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Abstract

This research focuses on the pyrolysis of waste plastic, waste tire, and 1:1 mixtures

of tire and plastics using a fixdzed reactor with the aim of determining the influence

of co-pyrolysis on the yield and composition of the product oils and gasesiqguite |

oil produced from the pyrolysis of tires and polystyrene (PS) was mostly composed

of aromatic compoundsuychas BTEX ref ers t o benzene, tol
Xyl eangi EAHs refers to foranebhampleae, nahken
pyrene and f | uor eheligaichod fornddéanrthe gyeolysiswfa t i v e
high density polyethylene (HDPE) and low dengityyethylene (LDPE) was mostly

waxes of high molecular weight consisting of aliphatic compounds, composed of a
series of alkanes, alkenes, and alkadienes. Polypropylene (PP) produced more
alicyclic compounds, such as metltyiclohexane. Polyethylerterephthalate (PET)

pyrolysis oil consisted of compounds such as xylene and styrene but was mainly
composed of oxygenated compounds, such as benzoic acigyrGlgsis of 1:1

mixtures of tires and individual plastics involved interaction, resulting in significantly
higher yields of gas than expected for all the plastic mixtures. The oil produced from

the co-pyrolysis of the tire with polyalkene plastics showed interaction between the
polymer pyrolysis products, resulting in higher yields of aliphatic compounds and

lower yields for BTEX, PAHSs, alicyclic, and aromatic compounds.

The study also investigated the pyrolysiéalysis of waste plastic, waste tire, and a
1:1 mixture of the two materials using a tstage fixeebed reactarZSM-5 is used

as a catalyst to investigate the influence on product distribution and composition of
gases and oils. The results showed that pyrebyatalysis of tire over ZSNb reduced

oil yield from 54.83 wt.% in thermal pyrolysis ®7.30 wt.%in pyrolysiscatalysis

with an increase in gas yieftom 8.69 wt.% in thermal pyrolysis @®4.65 wt.%in
pyrolysis-catalysis.Pyrolysiscatalysis of HDPE, LDPE, PP, and PS, also showed
increased gas yields, mainly consisting of hydrocarbon€4y; while decreasing oll
production. PS produced the lowest gas yield, while PET produced the highest, with
CO and CQ being the main gases generated. The pyrolysis of individual tire and
plastic over ZSM5 produced valuable chemicals such as benzene, toluene, ethyl
benzene, xylenes, and styrene. The efficiency of Z5M minimize the heavy
aliphatic fraction wasigh, on the other hand, the ZSBAwith low deactivation by

coke deposition and a high selectivity to produce light olefins.



The copyrolysiscatalysis of the tire and plastics with the ZS&\tatalyst showed
interaction between the tire and plastics which changed the composition of the product
oils and gases over what would be expected from mere ad@itasticsco-pyrolysed

with tire and the presence of ZSMcatalyst promoted the high production of the
aromatic content, particularly BTEX compounds at the expense of aliphatic content.
Tire/HDPE, Tire/LDPE, and Tire/PP mixtures showed a reduction in aliphatic and
heavy moleculaweight compounds when qayrolysed with tires, and the presence

of a ZSM5 catalyst increased the production of aromatic content, particularly BTEX
compounds. Tire/PS mixture produced aromatic compounds, and the addition of the
ZSM-5 catalyst increasedr@maticsat the expense of styren€ire/PET mixture
producedBTEX andaromatic(r ef er s t o benzene derivati
t er phenyl comaoundsdue to dhe selectively of ZSH that promotes the
decarboxylation of the oxygenated compdsi, and igave high gas yieldsf mainly

CO and hydrocarbons

The pyrolysiscatalysis of waste plastic, waste tire, and 1:1 mixtures of tire and
plastics was conducted over the ME@NI/ZSM5 catalyst layer to determine the
influence of two catalysts in series on oil and gas composition. The MCiith a
higher pore ige was followed by ZSM with a smaller pore size. The pyrolysis
catalysis process optimizes the conversion of plastic pyrolysis products to low
molecular weight hydrocarbon fuels and chemicals. The production of gases during
catalytic pyrolysis increasest the expense of oil yields, with oil yields of 39.50,
57.25, 53.50, 58.50, 77.00, and 36.75 wt.% for Tire, HDPE, LDPE, PP, PS, and PET,
respectivelyThehighesthydrocarbon gasegereproduced from the tire and plastics
while PET produced the highest gas yielith more CO and C® Applying the two
stageMCM-41/ZSM5 has the advantage in the cracking of HDPE, LDd?te PP.

The primary products can pass through the large pores of MTCNhen followed by
ZSM-5 with (strong acidic sites and small pores) that promote the formation of light

aromatic hydrocarbons and increased the production of BTEX.

