal mixed plastic waste feedstocks (dry basis)
Properties MMPW feedstock
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Volatile matter (wt%) 93.45
Fixed carbon (wt%) 5.34
Ash (Wt9%) 1.21
Carbon (wt%) 83.23
Hydrogen (wt%) 12.45
Nitrogen (wt%) 2.71
Sulfur (wt%) 0.41
Oxygen ( By difference) 121
Heating value (MJ/kg) 42.04

4.4.1.1 FTIR spectrometric analysis
Figure 4.4 displays the FTIR spectrum of MMPW. FTIR spectra may be used to identify the

fillers, binders, additives, etc. in MMPW by comparing them to the stretching frequencies of the

hydrocarbon mixture.
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Figure 4.4 MMPW Fourier Transformed Infrared Spectra.
Hydrocarbon compounds are present when =C-H, -C-H, and C-C stretching frequencies fall
between 2900 and 3000 cm™ (Figure 4.3). Hydrocarbon compounds with closed and densely
packed structures and long-chain hydrocarbons with similar packing densities may be
responsible for this quality. Above 3000 cm™, there is a little shift in the wave numbers. Spectra
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were drawn to show the frequency ranges of =C-H stretching, -C-H stretching, C=C stretching,
and -C-H bending. In the region of 2600-2900 cm, MMPW additionally exhibits the presence
of oxygen-containing groups (O-H). Table 4.2 provides specifics on the strength, mode of

vibration (bending & stretching), and behaviour of the various functional groups of hydrocarbons

in MMPW.

Table 4.3 MMPW FTIR analysis results.

Wavenumber(cm™)

Functional Group

Remarks

3186 Alkene =C-H stretch, CHs, CH2 & CH (strong)

2962 Alkane -C-H stretch, CH3s, CH2 & CH (strong)

1654 Alkene C = C stretch

1413 Alkane -C—H bending, C = C bending.

1111 Carboxylic Acids O-C  bending, C-O-H medium
Derivatives stretching

Below 900 Alkane, alkene, alkynes =C—H stretching and fingerprint region

4.4.2 Charactrization of CAT-1

The detailed analysis was carried out to assess its characteristics acidity and behavior as mineral

clay and acidity.

The catalyst, CAT-1 was characterized for mineral content by X-ray fluorescence, phase

identification of crystalline material by X-ray powder diffraction. The acidity of CAT-1 was

measured using the titration method as per Benesi 1957 (Benesi & 61, n.d.; P. K. Ghodke,

2021b).
Table 4.4 Acid Properties of CAT-1
SNo Acid Property Details
1 Maximum Acidity of | Reasonable Enhances hydrocarbon

Acid Sites

production yield at

lower temperatures
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2 Catalyst Mass Used 15¢g Consistent mass used in
acidity experiments

3 Indicator Anthraguinone Used to determine end-

point of color change

4 Acid Number (pKa | pKa<38.1 Indicates the range of
Range) strongest acid sites
5 Total Acidity ~0.05 meq amines/g | Measured up to pKa 4.0
catalyst
6 Application Polymer Breakdown Effective for breaking

down MMPW polymers

The acidity of CAT-1 mineral was determined and found that maximum acidity of the acid sites
is a reasonable requirement for enhancing the yields of the targeted hydrocarbon production at a
lower temperature. 15 g of catalyst was consistently used to carry out the acidity experiment.
Anthraquinone was the indicator used to identify the end-point of color change to quantify the
acidity of the CAT-1 catalyst. The acid number (pKa range of strongest sites) of CAT-1 <-8.1
and total acidity to pKa 4.0 was approximately 0.05 meq amines/g catalyst (Benesi & 61, n.d.; P.
K. Ghodke, 2021b).The findings indicated that mineral clays CAT-1 are useful for breaking
down the MMPW polymers.

The mineral composition and its influence on catalytic processes were evaluated by thorough
XRF analysis of the catalyst. XRF analysis of the inorganic content of CAT-1 revealed sodium,
iron, magnesium, aluminium, silicon and trace amounts of manganese, calcium, titanium,
potassium and phosphorus. Table 4.5 displayed the specific metal oxides that made CAT-1. The
acidic nature of the catalyst that caltaysis the cracking process of the feed as CAT-1 is composed

of about 48 parts aluminium oxide and 30 parts silica oxide.

Table 4.5 Chemical composition of CAT-1.

Inorganic Wit%
element

proportions
Al;O; 48
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Figure 4.5 shows results for XRD pattern of CAT-1.
The XRD pattern in Figure 4.5 shows a strong reflection at an angle of 20 around 27°, which is
characteristic of CAT-1 in the [0 0 1] orientation. This well-defined peak within the 27-30°
range confirms the crystalline nature of CAT-1. Additionally, this reflection aligns with typical
silicon dioxide (S10:2) peaks, particularly in the quartz phase, which commonly exhibits a peak

near 26.6-27°.
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4421 FTIR of CAT-1

Functional categories of the CAT-1 were plotted against the FITR spectrum (Figure 4.5). The
figure 4.5 shows that the CAT-1 has a high concentration of the soild hydroxides frequency at
3452 cm™. The broad peak around 1000 cm™ typically indicates the presence of Si-O-Si
stretching vibrations in the material. This stretching mode occurs in the range of 1000-1200 cm™

in the infrared spectrum of materials containing silicon-oxygen bonds, such as silicates or

silicones.
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Figure 4.6 shows the CAT-1 catalyst's FT-IR spectrum analysis findings.
Table 4.6 FTIR analysis of CAT-1.
Wavenumber (cm?) Functional Group Remarks
3452 Soild hydroxyl group OH stretching
1700-1000 solid hydroxyl group bendind OH deformation
563 Silica stretches Si
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4.4.3 Analysis of liquid hydrocarbon

The MMPW pyrolysis process was analyzed for product distribution with temperature change
and the effect of the catalyst on the yield of liquid product. The yield distribution of pyro-char,
hydrocarbon fuel, and non-condensable syngas from thermal pyrolysis and catalytic pyrolysis of
MMPW is shown in Figure 4.7 & 4.8. With the aim of optimizing the production of liquid
hydrocarbon fuel, a series of experiments were conducted at varying temperatures with and
without a catalyst. The figure shows that the yield of the liquid product increases with
temperature up to 773 K, when it begins to decline owing to the creation of non-condensable
gases. The mass balance of the pyrolysis process was quantified and plotted in Figure 4.7.
However, with catalyst the maximum liquid product obtained at 723 K with different yields of
other products. The maximal decomposition temperature of MMPW is shown in figures 4.7 &
4.8 to be about 723 K. The maximum yield of liquid product was about 62.5 wt% without
catalyst and 74.8 wt% with CAT-1 catalyst, that gives an increment of 19.68% in the yield ,
which is quiet appreciable when its come to commercial production. From the obtained graph it
is clear the 723K is the optimum temperature when liquid fuel is required. However, for getting
large amount of pyrochar the reaction has to be carried out at low temperature of 473K and good

yield can be obtained without the use of catalyst.

The formation of gaseous products is favoured at high temperature i.s 973K that too without
catalyst. So, the used catalyst favours the decomposition of MMWP into liquid product and the
maximum yield of hydrocarbon liquid product from catalytic pyrolysis was obtained with 10
wt% CAT-1 catalyst (Figure 4.8).