The copyrolysis of tire/plastic mixtures over MGMIL/ZSM-5 catalyst in series
showed an increase in gas yields compared to the individual tire and plastics results.
The major influence of the egoyrolysis was the reduction of paraffin and olefin

compoundsAccording to literature, the high crackind long chain polyolefins and

Vi



the interaction between hydrocarbon radicals produced from tire rubber and the
radicals produceffom the thermal decomposition of PE anddaBsed the reduction

of both aliphatic and alicyclic contents in the mixtures of Tire/HDPE, Tire/LDPE, and
Tire/PP. Tire/PET showed negative values of interaction for the oxygenated
compounds.
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Chapter 1: Introduction

1.1 Waste hydrocarbors

1.2 Plastic waste management

Plastics are a specific type of solid waste made from synthetic polymers derived from
petroleumbased hydrocarboris and they are also made from a variety of soft
synthetic or semsynthetic organic materials that are moulded into solid objects of
various shapés Tiresare made from natural and synthetic rubber, fabric, wire carbon
black, and chemical compountl&

Plastics play a significant role in human daily lives, and their increasing reliance is
justified by their versatility, light weight, and low production cost in comparison to
other traditional substances such as wood, concrete, anc.nfdtas$, plastics are
widely used in a variety of industries, including construction, engineering
applications, automotive, electronics, medical, packaging, focahd other

application8®.

Waste plastic has negative issues due to incorrect disposal that can cause
environmental pollutioh For example, 6.3 billion tons of plastic waste was generated

in the last six decades, and 60% has been accumulated in waste lghdftis
environmental impacts of plastic wastes have been associated with water pollution
and air pollution through landfill and incineratfd as well as increasing the risk of

fire and human health hazaltl Moreover, microplastics derived from waste plastic
disposal in the marine environment are transferred to the food chain and can enter the
human body through the ingestion of fish or marine orgafi¥irithe management

of plastic waste needs more attention as it becomes a serious global issue that requires
control, as well as effective waste managerieimt 2020, the European Union
(EU27+3) collected more than 29 million tonnes of plastic-possumer waste. It

was also reported that ol@rd was delivered to recycling facilities around the
EU27+3, while more than a quarter was disposed of in landdiid more than 40%

was diverted to energy recovery operatidngurthermore, Figure 1.1 shows the

annual growth rate over the period of 2a0®0 for the management of end life
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plastics, which shows a reduction in the disposal of these wastes in landfill which is
about 46.4%. Moreover, recycling and energy recovery increased during the period of
20062020 by around 117.7% and 77.1% respectively

2006-2020 evolution P : ¥ s X
of post-consumer plastic &2 117.7% 4 77.0%  @s -46.4%
waste treatment in EU27+3
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Figure 1.1Plastic postonsumer waste and the annual growth rate over the period
of 20062020 for the management of end life plastics

1.2.1 Plastic production and demand

The economy and the population has grown over the years, which results in an
increase in the need for plasticsFor example, the worldwide plastic market was
valued at USD 568.9 billion in 201&nd is predicted to increase at a compounded
annual growth rate (CAGR) of 3.2 % from 2020 to 262Whenthe pandemic of
Coronavirus (COVIBR19) startedwhich has had a significant effect on the issue of
plastic wasté+1° It was reported that worldwide plastic packaging industry would
expand at an annual growth rate of 5.8.%ccording to Plasticsthe Facts 202%,

the total plastics demand reached 49.1 million tonnes in 2020. According to Plastics
the Facts 2024, the European plastic production reached 54 milikomes in 2023

with 79.4% from fossil based sources, as shown in Figure 1.2(a). Polypropylene was
the most produced plastic at 15.7%. Figtir2 (b) shows the total global plastics

production in 2023 which was 413.8 million tonnes.
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Figure 1.2Plastics production in 2023, ggropean plastic production, (b) global
plastics production and the production soutee

1.3Tire waste management

As the global economy has grown and the development of the transport industry, the

production of tires is increasing each yédturopean Tyre & Rubber Manufacturers



Association ETRMA) has reported that abo289 million tires in the European Union
were sold every year, which was around 20% of the world nmf8rkETRMA has
compiled statistics on Eraf-Life Tyre (ELT) management for 2020 and 2021, that
includes 32 countries (EU28, Norway, Serbia, Switzerland, and Tdfkas/shown

in Figure 1.3.
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Figure 1.3 The Endof-Life Tire (ELT) management (recent data recorded 2020 and
2021Y)°.
About 75% of the end life tires were disposed globally in landfill, resulting in
significant concern on the environment and the high risk of fires and pollution.
Recently, several countries have paid more attention to the management and recycling
approache for waste tires’?°. For example, the rate of recycling waste tires in
countries such as USA, Canada, Australia, UK, Germany, Japan, China, and India has
increased in the recent years. The practice of recycling increased in Germany, China,
Australia, Japan, and Canada whiaported at 100%, 94%, 85%, 84%, 81%,
respectively. Thet i reado$ life dependson the recycling applicationin the
manufacturing industryFor examplan the concreteindustry, the crumb rubber is
commonly used to replace aggregatestwill increaseusing tires inconstruction,
andreduce environmental impaat$ landfill3.

1.4Challenges and prospects

Plastic wastas a major concern, and authorities are attempting to limit singge
plastic usag&. Endof-life tires can be treated and the into rubber particles e.g., rubber

chips, crumbs, and powder recovered, as well as the steel and nylon reinforcement
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wires®. The demand of these martials has increased with crumb rubber commonly
utilized as an aggregate replacement in concrBtastic and tire waste are a major
issue that require an efficient recycling procedure. Improvements in recycling
infrastructure, technology, and consumer education can result in improved recycling
rates, and decreasing the amount of waste transportead6lls and incineration
facilities?>. Mechanical recycling is the physical conversion of plastic and tire waste
into new product without affecting their chemical structure. Thermochemical
conversion procedures include the chemical transformation of plastic and tire waste
into useful produet using heat and chemical reactions. Gasification refers to heating
plastic waste to high temperatures, resulting in syngas that may be utilized as fuel or
feedstock. Pyrolysis, on the other hand, degrades plastic into smaller molecules,

resulting in pyroysis oil, gas, and chér.

1.5Waste plastics and tires as an alternative source of vahszlded

chemicals and energy

Many researchers considered waste plastics as an essential resource to create new raw
chemical materials through the chemical recycling to extract value fromvaste
Plastic waste can be converted to a secondary raw material such as monomers or
pyrolysis oil. On the other hand, recycled waste material can produce new plastics,
and thepyrolytic oil can be chemically treated through a steam cracker that can replace
fossitbased feedstockd. Recently, the research focus has been more on fuels such
as hydrogett23gasoliné*25 and ultralow sulphur dieset® that are produced from
plastic wastes and recycled plastiearthermore, producing cleaner fuels with a high
molar ratio of hydrogen to carbon is one of principal goals of waste conversion
processes to fuels, with the aim of reducing fossil fuel consuniptRyrolysis is an
effective process for waste reduction and energy densification of the conversion

products®.

Utilizing waste tires as energy sources, is advantag€obsr example, waste tires
can be used as an alternative fuel in cement kilns to generate €nhditgjg source of
energy in the cement industry, makes it a -efftdctive way to meet their high

temperature requirements. In the United States, it has been predicted that 53% of used



tires can meet the fuel demafidand that has been applied in the cement and paper
industries that use scrap tires for 68 % of their energy dendands

1.6 Pyrolysis

Plastic and tire wastes are converted into gases, oil, andttutvargh pyrolysisat
temperatures of around 5050 °C for plastics, while at 30®00 °C for tire in an
oxygenfree environment with or without catal§st. Researchers are currently
focused on pyrolysis of plastic waste and tires to produce liquid fuels in order to
address the depletion of liquid fossil fu#lsThe oil produced by the pyrolysis process
contains more contaminants and residti#sAs a result, the catalytic technique is
preferred to upgrade the quality of the pyrolysis é&i. Pyrolysis and catalytic
pyrolysis will be investigated in this project as well as the influence of parameters
such as, temperature, type of feedstock, and the type of catalyst on the product yield.

Figure 14 shows the pyrolysis process (thermal and catafytic)
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Figure 14 Classification of pyrolysis process.



1.7 Research an

Plastics and tire are the two major solid wastes which caffibently copyrolyzed
to produce liquid fuels with valuable compounds such as, benzene, toluene, and
xylene. The cepyrolysis also enhansesnergy recovery and reduce the economic

process of the individual pyrolysis of waste plastic and tire.

The aim of this research is to investigate the interaction of waste tires and waste
plastics during pyrolysis and pyrolysiatalysis to produce high value fuels

and chemicals

1.8 Research objectives

[1] Pyrolysis of polymeric plastics and tire waste for the production of higher value
liquid fuels and chemicals, investigating the pyrolysis process. To understand the
changes in composition due to interaction of waste plastics and waste tires during
pyrolysis.

- Using tires, plastics, and mixtures (tire and plastic).

- Investigate the influence of process parameters on the yield and composition
of the product oilssuch as using different type of plastics with tire

- Analysing the products particularly oil and its quality in terms of chemical
composition (e.g., benzene, xylene, toluene)

- Investigate the synergetic value (fp&astic copyrolysis interaction effects).

[2] Pyrolysis with catalytic upgrading of polymeric waste for the production of higher
value liquid fuels and chemicals, investigating the pyrolgaislysis process. To
understand the changes in composition due to interaction of waste plastics and waste
tires.

- Investigate the influence of process on the yield and composition of the
product oils such as the type of catalyst that was used to enhance the
pyrolysis-catalysis process

- Investigate the influence of catalyste the yield and composition of the
product oils.

- Investigate the synergetic value (tpkastic cepyrolysis interaction effects),
to understand the impact of mixing waste tire with different plastics in relation

to the yield and composition of the product oils and gases.