The liquid hydrocarbons obtained were subject to various physio-chemical charactization to
evaluate kinematic viscosity, density, flash point, pour point, and moisture analysis; the results of
these tests are listed in Table 4.7. For comparison purposes, the standard value of conventional
fuel (Diesel) is also provided. To verify the findings, each analysis was performed in triplicate in
accordance with the specified criteria. The sample were also subjected to ultimate and proximate

analysis, FTIR & GCMS and get an information regarding their composition
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Figure 4.7 Distribution pattern of pyro-char, liquid hydrocarbon and non-condensable

syngas from thermal pyrolysis of MMPW

CATALYTICPYROLYSIS
M Liquid Solid MW Gas

Yield (wt %)

3.3 |
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Temperature °C

Figure 4.8 Distribution pattern of pyro-char, liquid hydrocarbon , and non-condensable
syngas from thermal catalytic (CAT-1) pyrolysis of MMPW
Table 4.7 Fuel properties of MMPW
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Gasolin |
Parameter MMPW Diesel
e
No Pale
Appearance Dark Brown
color yellow
Moisture (% viv) (ASTM
2.4 0.4-0.5 | 0.1-0.3
D95)
Density kg/m® (ASTM-1298) | 860 780 807
Kinematic  viscosity (cSt)
2.34 1.17 1941
(ASTM D445)
Gross heat of combustion
42.58 42.5 43
(MJ/kg) (ASTM D240 — 17)
API gravity (ASTM D287) 39.6 54.2 39.6
Conradson carbon residue (%
0.4 0.14 0.35
wt) (ASTM D189)
Flash Point (°C) (ASTM D93) | 35 42 52
Pour point (°C) (ASTM D97) | 18 - 6
Aniline Point (°C) 60 71 77.5
Ash (%wt) (ASTM D482) 0.013 0.001 0.01

4.4.3.1 FTIR of liquid hydrocarbon from MMPW

Figure 4.9 shows the FTIR of an liquid hydrocarbon derived from the pyrolysis of MMPW. The
FTIR wavelength include C-H bonds and C=C and =C-H bonds; as a result, these spectra are
virtually identical to those of polymer. At a frequency of 3449 cm™ with =C-H, stretching
vibration was detected, indicating the existence of alkenes. Similarly, an appearance of olefin
with C=C vibrational bonding is found at 1718.84 cm, while the existence of C=C bending is
discovered at 1638.02 cm™. At wavelengths of 2942 cm™ and 2824 cm™, alkanes with C-H
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stretching vibration have been shown. Additionally, alkanes with a C-H bending bond have been

detected at a wavelength of 1385 cm™.

In Table 4.8, FTIR spectra have been summarised so that the existence of hydrocarbon bonds
with varied configurations, such as scissor, vibrational, and bending stretching, may be
understood more easily. Since FTIR analysis can only offer a basic notion of whether or not
functional groups are present, GC-MS technique was used to assess the final chemical structure.
The next section presents the results of a GC-MS study on the detection of transitions between

functional groups.
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Figure 4.9 FTIR analysis of liquid hydrocarbon from MMPW

Table 4.8 FTIR analysis of liquid hydrocarbon.

Wavenumber(cm)

Functional Group

Remark

3449, 3631 Alkene =C-H stretch, CH3z, CH2 & CH (strong)
2942, 2824 Alkane -C-H stretch, CH3, CH2 & CH (strong)
1718, 1638 Olefin, Alkene C = C stretch
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Wavenumber(cm™ | Functional Group Remark

1385, 1271 Alkane, alkene -C-H bending, C = C bending.

1033, 908 Carboxylic Acids &|O-C bending, C-O-H  medium
Derivatives stretching

Below 900 Alkynes =C—H stretching

4.4.3.2 GC-MS characterization of liquid hydrocarbon generated from MMPW

Gas chromatography was used to evaluate the chemical make-up of the liquid hydrocarbons
produced during MMPW catalytic pyrolysis, a mass spectrometer was used to identify the mass
components, as shown in Table 4.9. The mass spectrometric measurement resulted in a
determined area percentage, which was then used to normalise the overall composition of
hydrocarbons to 100 wt%. Hydrocarbon composition may be evaluated for use in heating and
power production. Aliphatic (alkane, alkene, and alkyl) carbon, which spans C9—-C17, made up
the bulk of the created hydrocarbon fuels.

Table 4.8 shows that straight-chain molecules replaced almost all aliphatic hydrocarbon
products. Many hydrocarbons undergo random scission during pyrolysis, producing a wide
variety of hydrocarbon pieces. After the link is broken, degradation causes a stable C=C bond to
develop between the surviving C-C bonds in the poly-alkene composition. Knoweldge of the
chemical make-up of liquid hydrocarbon may shed light on its possible heating and power
generation uses. Hydrocarbons make up the bulk of liquid hydrocarbon fuel, with a little amount
of oxygen added as an additive. Most oil is made up of aliphatic hydrocarbons, which have
carbon chains that are C9 to C17 long.

The hydrocarbon chain of compounds is the primary component of plastic oil. Pentadecane is a
chemical utilised as a plasticizer in the paint production business that was found to have an
unusual oxygenated compound. The majority of the liquid plastic fuel's components are found in
the lower hydrocarbon groups, with 1-tridecene playing a particularly large role. The primary
components of the liquid plastic fuel are 1-decene and 1-hexadecene, both of which are present
in high concentrations. The chemical consists of a negligible amount of nonane and 1-

nonadecene. The results show that fuel derived from plastic waste has high combustion
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characteristics and contains hydrocarbons similar to those found in diesel.

hydrocarbon fuel might be utilised to generate both heat and power.
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Figure 4.10 GC-MS of plasto fuel generated from MMPW.

Table 4.9 Chemical Composition of liquid Hydrocarbon obtained from mixed plastic waste.

Retention Time
(min) Compound Name Molecular formula Wt (%)

3.262 1-Nonene CoHuis 3.16
3.707 Nonane CoH20 1.9
4.305 1-Decene CioH20 11.49
6.836 Decane CioH22 3.42
7.968 1-Undecene Ci1H22 5.6
8.628 Dodecane Ci2H26 4.69
11.034 1-Tridecene Ci3Hzs 3.58
11.264 Tridecane Ci3Has 8.23
11.883 1-Tetradecene CiaH2s 5.86
15.441 Tetradecane CiaH30 5.83
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16.761 1-Pentadecene CisH3o 5.08
17.74 Pentadecane CisHs2 8
18.826 1-Hexadecene CieH32 10.3
19.806 1-Heptadecene Ci7Hz4 8.33
21.357 Hexadecane CieHaa 7.71
23.463 Heptadecane Ci7H3zs 441
24.123 1-Nonadecene CioHs3s 2.08
4.5 Summary

Pyrolysis is a well-known process for transforming municipal mixed plastic trash into useful
fuel. Liquid Hydro - carbon fuel generated from MMPW with a high heating value and a high
concentration of aliphatic hydrocarbons might be utilised as a substitute to conventional fuel.
The features of pyrolysis of municipal mixed plastic waste accessible at university revealed that it

is a possible hydrocarbon fuel that can be used to generate heat and electricity.
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CHAPTER 5 : EFFECT OF COMBUSTION ON PLASTIC WASTE FOR
LIQUID HYDROCARBON FUEL PRODUCTION

Municipal mixed plastic waste (MMPW) recycling is an innovative way to turn
environmental waste into energy fuels. In the present study, a thermochemical process was
applied to MMPW to depolymerize to produce hydrocarbon fuels named liquid hydrocarbon
fuel. The obtained liquid hydrocarbon fuel was blended with conventional diesel to test the
PCCI-mode single-cylinder, four-stroke, direct-injection diesel engine performance. The PCCI
combustion mixture was tested with 15 % and 30% fuel vapor, to ensure homogeneity with and
without exhaust gas recirculation. The modified engine findings were compared to a standard
conventional engine. At higher loads, PCCI combustion decreases emissions such as carbon
monoxide and nitrogen oxides. While the brake thermal efficiency was marginally reduced at all
engine loads, using the blends. Results showed that with and without 10% exhaust gas
recirculation, the increase in air mix reduces NOx emissions, however in the case of smoke
emissions an opposite trend has been observed. Additionally, a blend of liquid hydrocarbon fuels
reduced unburned hydrocarbon (HC) and CO emissions at higher loads. In conclusion, it was
observed that liquid hydrocarbon fuels blended with conventional diesel performed better than
diesel fuel.