Chapter 2: Literature Review

2.1 Introduction

The utilisation of waste plastic for energy production by pyrolysis, which turns low
grade and noibiodegradable plastic wastes into liquid oils, syngas, and char is of
growing research interedt This method, which alleviates the global energy problem
and lowers the environmental impact of wékté is gaining traction in researéhin

this chapter, the literature related to the pyrolysis and pyretggadysis of waste
plastics and waste tires is reviewed, in relation to the production and composition of

liquid oils and gases.

2.2Properties of plastics

The two main types of plastic are thermoplastics which soften when heated and harden
again when cooled and thermosets which harden by curing and cannohbelded.
Thermoplastics are by far the most common types of plastic comprising almost 80%
of theplastics used in Europe, they are also the most easily recyclable. Thermoplastic
polymers can be recycled through various methdd produce fuel or valuable
products®®. As plastics are polymeric chains, they are categorized as linear, branched,
or crosslinked, depending on the structural foth#® The most common plastics
found in municipal solid wastare highdensity polyethylene (HDPE), lodensity
polyethylene (LDPE), polypropylene (PP), polystyrene (PS), and polyethylene
terephthalate (PETS, whichwill be discussed in detail this review

Theultimateandproximate analysis have been reported for different types of plastics
which are presented in Table 2.1 and2?2° These plastics are the main solid wastes
that are going to be investigated in this reseaRiastics contain high volatile matter
content which is above 30t.% as well as high carbaand hydrogen that make plastic

waste an ideal for pyrolysis in terms of producing large ansmiriiquid oil and gas
39



Table 2.1Ultimate analysis of different plastic wastés

Plastic Types Carbon Hydrogen Oxygen Nitrogen Sulphur

HDPE 78 13 4 0.06 0.08
PP 84 14 1 0.02 0.08
PS 90 9 1 0.07 0.08

PET 77 13 5 0.20 NA

Table 2.2Proximate analysis of various plastic types
Plastic Types MoistureContent Fixed Carbon VolatileMatter  Ash Content

HDPE 0.0 0.3 99.8 14
LDPE 0.3 0.0 99.7 04
PP 0.2 12 97.8 19
PS 0.3 0.2 99.6 0.0
PET 05 7.8 91.8 0.1

2.2.1 Polyethylene

Around 100 million tons per year of polyethyleneli@)is produced worldwide, it

is the cheapest and most produced type of plastics and is mostly comprised of HDPE
and LDPE*.. HDPE is one of the most versatile of plastics and used in detergent
containers and bag$. HDPE is higher in density, whictanges from 0.93 to 0.97

glcn?., It also has strength and tol erance
structure consists of many branches, resulting in relatively lower densityq@41

g/cny) 1337 as showrin Figure 2.1. LDPE is used in food packaging, and grocery
bags, and is considered stable to gdmses, alcohols, and esters while it has less

stability to active oxidants, aromatic, and aliphatic hydrocarbbns

52

H2 HDPI

AR

LDPI

Figure 2.1 Structure opolyethylenga) HDPE and (b) LDPE



2.2.2 Polypropylene

Polypropylene (pp) (§He)n is a polymer in a linear hydrocarbon chain, it has a lower
density(between 0.90 and 0.92 g/cd#than HDPE, higher softening, rigidity, and
toughness®. It has weaker chemical resistance to actix@&lants and nompolar
solvent$’. However, PP is resistant to the raxidising acids and bases, fats, and
organic solvents. It is used in packing products, storage boxes, plastic mouldings,
plastic tubs, stationary folders, nabsorbable sutures, diapers, car bumpers, pails,

carpets, ad furnituré“*3. Figure 2.2 shows the structure of PP.

— -

L In

Figure 2.2 Structure of polypropylene.

2.2.3 Polystyrene

PolystyrenédP9), (CeHs)n, is also known as (polyvinyl benzer#é)Its heat resistance,

as well as its reasonable durability, strength, and lightweight, make this polymer ideal
for usage in a wide range of industries, including food packaging, electronics,
construction, medical, appliances, and té&¥/$-igure 2.3 shows the structure of PS

with the monomer styrene (C H ) as repeec

L In

Figure 2.3 Structure of polystyrene.

2.2.4 Polyethylene terephthalate
Polyethylene terephthalat®ET), (Ci0HsOas)n is a semicrystalline polymer and is
considered one of the wor |l d®6%PEThasgeatst ma

mechanical properties and low manufacturing costs, thus is used for bottle
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applications, electrical insulation, printing sheets, magnetic tapesyXand other

photographic filmg“. Figure 2.4 shows the PET structure.

Figure 2.4 Structure of polyethylene terephthalate.