5.1 Properties of liquid hydrocarbon fuel produced from MMPW Waste
A lab-scale pyrolysis setup was developed at UPES. The production flow process of plastic

waste to alternate fuel was illustrated as shown in Figure 5.1. (P. K. Ghodke, 2021b).

Table 5.1 Fuel properties determined in based on ASTM standards.

Fuel properties Liquid hydrocarbon fuel
Appearance Dark brown

Moisture (% v/v) (ASTM D95) 2.4

Density (kg/m® (ASTM-1298) 816

Kinematic Viscosity @ 40°C (cSt) | 2-34
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(ASTM-D445)

Gross heat of combustion (MJ/kg)
(ASTM D240-17)

42.58

API gravity @ 60 °F (ASTM D287) | 39.6

Conradson carbon residue (% wt)

0.4
(ASTM D189)
Cetane number (ASTM-D613) 52.7
Ash (% wt) (ASTM D482) 0.013
Flashpoint (°C) (ASTM-D93) 35
Pour point (°C) (ASTM D97) 18
Diesel index 35.34

\;\/ars:cé Waste plastic
collection collectionand Gaseous
tank segregation fuel

Pretreatment of Engine
feedstock e.g., Pyrolysis utilization for
separation, cleaning, Plant Energy
shredding production

Solid pyro-
char for
Road
application

Figure 5.1 Schematic flow process diagram of domestic plastic waste to alternate fuel

5.2 Engine test setup and experiment methodology
A PCCI engine was put through its paces under a variety of load conditions while utilizing two

distinct diesel-blended liquid hydrocarbon fuel vapors
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1. 15% liquid hydrocarbon fuel blended with 85% Diesel,
2. 30% liquid hydrocarbon fuel blended with 70% Diesel,

10% exhaust gas recirculation (EGR) and without EGR. First, we prepared liquid hydrocarbon
fuel blended with diesel at thecomposition of 15:85 and 30:70 then poured into a fuel tank and
connected with common rail injections into the intake manifold through fuel pump.

Figure 5.2 and 5.3 shows a CI engine adapted to function in PCCI mode coupled to a water-
cooled eddy current dynamometer for the experiments. Its eddy current dynamometer was used
to measure the engine load and change. Table 5.2 lists engine specs. A direct injectionA 3.7 kW
single cylinder diesel engine (compression ignition: CI engine) @ 1500 rpm. diesel engine
(compression ignition: CI engine) with 3.7 kW at 1500 rpm and engine loads of 20%, 40%, 60%,
80%, and 100% was tested. We collected performance, pollution, and ignition data to assess the
engine's performance. Single-cylinder engines may be easier to inspect. Complexity grows with
engine cylinder count.

The fuel injection timing was maintained at 23° BTDC throughout the testing, and the

exhaust gas temperature was measured between the exhaust gas manifold and before the EGR.

Data acquisition
system

Fuel Tank
with Exhaust
weighing gas
scale
analyzer Exit to
_?htmosphere
Intake air Common rail
supply tank injector
EGR Line
- - = < —l-
r
Single cylinder Diesel Eddy current
| Coolant enging dynamoneter
supply
A

Figure 5.2 Engine experimental test setup schematic Diagram
In addition, to monitor any temperature increases that may occur within the engine, there are

four temperature sensors, two of which are located at the intake of cooling water and the other
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two at the exhaust. The quantifiable properties of liquid hydrocarbon fuel that were examined per
ASTM standards are listed in Table 5.1. In order to make room for the water-cooled EGR, the

intake manifold had to be redesigned.

Emission gas exit

Eddy current
dynamometer

Water cooling : : N J \ w,/
K ¥
p
"\

system \ Liquid hydrocarbon diesel S 3
b blended fuel supply system \-= ¥

B CI engine

Combustion
sensor

Figure 5.3 Engine experimental test setup

Table 5.2 Technical parameters for the diesel engine under test.

Parameter Specifications
Engine type Compression ignition
Engine cooling type Water-cooled
Number of cylinders 1

Stroke/Bore 110 mm/87.5 mm
Specific fuel consumption 265 g/kWh
Maximum output power @ 1500 rpm, 3.7 kW
Storke volume 0.533L
Compression ratio 16.5:1
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Throughout, the engine RPM was held constant. Therefore, the only factor at play was the
amount of work being done by the engine. Thus, the EGR flow rate can be kept constant at 10%
via mechanical means, no variations in engine load. Exhaust gas temperature variations were
monitored using temperature sensors included within the data collecting system, which were also
connected to the exhaust pipe. The mass basis was used for the purpose of determining the
engine's fuel consumption. The rate of fuel flow was adjusted so that it corresponded with the
load that was physically estimated. The input flow rate for diesel blended liquid hydrocarbon
fuel was manually determined for every varying load of the engine. The flow rate value was
measured with the help of a digital scale and a timer, and then it was transformed to the same
mass flow rate flow. The procedure was repeated for each engine load and vapour percentage
that was required. The governor of the engine adjusts minor differences. After making any
adjustments, we let the engine rest for two to three minutes before compiling the final data.

The exhaust gas analyzer with NDIR technology was used to monitor engine tailpipe
pollutants such as hydrocarbons (HC), carbon monoxide (CO), and nitrogen oxides. To gather
data from the exhaust, a smoke metre has been mounted for the engine. Measurement accuracy
and uncertainty of instruments have been present in Table 5.3.

5.3 The effect of using liquid hydrocarbon fuels on the engine performance

The following results were obtained from tests conducted on the four possible permutations
defining PCCI operation:

30% fuel vapor (diesel blended with 30% liquid hydrocarbon fuel) with EGR

30% fuel vapor (diesel blended with 30% liquid hydrocarbon fuel) without EGR

15% fuel vapor (diesel blended with 15% liquid hydrocarbon fuel) with EGR

15% fuel vapor (diesel blended with 15% liquid hydrocarbon fuel) without EGR

It was found that running the conventional engine in PCCI mode was possible by
introducing diesel vapor from outside the engine into the air intake manifold. It was feasible to
use the PCCI engine in four different configurations. One possible comparison to a standard
engine might be the engine's performance, combustion, and emissions. There was no variation in
engine load, and the engine's speed was maintained at a steady 1500 rpm throughout the process.

In order to fairly evaluate the relative merits of PCCI with and without EGR.
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Table 5.3 Measurement accuracy and uncertainty.

Parameter Measuring range Accuracy Uncertainty (%)

Exhaust gas analyser

< 2000 ppm volume | % 10 ppm + 4%

HC emission >2000 ppm volume of value 3.09
079 £ 0.03% £ 3% of

0 emission 0.7% volume 3.02
=0.7% volume value

< 1000 ppm volume | £ 35 ppm = 5% of

NOx emission 2.692
=1000 ppm volume the value
Smoke emission 0-100% opacity + 1% of value 2.512
Brake thermal 0.25
efficiency
The volume flow rate )
] 0-300 m*/'h + 2% of the flow | 1.7

of air
Eddy current | Maximum Power: 20 kW =1 rpm
dynamometer Maximum Torque: 50 Nm | £0.25 Nm
Data acquisition Pressure range: 090 bar

Temperature =1°C 0.12
system range: 301000 °C
Weighing balance Maximum weight: 5 kg +0.01g

5.3.1 Brake thermal efficiency

The brake thermal efficiency was measured at varying loads. It was measured at different
fuel vapor percentages, with and without exhaust gas recirculation, as shown in Figure 5.4. The
results showed that, in the absence of EGR, it was declined by 2.50% with 15% fuel vapor and
by 3.25% with 30% fuel vapor. Similarly, it was decreased by 8-10% with EGR as the fuel vapor
increased and the engine was operating at maximum load. The main reason for decreasing the

efficiency was that it dilutes the oxygen in the charge stream to lower NOx emissions.
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Other reasons observed are that external mixing with fuel vapor, Air-Fuel homogeneity,
combustion conditions, and charged mixture quality. The diesel blended liquid hydrocarbon fuel
vapor, EGR, and air induction into the combustion chamber are only allowed through the intake
manifold. Increasing the fuel vapor induction rate to 30%, reduces charge generation airflow and
BTE for optimal combustion. 30% diesel blended liquid hydrocarbon fuel vapor with EGR
induction drastically restrict air intake, resulting in insufficient charge for combustion and
significant brake power losses. The intake manifolds absorbed fuel vapor from the outside,
which may have condensed due to the temperature difference between intake air fluids and diesel
vapor with liquid hydrocarbon fuel. Since PCCI combustion uses less fuel to charge, brake

thermal efficiency decreases (Ganesh et al., 2008a).
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Figure 5.4 Brake thermal efficiency variation concerning engine load
5.3.2 Specific fuel combustion
As can be seen in Figure 5.5, the test engine had a specific fuel consumption (SFC) that was
measured with liquid hydrocarbon fuel blended diesel. As an illustration, the fuel consumption of

the test engine, which utilized 30% fuel vapor (liquid hydrocarbon fuel blended diesel fuel) with
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EGR, decreased from 426 g/kWh at 20% load to 308 g/kWh at 100% load. Simultaneously, the
fuel consumption of the test engine, which utilized 15% fuel vapor with EGR, decreased from
435 g/kWh at 20% load to 320 g/kWh when operating at full load.
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Figure 5.5 Specific fuel consumption variation concerning engine load

5.3.3 Exhaust gas temperature

The variations in exhaust gas temperature (EGT) with varying engine loads (i.e.,20%, 40%, 60%,
80%, and 100%) are shown in Figure 5.6. The main observations are that the combustion rate,
temperature, and pressure increase when the engine does more work or operated at higher loads.
As a direct consequence, the exhaust gas temperature increases whenever the engine load
increases. While operating at full engine load and in PCCI mode with 15% fuel vapor and no
EGR, the engine reached its maximum EGT temperature of 580 K. The main reasons identified
are the interaction between the temperature of the cylinder and the geometry.

When utilising EGR as the major benchmark for comparison, EGT lowers by 9% for 15%
fuel vapour induction and 23% for 30% fuel vapour induction, and by 29% and 32%,
respectively, when using EGR as the primary standard for comparison. The lean A-F charge,
which causes a cooler combustion temperature, was crucial in reducing EGT in PCCI mode. The

intake air's phase change, caused by its temperature, prohibits it from participating in
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combustion. As EGR dilutes the charge, the outcome is a low charge density (Ganesh et al.,
2008b).
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Figure 5.6 Exhaust gas temperature variation concerning engine load

5.3.4 Volumetric efficiency

The exhaust gas recirculation (EGR) and fuel vapor induction systems are both activated
during experimentation. Figure 5.7 illustrates the range of volumetric efficiencies an engine can
achieve under various load conditions. According to the observation, there is a decrease in
volumetric efficiency with an increase in EGR. While a conventional engine operates in its
suction stroke, the intake manifold is only open to air circulation, which is not in the case of
PCCI conditions. Following the compression stroke, fuel is delivered into the combustion
chamber while the charge is formed. Due to the intake, air that fills the manifold has high
volumetric efficiency, but due to the area's size, it only has a small charge mixing span. The
combustion process does not use the intake air entirely due to the shorter mixing period.
As a result, a sizable amount of air is wasted throughout the process. The intake airflow rate in

the manifold is obstructed due to the increased occupancy brought on by recirculated exhaust gas
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and the volume in the manifold that is filled with fuel vapor while in the PCCI, which lowers
volumetric efficiency. Pre-mixing, on the other hand, starts with the suction stroke and continues
until the combustion stroke begins. In contrast to the traditional method, which results in excess
air and raises NOx emissions, this allows for a longer time for producing a homogeneous charge
and fully utilizing the available air. It has been shown that at 30% fuel vapour induction, with
and without EGR, volumetric efficiency declines by 10% and 23%, respectively. Furthermore, it
was shown that when the amount of fuel vapor induction is 15% and 30%, the volumetric
efficiency decreases by 9 % and 16 %. Because of this, the impact of EGR is substantially more

significant than the impact of gasoline vapor on the engine's drop in volumetric efficiency.
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Figure 5.7 Volumetric efficiency variation concerning engine load

5.4 The effect of using liquid hydrocarbon fuels on the engine Emissions
5.4.1 Hydrocarbon emissions

Diesel vapor causes fluctuations in the air-vapor ratio and inefficient combustion because it
promotes homogeneity but decreases volumetric efficiency. As engine load rises, air-vapor ratios
achieve ideal combustion conditions. In general, when engine loads rose, HC emissions followed
declining patterns. A high fuel vapor-to-intake air ratio and improper combustion, which
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increases HC and CO, are caused by the EGR cutting off more air than is necessary when the

engine is running at low engine loads.
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Figure 5.8 Hydrocarbon emission variation concerning engine load

In conventional engines, lean mixture generation results in early lean flame blowout zone
development and considerable HC emissions at low engine loads (N. Kumar, 2019a). Figures 5.8
depicts the variation in HC emissions across all engine loads. The patterns show that both
emissions, which are highest at low load, are caused by incomplete combustion. When compared
to a conventional engine operating at a low engine load, the use of 15 % diesel-blended liquid
hydrocarbon fuel vapors with 10 % EGR induction results in a increase of 1.63 g/kW.h in HC
emissions, whereas the use of 15 % fuel vapour without EGR induction results in an decrease of
1.55 g/kW.h in these emissions. However, increases in hydrocarbon (HC) emissions of 0.58
g/kW.h and 0.67 g/kW.h are caused by the presence of 30 % diesel-blended liquid hydrocarbon

fuel vapors with 10 % EGR induction and the absence of EGR induction, respectively.
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5.4.2 Carbon monoxide emissions