2.3 Pyrolysis of waste plastics

Pyrolysis is a technique for plastic waste treatment to produce liquid oil as the source
of energy as well as the gases and ¢hafhese products can be used directly to
produce clean enertfy The pyrolysis process depends on thermal cracking in an inert
atmosphere with or without a catalyst at temperatures above 400 °C resulting in
breakdownof the long chin polymer into sma#lr hydrocarbon molecule¥:3°4547
Pyrolysis can be classified into slow, fast, and flash which is depended on the
performedheating rate antemperature®. In slow pyrolysis process, temperasire
between 350 and 550 deapplied to produce liquidil, gas, and char, the production
may be varied according to the feedstock and the working conditidrest pyrolysis

is operated at temperature ranges between 500 and 700 °C, and the main product of
fast pyrolysis is liquiéf. Flash pyrolysis takes place at temperature above 700°C, and

that can meet high production of gaSes

2.3.1 Pyrolysis mechanism of the waste plastics

The degradation mechanism plays a significant role in the pyrolysis of plastic waste.
Pyrolysis of the plastic produces free radi#1$2 Then several reactions take place

via scission reaction at the beta position of the polymer chain which produces small
chain hydrocarbons with a higher amount dfas free radical. At low pyrolysis
temperature, the degradation is usually followed by@rain beta scission compared

to the random chain as it requires less energy to breakdown, resulting in producing
more norcondensable hydrocarbon gagésRandom and end chain beta scission
reaction produces a pyrolytic oil {Cs4). Radical recombination (depolymerization)

followed by intramolecular hydrogen shift results in the formation of of&firs

11



higher temperatures, polymer degradation is mediated by side chain elimination
followed by alpha scission proceseeating heavier hydrocarbon fractions in the
pyrolytic oil, which can be validated by the presence of wax comporiénthe
breaking of the sigma bond &pond) generally occurs due to alpha scission which
utilizes a high amount of dissociation energy compared to beta sci¥sibor
example, theltermal degradation of the polyethylene polymer is complicatadhe
initiation reactions that occur in the reactor can be explained in the following

equations’.

- End-chain scission or unzipping (depolymerisation)
M*n- M*n1+ M (2.2)

M*n1- M*n2+ M (2.2)
- Randomchain scission or fragmentation
M*n- Mx+ My (2.3)

When thehermal degradation of PE by the random chain scission mechaodsms,
thenfree radical fragmestare producetf*8 Thehydrogen chain transfer react®n
also occur, these free radical fragments can fmde range of hydrocarbons such

as alkanes (CCe0), alkenes and alkadiené% Sakata et al*® and Vasile et al®°
reported that PE produced long chain hydrocarbons and that may depend on the
reaction conditionsAs shown irFigure 2.5conventional pyrolysis of HDPE involves
random chain scission, which consists of three steps: initiation (the formation of a
radical), propagation (via intramolecular and intermolecular hydrogen transfer), and
finally termination through recombination d@he free radicals to form alkanes,
alkenes, andienes. In a linear hydrocarbohain, the fourth carbon typically has the
weakest GC bond. This means that the chain will break far from its end, resulting in
larger moleculesThis mechanism explains the low gas yields proddoea the

thermal pyrolyss of polyethylen€.
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Figure 2.5Schematic representation of the random chain scission mechanism of
high densitypolyethylene, (ajnitiation, (b) propagationand (cltermination
Adapt a*% on of

Similarly, PP also follow the random chain scission degradation that prositiee

free radicals which beta scission to produce monomers stabilized by intramolecular
or intermolecular hydrogen transfé&*’. However, it is suggestedhat end chain
scissionto bethe possible mechanism, when the carbon alpha end groups are large,
such as the methyl group in polypropylene or the phenyl group in polystasthe,
intermolecular hydrogetransfer (which is required for the random scission) and this
step becomes difficult (steric hindrance), which leads to depolymerisation or

unzipping(end chain scissiongnd increased monomer yield>

In the case of PS, the thermal degradation is started by end chain scission, and beta
scission occurs as PS degrades at a lower temperature comparetf td frREside
elimination and the aromatic polymer structure of PS lead to produce high
concentrations of the aromatic products particularly styfefiero mechanisms such

as endchainscission and random scission that occur as the initial step during PS

degradatior?®. The following equations demonstrate the d&gradatiormechanim
47

End chain scission mechanism

.98

PS Ry R, (2 4)
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Random chain scission mechanism
QOO0 QQ QQ
— o t
PS Rg R,

The thermal degradation of PH®llows the random scission of the chain which

(2.5)

occus at the ester linkage, resulting in carboxyl and vinyl ester gréupdartin-
Gullon et al.>® and Holland and Ha§’ reported that the thermal decomposition of
PET undergoes two main parts and that includes intramolecular back biting,tdnd C

hydrogen transfe. Figure 2.6 presents the degradation mechanism ofPPET

o
cyclic oligomers

B-C-H hydrogen transfer

Figure 2.6 Degradation mechanism of polyethylene terephthadatt.a pt at i on
44,57

2.3.2 Thermaldegradation of waste plastics

The thermal degradation of the plastics is very important for the study of waste
pyrolysis and can be investigated using thermogravimetric analysis (TGHWS.
thermal analysis process depends on the weight loss during the increase in temperature
in an inert atmospher@&he TGA produces two types of thermogréin®): (i) the first

TG curve measures the weight changéhefsubstance with temperature and tithe

While (ii) the second differential mass loss (DTG) curve gives information on the

degradation steps. These indicators can explain the optimum temperature ranges when
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the substance starts the thermal degradation, the peak temperaterghtfoss and
the end of the degradation procéss

The thermal degradation of polyethylene terephthalatermined by TGAshowed

that the thermal degradation of PET occurred atemperature range of 36820°C

38, In the case ofiDPE, the study by Chin et a?® showedthatthe HDPEthermal
degradation started at 3704 °C. Marcilla et al.®° reported the maximum
degradation rate of HDPE appeared at 467%% However, Ahmed et af! found

that the highest thermal degradation of HDPE occurred at@50ith high liquid

yield (80.88 wt.%). Chin et al® investigated the conditions of HDPE thermal
degradation using TGAtdifferent heating rates in the range of 20 °C mint, and

it was found that high heating ratean speed up the weight loss, resulting in the
increases in the rate of reaction. Polypropylenas a | ower t her mal
temper at ur eccardngto MaiciaPeE af® who reported the maximum
degradation for PP at 447 °C doehe composition of PP which allows the formation

of tertiary carbocatiowhen the degradation occurré#$?% J u n g ° énvestdted

the influence of temperature on HDPE and PP pyrolysis in a fluidized bed reactor,
they reported that the primary degradation of HDPE and PP occurred between 400
and 500 °C, based on derivative thermogravimetry analysis (DTG) curves. However,
it was demonstrated that the weight loss of the PP fraction started at lower

temperatures below 40C when compared to the HDPE fractid

Polystyrene has the | owest degradation t
and was investiga} efhdedy fOonwnudithatett la¢ . P
coww |l dvairékd at a temperature oyi &B@AC a
achievedf3atCoAmsseguCent |l y, the thermal deg
in the ridMde ACf. IHO was performed for e
i de
the ther mal degradation .prgbr ke 2t e s b a
X
n

Vi

(7))

ntify the optimum temMdieamd adfeef ooratl etdh

i mum degradation ini49@ACemP®randr P
gle step decompositionst avde | ke PEMmpandi
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S i
The thermal degradation of plastics fronm
i's fol |l ®wderge T EBHHSS .
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Figure 2.7 Thermogravimetric analysis (TGA) of PS, PE, PP, and pl&Stic
wasteAdapt a%.i on of

2.3.3 Product yield distribution of pyrolysis of waste plastics

The product yield distribution is mainly dependent on the operating conditions
through the pyrolysis process that is required to produce significant yields of the target
product. Thepyrolysis ofeachtype of plasticproduces oil, gas, and chaelds that

may have a variation in quantity and qualityhich is reported in various studies
45,6566 | jquid oil is considered the essential product of the pyrolysis of different types
of plastics, as it can be produced in high yield ofta®5 wt.% 6. The thermal
degradation of plastics produces an oil/wax product which depends on the pyrolysis
temperature and the temperature of condensation. For example, it has been reported
that pyrolysis of PE produced wax instead of liquid oil and that was attlibmuteng
carbon chain that is present in the PE strudfie PS showed the maximum yield of
liquid oil (80.8wt.%); less yields were reported for gases \#36) and char (6.2
wt.%) in comparison to other types of plastic w&st®©nwudili et al.53 report a very

high liquid oil yield of about 97 wt.% at an optimum temperature of’@%hile the

gas yield was very low at around 2.5 wt.%hermal pyrolysis ofPP produced
relatively less amounts of liquid oil (4&2t.%) and char (3.5vt.%) along with high

yield of gases (54.&t.%) *>%7. Generally the pyrolysis of HDPE, LDPE, PP, PS, and
PETwas shown tproduce gas compounds which include hydrogen, methane, ethane,
ethene, propene, propane, butane and butene. PET produced nnarel@® due to

the presence of oxygen in the polymer struéfu@enerally, the ib produced from

the plastic wasteonsists ofliphatic, monearomatic and pokaromatic compounds

16



which are producethrough the degradation of the carbloonds, which includes

radical reactions, hydrogen transfers, cyclization, and aromatization re&éibns

2.3.3.1 Influence of plastic types on product distribution and
composition
It is important to investigate the impact of several plastic waste types, including PS,

PE, PP, and PET, on the yield and quality of genemateducts, particularly liquid
0il*®. Each type of plastics will be discussed in more detail.