According to shown in the study, lean mixture production in a conventional engine is what
causes the early development of the lean flame blowout zone, which is responsible for
considerable CO emissions even when the engine is not under a heavy load (N. Kumar, 2019b).
Figures 5.9 depict the fluctuation in CO emissions at constant engine speed under various engine
loads. It is brought on by incomplete combustion, which generates both pollutants, while an
engine runs at a low load. When the engine runs at a low load, 15% diesel blended liquid
hydrocarbon fuel with 10% EGR observed higher CO emissions by 6.4 g/kWh whereas at high
load its reduced by 0.94 g/kWh. When the engine runs at a low load, 30% diesel blended liquid
hydrocarbon fuel with 10% EGR observed higher CO emissions by 6.75 g/kWh whereas at high
load its reduced by 1.16 g/kWh.CO emissions have been observed to be higher by 6.4 g/kWh
when the engine is operating at low load on 15 % diesel blended liquid hydrocarbon fuel with 10
% EGR, but seem to be reduced by 0.94 g/kWh when the engine is operating at high load. CO
emissions have been reported to be 6.75 g/kWh higher when the engine is operating at low load
on a mix of 30% diesel and liquid hydrocarbon fuel with 10% EGR, but 1.16 g/kWh lower when

the engine is operating at high load.
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Figure 5.9 Carbon monoxide emission variation concerning engine load

5.4.3 NOXx emissions

As seen in Figure 5.10 illustrates how NOx emissions steadily decreased for 30% and 15%
of FV with and without EGR test periods as engine load increased from 20 to 100%. The
conventional engine loses velocity due to fuel atomization and insufficient mixing, which
restricts charge output. When diesel and air are combined, NOx forms at the point of contact

(Gray & Ryan, 2018). In contrast to conventional induction, which produces distinct layers, fuel

vapor induction at a low load generates a uniform charge. During partial PCCI, diesel fuel
injection diminishes due to vapor induction. Vapor induction, the primary cause of

heterogeneity, has increased, lowering the air available for fuel injection.
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Figure 5.10 NOx emission variation concerning engine load
Additionally, raising the vapor percentage offsets the loss of direct injection and reduces NOx
emissions; however, injecting fuel in an environment with insufficient air may result in increased
HC and CO emissions. With 15% diesel blended liquid hydrocarbon fuel vapour induction

without EGR, the decreased NOx emissions from low to high engine load was 27%, and with
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30% fuel vapor induction, it was 40%. EGR combined with fuel vapor induction can further
reduce NOx emissions for 30% at low engine load and 38% at high engine load by respectively,
for 15% and 30% diesel-blended liquid hydrocarbon fuel vapors induction. When the engine
operates under light load conditions, the fuel-air ratio that produces the most effective utilization
of fuel and air in conventional engines is attained. A brief burst of combustion occurs in the
combustion chamber, where the fuel pockets have developed, as the compression process
proceeds. More than 425 K are reached as a result(Bhurat et al., 2021) .

The partial PCCI engine provides a longer premixing interval for air and fuel vapor than the
regular PCCI engine, leading to a more uniform charge generation. It helps stop nitrogen from
reacting since there are less free radicals. The exhaust gas recirculation (EGR) system helps
enhance engine performance by lowering the amount of oxygen present in the combustion
chamber.

5.4.4 Smoke emission

During the experiment, an increase in smoke opacity was seen in the exhaust stream. It is the
result of using EGR and producing a rich combination of the air-fuel mixture. With increasing
load, A-F ratio decreases while Smoke emissions increase. For all engine loads, Figure 5.11
shows an increase in smoke opacity. The engine produces more smoke under larger loads due to
the denser mixture, which also causes a buildup of emissions like HC, CO in the exhaust.

The smoke is opaque due to the lack of air to ignite the fuel. Smoke was reduced by 24%
and 29% for 15% and 30% fuel vapour, respectively, when EGR is used in conjunction with a
light engine load. When the engine was operated at a high load with a 15% and 30% fuel vapor
mix, the visible smoke decreased by 18 % and 23 %, respectively. Compared to a traditional
engine, the premixing of a uniform air-vapor mixture lowers opacity by preventing the creation
of rich mixture pockets. Some places may not have enough oxygen to oxidize the rich mixture's
fuel completely. Because there is less soot in the exhaust than there would be with better
combustion, the smoke is less opaque. Its because carbon monoxide and hydrocarbons tend to
increase the richness of the total mixture. 10% EGR did not reduce smoke opacity in part-load
operation by recycling unburned hydrocarbons or eliminating essential O» from the actual air

fuel combination.
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Figure 5.11 Smoke emission variation concerning engine load

5.5 Summary

The result recommended employing retrofitting technologies, such as air mixture
homogeneity, which lowered NOx, smoke, HC, and CO emissions from standard diesel engines
using a mixture of liquid hydrocarbon fuel. The external mixture production strategy can be used
cost-effectively with a standard engine with only minor intake manifold changes. Cooled EGR
controlled up to 10% of PCCI combustion. The PCCI engine's EGR postponed combustion.
PCCI engines have low-pressure, early burnout. The study found that under intermediate and
higher loads, the test engine's brake thermal efficiency using liquid hydrocarbon fuels decreased.
At all load activities, the engine's efficiency with liquid hydrocarbon fuels was almost as good as
diesel fuel. Liquid hydrocarbon fuels, which omitted nitrogen oxides, created more carbon-based
pollutants at intermediate and higher loads than diesel fuel. Activities with lower loads revealed
minimal variation in the pollutants. High loads resulted in lower in-cylinder combustion chamber

temperatures, which decreased nitrogen oxide emissions.
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Diesel PCCI combustion engine at 30% and 15% diesel-blended liquid hydrocarbon fuel
vapors induction may perform better with exhaust gas recirculation. At the full load (100%), HC,
CO, NOx, and smoke emissions were 0.585 g/kW.h, 1.16 g/kW.h, 4.96 g/kW.h, and 50 %,
respectively with 30% fuel vapor and 10 % EGR. At the full load (100%), HC, CO, NOx, and
smoke emissions were 0.692 g/kW.h, 0.95 g/kW.h, 5.46 g/kW.h, and 53 %, respectively with
15% fuel vapor and 10% EGR. So as per findings 30 % liquid hydrocarbon fuel blended with
diesel shows more efficient for especially HC, NOx, and smoke emissions reductions compare
with 15 % liquid hydrocarbon fuel blended with diesel. While NOx and smoke emissions
dropped, HC and CO emissions rise, supporting earlier findings. The PCCI engine releases less
NOx and smoke, per a recent study. Comparing PCCI's operation to conventional diesel and
engine operation using liquid hydrocarbon fuels, we can see that it was functioning with
improved performance and emissions. Engine performance and emissions were enhanced using
liquid hydrocarbon fuel from municipal mixed plastic waste recovery and recycling—
technologies used after exhaust gas emissions, such as selective catalytic reduction, can lower
HC and CO emissions. In the future, diesel engines might be replaced by PCCI technology with
less than 10% EGR and SCR technology.
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CHAPTER 6 : ANOVEL APPOROACH TO USE RESIDUE AS SELF
HEALING MATERIAL

6.1 Development of self-healing epoxy vitrimer composites with activated carbon pyrochar
derived from municipal mixed plastic waste pyrolysis

A ecological vitrimer is being developed by using activated carbon pyrochar obtained from
municipal mixed plastic waste pyrolysis into an epoxy composite. Durable vitrimeric materials
may be created by adding pyrochar to polymeric composites. Due to their ductility, reusability,
and recyclability, virimeric materials have become popular and reliable materials. As a result, the
self-healing temperature of composite vitrimers is lower via disulfide exchanges than that of
virgin epoxy vitrimers. Additionally, compressive studies have been utilised to study self-healing
capacities and modulus variations have been used to highlight changes in the healing efficiency

of the materials.