Polyethylene

Kumar and Singl® investigated the thermal pyrolysis of HDPE using a deatch
reactor at higher temperature range ofi4BD °Candreportedthatthe highest liquid
yield was obtained at 79.08 wt.%, ayakyield at 24.75 wt.% atemperature of 550
°C. Wax was obtained along with oil consistinggakoline, kerosene, and dietsgle
fractions.Marcilla et al.58 have conductethepyrolysis of HDPE at 550C, and they
reported theproduction of the oil yieldvas84.7 wt.% andyasyield at 16.3 wt.%.
Mastral et al®® have examined the pyrolysis of HDPE in a fluidized bed reactor at
650°C, they reportetheoil andgasyieldsat68.5 wt.%and31.5 wt.% respectively.
The daracteristics of the oil indicated by Sharma e#‘alising a batch reactor for
pyrolysis of HDPEshowed thdiquid yield was 74wnt.% which was characterized by
the presence of aliphatic, olefiand aromatic hydrocarbons were 96v8%, 2.6
wt.%, and 0.6wt.% respectively. The HDPE liquid oil has a high aliphatic
concentration which is approximated@ wt.% due to the HDPE structufé

Pyrolysis of LDPE has been investigated in different studies in terms of producing
high oil yield, as the structure of LDPE has more branching as compared to HDPE
that leads to weaker intermolecular foféeBagri andWilliams 7 investigated the
pyrolysis of LDPEin afixed-bed reactor at 500 °€, and a fgh liquid yield of 95

wt.% wasreportedwith low gas yield andbw charyield. Marcilla et al %8 carried out

for the pyrolysis of LDPEalsousing a batch reactor at 530, the liquid yield was
shown to be93.1 wt.%. Another study & temperatureof less than 500 °C was
conducted by Onwudili et af3® , where theyinvestigated the product yield ia
pressurizecutoclavebatch reactor (0i&.3 MPa) for LDPE pyrolysis at 425 °C, the
product yields were observed for liquid, gas, and emarwere reported &9.5, 10,

and 0.5 wt.% respectivelit. has been shown that the oil produced from the pyrolysis
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of LDPE was mainly aliphatic compound composed of alkanes, alkem&s,
alkadiened®. The concentrationf aliphatic chemicals decreased as the temperature
was increased. However, aromatic compounds had the reverse impact when the
temperaturevasraised as compared to aliphatic compounds. The concentration of
aromatic compounds (benzene and toluene) increased dramatictily @golysis
temperaturevasincreased. At temperatures ranging from 500 to 550°C, the liquid oil
contained no aromatic or polyaromatic hydrocarbons. However, increasing the
temperature to 700 °C resulted incansiderable rise in single ring aromatic
compounds and polycyclic aromatic compounds which were approximate.5

of the liquid oilcomposition Jaafar et al? reported the oil composition of HDPE, and
they found that linear aliphatic hydrocarbon from@s were produced with triple

peakscomprising alkanes, alkenes and alkadienes as simokigure 2.8.
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Figure 2.8 GC/MS chromatogram of HDPE pyrolytic oil at 450.°&daptation of %,

Polypropylene

Several studies havevestigatedhe pyrolysis ofpolypropylene PP to optimize its
products particularly the oil yield. Ahmad et &l.reported the pyrolysis of PP at
temperatures d@507 400°Cina st e e le ansiThexrasults showed that 69.82
wt.% of liquid oil was produced at a temperature of 300B@kata et al’® have
investigated PP pyrolysis at 380&@dshowed a higher liquid yield of 80.1 wt.%, 6.6
wt.% of gas yield and 13.3 wt.% solid residue. Another pyrolysis study piyRi¥ysis
has beertonductedby Fakhrhoseini and Dastani&h they reported a higher liquid
yield of 82.12 wt.% when the pyrolysis temperature appliag500 °C butat higher
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temperature> 500 °C they observed a reduction in the liquid yield. Demirbas
pointed out the PP pyrolysis at high temperature of 740°C in a batch reactor which
resulted in 48.8 wt.% liquid, 49.6 wt.g@s,and 1.6 wt.% char.

Polypropylene has low densiandis easilydegraded by following the chain scission
mechanism of € bonds. Furthermore, the high branching in PP as well as the
presence of tertiary carbons in the polypropylene strusmabstantially higher than

in polyethylene, thus PP has lower thermal resistance and is degraded at lower
temperaturéd ¢ Moreover, heavyliquid hydrocarbons were the main product of

polypropylene pyrolysis at degradation temperatofédsss than 500°C.