6.2 Materials

As already discussed, a lab-scale pyrolysis setup was developed @ UPES. The production flow
process of plastic waste to alternate fuel was illustrated as shown in Figure 4.1. Plastic waste
obtained from the university campus was processed from cleaning to conversion into fuel (P. K.
Ghodke, 2021b). From Sigma-Aldrich, we obtained the following components for the epoxy
resins: DETA, BADGE and AFD. This study describes the preparation of the activated carbon
(AC) pyrochar produced from municipal mixed plastic waste pyrolysis(Krishnakumar et al.,
2021).

Calculation for epoxy and amine hardener ratio:

Parts by weight of amine to be used with 100 parts by weight of BADGE resin (phr)

(amine hardener molecular weight / number of hydrogens per molecule)
BADGE equivalent weight

* 100%

BADGE resin has an equivalent weight of 176 g/mole (as stated by the manufacturer), and an

248/4
176

active hydrogen in 2-AFD is four.=> ( ) * 100%= 35.6%
To cure 100 g of BADGE resin, 35.6 g of AFD is required.
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6.3 Preparation of epoxy nanocomposite

300 mg of synthesis AC, was dissolved in 20 ml of solvent, and after that, it was ultrasonically
agitated for half an hour. After instantly pouring the AC solution, the BADE resin was subjected
to vigorous stirring in order to ensure that it was completely dissolved. (EP- x %; x:
0,0.1,0.2,0.5,1), where "X’ refers to the quantity of AC that was added to the combination of
epoxy resin and hardener in terms of wt %. The mixture was also heated to 353 K and vacuum
degassed until the ethanol was completely gone. The 2-aminophenyl disulfide (APD) hardener
was then introduced, and the combination was kept at the appropriate temperature for fifteen
minutes while being stirred. The degassed liquid was then poured into a silicon mould and baked
at 423 K for five hours in order to fix the colour. Bisphenol a diglicidyl ether resin-based
standard specimen was produced, with diethylenetriamine (DETA) functioning like a curing
agent. This was done in order to investigate the effect that APD has on the process of self-
healing. In order to investigate the effects of activated carbon, nanocomposites made of reference
clean epoxy (R-epoxy) and epoxy with activated carbon infused into it (R-Epoxy-1 %) were
constructed (Hummers & Offeman, n.d.; Krishnakumar et al., 2020; Nia et al., 2014; C. Park et
al., 2019; Rana et al., 2016).

6.4 Material characterization Methods

In order to detect the activated carbon, the D8 ADVANCE ECO - Bruker was used to conduct
an X-Ray Diffraction spectroscopy analysis. Epoxy's activated carbon was studied with the use
of the spectroscopic UV-Visimeter (LAMDA 35, Perkin Elmer). The curing process was studied
by FT-IR spectra analysis. The effects of activated carbon dispersion in epoxy matrix were
investigated using an HR-TEM, JEM 2100F, from JEOL. Both DSC tests and TA-Q400em
Variation in Measurements investigations were used in order to ascertain the temperature at
which the glass transition occurs. The Perkin Elmer DSC-7 has been performed with a
temperature range of 303 to 493 K, a flow rate of 19.8 ml/min of nitrogen purge gas. Rectangular
specimens (15mm x 5mm x 0.5mm) were tested at 3 point bending test in the TA-Q400em to

determine their mechanical characteristics.

The flexural test, also known as the bend or three-point bending test, is essential for evaluating
the mechanical properties and healing efficiency of self-healing materials. This test assesses the
material's ability to recover its mechanical properties after deformation. It involves applying a

76



load to a beam-shaped specimen at two support points, while a third point applies a load to the
center. The material's response, including the load-displacement curve, indicates its stiffness,
strength, and ductility. After an initial test, the specimen can be damaged and then allowed to
heal under specific conditions. The flexural test is repeated on the healed specimen to assess its
recovery of mechanical properties, providing crucial insights into the material's self-healing

performance and potential applications.

All mechanical characteristics tests were carried out at temperatures ranging from 313 to 393 K,
with heating rates of 10 °C per minute, a nitrogen purge gas flow of 50 ml per minute, and a
force of 0.02 Newton. To straighten the specimen in the stress relaxation experiment, a preloaded
force of 1*10° N was applied. After determining the temperature and strain, testing consisted of
applying 1% strain at the proper temperature and measuring the relaxation modulus with respect
to time. Stress-strain experiments were conducted in strain ramp mode with a force of 0.02 N

and strain was measured at an isothermal temperature of 313 K.

6.5 Material characterization

The use of ultraviolet (UV) spectroscopy allowed for the determination of whether or not an
epoxy vitrimer compound included AC. The material was characterised by employing a finely
ground matrix that was effectively dispersed in ethanol by means of ultrasonication. The
presence of activated carbon in epoxy composite was revealed by the absorbance peak at 237
nm. In Figure 6.1, the obtained UV data for epoxy, activated carbon, and epoxy-AC composites

were plotted together.

The x-ray diffraction spectroscopy (XRD) analysis of the activated carbon synthesised from
pyrochar (Figure 6.2) shows that the peak at 27.23° marks their formation. where the lack of
distinct peaks indicated the amorphous nature Because of the hexagonal shape resembling a
graphite flake peak found at 27.23°, Activater carbon might be termed as assemblages of

imperfect graphene.

77



——— Epoxy

1.0 4 — AC

: Epoxy - AC
0.9
0.8 \
0.7
06 [ N
05.: : L F.\
0.4 Foy |

034 | /S

Absorbance

02 4 / / e

0.1 \
0.0 - _ — ﬁﬁnl"‘,

-0.1 4

200 300 400

Wavelength(nm)

Figure 6.1 Epoxy, activated carbon, and the epoxy-activated carbon composite each have
their characteristic UV spectrum.

Activated Carbon

Intensity
3500

3000 -
2500
2000

1500

Intensity (Counts)

1000

500

0 P N T S R S S N S
15 20 25 30 35 40 45 50 55 60

Angle (2Theta)
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Figure 6.4 SEM images for pyrochar carbon
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Figure 6.5 SEM images for activated carbon

The curing and uncuring of epoxy vitrimer composites were determined using FT-IR analysis.
The disappearance of the oxirane rings of the oxirane ring (917 cm™) was noticed, which
indicated that the epoxy had completed its curing process (Figure 6.3). The curing of the epoxy
was monitored using FT-IR analysis at intervals of one hour, and it was discovered that the
curing process was completed after 5 hours of observation. Chemically activated carbon,
comprising graphite and n electron-connected graphene layers, demonstrates notable porosity,
enhancing its surface area despite altering the graphene layer structure. Scanning electron
microscopy (SEM) analysis reveals pores on the surface of pyrochar produced from municipal
mixed plastic waste pyrolysis and chemically activated carbon (Figure 6.4 & 6.5). Activation
with phosphoric acid highlights these pores, which are of low volume but crucial for increasing
the surface area available for chemical reactions. This property is beneficial for achieving
progressive chain exchanges.

6.6 Mechanical and thermo-mechanical Properties

A thermomechanical analyzer was used to determine the Tg and dynamic mechanical
performance of activated carbon-epoxy vitrimer composites. The thermal characteristics of
pristine epoxy composites have been investigated. The TA Q-400em is effective in finding Tg
from temperature influenced aspect variations.
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Table 6.1 Glass transition temperature of epoxy composites

Material Ty (TMA)(°c)
EP-pristine 83
EP-0.1% 62
EP-0.2% 58
EP-0.5% 56
EP-1% 53

Table 6.1 displays the Tg values for virgin epoxy vitrimer, activated carbon-epoxy vitrimer
composites, and activated carbon-epoxy vitrimer composites with varying percentages of
activated carbon filler. EP-1 % exhibited the lowest Tg of all of the epoxy samples that were
investigated.

In addition, the absence of reactivity between epoxy and activated carbon promotes chain
mobility, which in turn makes it possible for there to be a greater amount of free space between
the particles and the matrix. As a consequence of this, chains that are close to the interface may
move through the free volume with relative ease, which increases mobility and decreases Tg
[263]. To improve chain mobility and achieve low-temperature self-healing capabilities, the free
volume space that exists between the matrix and the particles [264] may have resulted in a lower
glass transition temperature for all composites. However, the study reported that adding 1 wt%
activated carbon filler increases Tg somewhat, perhaps owing to amalgamation of activated
carbon in the epoxy matrix (Krishnakumar et al., 2020; Robert F. Landel, 1994).

The decreased Tg facilitates self-healing at modest temperatures as well as shape memory in
materials. As a result, more study was conducted on composites containing up to 1% activated
carbon in the matrix. The variations that take place in the physical behavior of vitrimer epoxy as
a result of using cured pristine and activated carbon epoxy are outlined in Table 6.2. The
viscoelasticity of pristine epoxy vitrimer and activated carbon-epoxy vitrimer composites was

investigated at different temperatures (Figures 6.6 and 6.7). In the high activated carbon sample,
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the storage modulus (52.2 GPa) (EP-1%). Figure 6.6 shows a steady rise in storage modulus with

nanofiller, and Table 6.2 shows the achieved values.
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Figure 6.6 Storage modulus for epoxy vitrimer
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The wavy structure of activated carbon may aid effective intercalate interlocking with polymer
matrix, thereby increasing modulus [52]. The loss modulus (E”) (Figure 6.8) also shows the
material's viscoelasticity (E™E”). The shoulder peak (Figure 6.6) represents the rubbery area of
the vitrimer materials following Tg. The glass transition temperature (Tg) of the epoxy vitrimer
was decreased by adding 1% activated carbon to EP-1. With the addition of fillers, Tg decreases,
resulting in a low-temperature rubbery zone in vitrimeric composites. (Robert F. Landel, 1994)
As a result, the solid to rubbery phase shift temperature was completely dependent on material
viscoelasticity (storage and loss modulus). (Guadagno et al., 2011).

The stress-strain relationship of developed vitrimer composites was determined using three-point
bending tests at 313 K. According to Fig. 6.8, EP-1 % has a greater flexural strength than EP-
Pristine and (Table 6.2). By combining activated carbon with epoxy composites gain stiffness
and bending resistance while reducing strain-at-break. (Bortz et al., 2012). The use of activated

carbon fillers enhanced the flexural modulus from 0-9.4%

The pure epoxy sample has a lower flexural modulus than EP-1%. The variation in
flexural mechanical properties that is caused by nanocomposite depicted in figure 6.7. Table 6.2
contains a comparison of the flexural parameters (strength and strain on breakdown) of standard

epoxy matrices and vitrimer epoxy matrices (Ebnesajjad & Landrock, 2015).

Table 6.2 Mechanical properties epoxy AC nanocomposites

Epoxy material | Storage Flexural Flexural Flexural modulus
modulus (GPa) | strength strain%
(GPa)
(MPa)
EP-P 42.3 19.4 0.05 325
EP-1% 53.5 19.2 0.11 15.7

6.7 Dynamic properties

6.7.1 Stress relaxation

By performing stress relaxation analysis on the epoxy composites, which is designed to
determine the relaxation modulus of malleable materials, it has been verified that they exhibit
vitrimer behaviour. (Ogden & Guan, 2018). In this study, an EP-pristine stress relaxation
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investigation was carried out, and the resulting time-dependent relaxation modulus was plotted in
accordance with the data received from their temperature measurements. The high relaxation
rates reported in the material are suggestive of a fast dislufide exchange in the substance.
Because of the relationship between temperature and relaxation time, a shorter relaxation period
corresponds to a quicker disulfide exchange rate. The temperatures of 330 K, 343 K, and 353 K
used in the experiments resulted in relaxation durations of 112.8 s, 40.8 s, and 34s, respectively.
The obtained findings indicate that there is a quick exchange response after Tg and that the
imposed tension is rapidly relaxed. By using an Arrhenius equation (1), the acquired data were
displayed, which allowed for the calculation of a low activation energy (Jousseaume et al., 2002)
* =10 exp (E4/RT) 1)

Ea = 59/KJ mol?

Some hypotheses attribute this by the availability of activated carbon, that has a lower
epoxy vitrimer crosslinking density and higher viscosity. The growth of surface area between the
matrix and filler, on the other hand, was revealed to be the most essential factor in the lowering
of the glass transition temperature (Sun et al., 2004).Generally, when viscosity exceeds 102 Pa.s,
it is necessary to consider the temperature of material topology transition shift. (Dyre, 2006).
Using Maxwell's and Arrhenius' equations, the projected topological freezing transition

temperature (Tv) was calculated to be 19°C as a result of this typical study.

6.7.2 Self-healing

In order to study the self-healing behaviour of the produced samples, a temperature value
of 348 K was used. The findings indicate that the samples had considerable self-healing effects.
This had been anticipated as self-healing will be associated with lower temperature, which will
be beneficial in lowering the Tg, where the S-S bonds will be able to reorganise more quickly at
the lower Tg. As a result of the inclusion of the filler, the self-healing capability has been
enhanced, which is beneficial in accelerating and restricting the transit of disulfide groups. Self-
healing at a low temperature has been achieved for the EP-1 % sample, which was effective in
bringing the Tg down to a lower value. A razor blade was used to split the test specimen in half,
and the parts were instantly assembled at 348 K for 5 minutes with the use of a tweezer to assess
their bond strength(Olowojoba et al., 2017). The effectiveness of the healed samples was
determined using flexural testing, and the stress-strain correlations of the healed samples were

presented in Figure 6.9 for two different healed samples.
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Table 6.3 After healing, the flexural modulus varies.

Sample EP-x%

Before healing (GPa)

After healing (GPa)

1st 2nd
EP-pristine 34.2 28.7 20.9
EP-1 39.8 34.6 32.3

No changes in flexural strength were seen after healing, however the flexural modulus was
significantly reduced as a result of the higher strain, by the data in Table 6.2. Specifically, this
decrease establishes the upper limit for crosslinked chains and is related to the drop in crosslink
density. (Florea et al., 2015; Guadagno et al., 2018). After healing, EP-pristine and EP-1 %
returned to 72% and 83% of their flexural modulus, respectively, and the second healing cycle
demonstrated a 60% and 75% increase in flexural modulus, respectively (Figure 6.9). So, the
reported values proved to be useful in determining the healing efficiency that had prevailed, and

it was identified that carbon pyrochar generated from municipal mixed plastic waste pyrolysis

was good in achieving effective healing.
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Figure 6.9 EP-pristine healing represented stress-strain curve.
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Figure 6.10 EP-1% healing represented stress-strain curve.

6.8 Summary

This study suggests that activated carbon could be used as a filler in an epoxy vitrimer
composites. Chain exchanges were possible due to the enormous surface area of activated carbon
in the AC-epoxy vitrimer composites. Self-healing was observed in virgin epoxy vitrimer at
80°C for 5 minutes; however, when activated carbon was added, the material self-healed at 348
K for 5 minutes. When the EP-1 % composite (which includes 1 wt% AC) is compared to virgin
epoxy vitrimers, the EP-1 % composite has 17 % stronger flexural strength and modulus, as well
as a 16.9 % rise in modulus. In flexural experiments, vitrimer composites containing 1 wt% AC
(EP-1) demonstrated an 83 % and 75 % recovery efficiency after two repeated healings.
Composite vitrimer research will be important in the future to see environmentally friendly

vitrimer composite materials for practical applications.
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CHAPTER 7 : CONCLUSION

In this work, four objectives were framed, as discussed in the initial sections, with Objective
Il:

To optimize plant operating parameters and work on cheaper catalysts to improve yield
pattern. Pyrolysis is a well-known process for transforming municipal mixed plastic trash into
useful fuel. The Centre for Alternative Energy Research (UPES) has developed a lab-scale
pyrolysis reactor. The experiments were carried out with the assistance of a fixed-bed tubular
reactor, which was responsible for the production of hydrocarbon fuels. The process parameter
like temperature, residence time, heating rate, and catalyst % were optimized in this lab scale

reactor. After optimising the parameters, a pilot scale reactor was design and fabricated.

The same was addressed in Objective I: To design and develop a pilot scale demonstrable
pyrolyzer for rural areas. The pilot scale reactor having capacity of 5 kg. the reactor and
condenser are made using stainless steel because of the reactor operating temperature of around
723 K. A 72.4 wt % yield of liquid fuel was achieved using mixed plastic wastes under the

optimal operating parameters specified.

In Objective I11: To produce liquid and gaseous fuels as well as pyro char through fast
pyrolysis of plastic wastes. In fast pyrolysis of Mixed Municipal plastic waste conversion into
liquid hydro carbon fuel, non condensed gas, pyro char. Hydro - carbon fuel generated from
MMPW has high heating value and high concentration of aliphatic hydrocarbons that
supports its application as a substitute to conventional fuel. The features of pyrolysis of
municipal mixed plastic waste accessible at university revealed that it is a possible hydrocarbon

fuel that can be used to generate heat and electricity.

In the next section of this work, i.e. Objective IV:To evaluate performance of IC engine fueled
with plastic waste pyrolysis oil. The result obtained from the engine performance of 30% liquid
hydrocarbon blended diesel recommends employing retrofitting technologies, such as air mixture
homogeneity, which lowered NOx, smoke and HC emissions from standard diesel engines using a
mixture of liquid hydrocarbon fuel. The external mixture production strategy can be used cost-
effectively with a standard engine with only minor intake manifold changes. Cooled EGR
controlled up to 10% of PCCI combustion. The PCCI engine's EGR postponed combustion. PCCI
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engines have low-pressure, early burnout. The study found that under intermediate and higher

loads, the test engine's brake thermal efficiency using liquid hydrocarbon fuels decreased.

At all load activities, the engine's efficiency with liquid hydrocarbon fuels was almost as good
as diesel fuel. Liquid hydrocarbon fuels, which omitted nitrogen oxides, created more carbon-
based pollutants at intermediate and higher loads than diesel fuel. Activities with lower loads
revealed minimal variation in the pollutants. High loads resulted in lower in-cylinder combustion

chamber temperatures, which decreased nitrogen oxide emissions.

Diesel PCCI combustion engine at 30% and 15% diesel-blended liquid hydrocarbon fuel
vapors induction may perform better with exhaust gas recirculation. At the full load (100%), HC,
CO, NOx, and smoke emissions were 0.585 g/kW.h, 1.16 g/kW.h, 4.96 g/kW.h, and 50 %,
respectively with 30% fuel vapor and 10 % EGR. At the full load (100%), HC, CO, NOx, and
smoke emissions were 0.692 g/kW.h, 0.95 g/kW.h, 5.46 g/kW.h, and 53 %, respectively with
15% fuel vapor and 10% EGR. So as per findings 30 % liquid hydrocarbon fuel blended with
diesel shows more efficient for especially HC, NOx, and smoke emissions reductions compare
with 15 % liquid hydrocarbon fuel blended with diesel. While NOx and smoke emissions
dropped, HC and CO emissions rise, supporting earlier findings. The PCCI engine releases less
NOx and smoke, per a recent study. Comparing PCCI's operation to conventional diesel and
engine operation using liquid hydrocarbon fuels, we can see that it was functioning with
improved performance and emissions. Engine performance and emissions were enhanced using
liquid hydrocarbon fuel from municipal mixed plastic waste recovery and recycling technologies
used after exhaust gas emissions, such as selective catalytic reduction, can lower HC and CO
emissions. In the future, diesel engines might be replaced by PCCI technology with less than
10% EGR and SCR technology.

Additionally, activated carbon could be used as a filler in an epoxy vitrimer composites.
Chain exchanges were possible due to the enormous surface area of activated carbon in the AC-
epoxy vitrimer composites. Self-healing was observed in virgin epoxy vitrimer at 80°C for 5
minutes; however, when activated carbon was added, the material self-healed at 348 K for 5
minutes. When the EP-1 % composite (which includes 1 wt% AC) is compared to virgin epoxy
vitrimers, the EP-1 % composite has 17 % stronger flexural strength and modulus, as well as a
16.9 % rise in modulus. In flexural experiments, vitrimer composites containing 1 wt% AC (EP-

1) demonstrated an 83 % and 75 % recovery efficiency after two repeated healings. Composite
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vitrimer research will be important in the future to see environmentally friendly vitrimer

composite materials for practical applications.

7.1 Future work/scope

>

Evaluate the feasibility of using non-condensed gas, a byproduct of plastic waste
pyrolysis, as fuel for gas engines.

To conduct a detailed economic, environmental analysis and investigate the correlation
between fracture energy and the results of the wedge-split fracture test in composite self-
healing materials for industrial scale.

Explore techniques to upgrade the pyrolysis products, such as upgrading the liquid
fraction to produce higher-quality fuels or chemicals.

Conduct a detailed economic analysis to assess the feasibility of large-scale waste plastic
pyrolysis plants, considering factors such as capital costs, operational costs, and revenue
from product sales.

Evaluate the environmental impact of waste plastic pyrolysis, including emissions,
energy consumption, and waste generation, to ensure it is a sustainable waste
management solution.

Explore the integration of waste plastic pyrolysis with other processes, such as co-
pyrolysis with biomass or waste tires, to improve overall process efficiency and product
diversity.
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