Polystyrene

As previously mentioned, PS has the lowest degradation temperature 4C350
compared to other plasticthus it requires lower temperature of pyrolysis compared

to the other plastics. For examp®@nwudili et al.®® used the batch pressurized
autoclave reactor to investigate the pyrolysis of PS ai 8D °C for one hour
duration. They found that PS pyrolysis generated a very high liquid oil yield about
97wt.% at optimum temperature of 425 while the gas yield was very low at around

2.5 wt.%. The production of the high yield of liquid oil was also shown by Liu et al.
Tinvestigating the pyrolysis of PS using a fluidized bed reactor at temperatures of
450/ 700°C, and they reported thkigh liquid oil yield at 98.7 wt.% at 60%C.
However, thestudy by Demirba# reporteda lowerliquid oil yield at89.5 wt.% when

the pyrolysis temperature was at 581n a batch reactofhe highest liquid oil yield

was produced by the pyrolysis of PS at higher temperatures due to the formation of
styrene Because of the structure of polystyrene and the presence of a phenyl group in
the structure, aromatic compounds account for more than 90% of the pyrolysis
productg®’®,

Liu et al.”” reported the composition of the pyrolysis oil from PSrasnly styrene

and monoaromatics which were the main components in the liquid oil which
comprisedaround 80 wt.% in the liquid fractioAccording to Onwudili et al3 the

major components in the PS oil product that increased with temperature were benzene,
toluene, and ethyl benzene. Furthermore, styrene monomer decreased with
temperature, implying that the styrene radical produced during the PS degradation

process wadighly reactive decreasing in concentration at higher temperatures
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Styrene was reported as the main product by Scott ®tveth other aromatic
compounds which included toluene, ethylbenzene, propenyl benzene, propynyl

benzene, and naphthalene.

Polyethylene terephthalate

Cepeliogullar and Pututt have investigated the pyrolysis of PET to produce liquid
oil usingafixed-bed reactor at 500°C. The gasld was 76.9 wt.%, while the liquid

oil yield was 23.1 wt.%. A higér amount ofliquid oil was reportedby Fakhrhoseini

and Dastaniart where theeported yields for liquid, gas, and char were 39.89 wt.%,
52.13 wt.%, and 8.98 wt.% respectivelJyhe thermal degradation mechanism
principally decomposes and separates terephthalic acid and benzoic acid, with the
benzoic acicentering the decarboxylation step to produce acetophenone. Artetxe et
al. 82 found that benzoic acid and acetylbenzoic acid were the most prepaldntts

in thermal degradation productsaapyrolysis temperature 600 °C, and that higher
temperatures boosted acetophenone yi@ldspolymer structure of PEWith the G

O bonds along polymer chains, are weaker and most likely affégteadermal
cleavage, followed by degradation to phthalic and benzoic acid, possibly converting

to benzene with C&xreleaseat higher temperatuf@ as showrnn Figure 2.9.
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Figure 2.9PET and its most likely thermal cleavage mechanisms to various
products Adaptation of?.
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2.3.3.2 Influence otemperature

Temperature is thessential parameter in pyrolysis which is controlling the cracking
reaction of the polymer chain. The product yields of the plastic pyrolysis mainly
depend on the operating temperature range during the process. Several studies
investigated temperature thugh the plastic pyrolysis to evaluate the yields

particularly the oil yield and its quality

The pyrolysis temperature of different type of plastics ranges from 300 to 88.°C
For exampleMiandad et af® reported the effect of temperature on PS conducted at
different temperatures (400 °C, 450 °C, and 500 °C), at 75 minutes of reaction time
in a batch pyrolysis reactor. At lower temperatures 400°C, highest char yield was
obtained (16%), while the gas andulid yields were 8% and 76% respectively. At
higher temperatures 500°C, the highest gas yield was obtained of 16.8 %, while the
lowest yield was reported for char 4.58%.450°C, gas and char yields were reported
13.1% and 6.1% respectively, while liquid reached the maximum yield 80.8%.
Figure 2.10 showthe main compounds in the liquid oil (toluene, ethyl benzene, and
styrene), particularly the styrene yield, was increased with temperature and time, but
beyond a certain temperature and time, the oil yield and styrene yield decreased. This
was attributedo various secondary reactions take a place after reaching optimum
temperature®*®. Gas production increased at higher temperature which was
confirmed by several studi€%8’ and that due to the strong cracking e€®onds
that encouraged the production of lighter hydrocarbons.

60
] Toluene  ®Ethyl-benzene  ®Styrene
50 4 48% 48%

40 ] 39%

30 ] 28% 28% 26% 26%
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Figure 2.10 Effect of temperature on composition of polystyrene pyrolysis oil, and
the main compounds were included toluene, ethyl benzene, and styrene)
Adapt a®ion of
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Table 2.3 shows the distribution of the product yields with operating temperature for
PP and HDPE.

Table 2.3Effect of temperature on product yields from pyrolysis oBREHDPE®Z.

PlasTemper: Tot al Liqui Gas Char
typ¢ AC (w t%) (w t%) (wt%) (wt%)
PP 250 86.32 57.2 29.( 13.6
300 98.66 69.8 28.¢ 1. 3¢
350 97.74 67.7 30.( 1.5¢
400 94 .3 63.2 31.( 5.7
HDPE 250 N D N D N D N D
300 66. 95 30.7 36.: 33.0
350 98.12 80.8 17.: 1.8t
400 99.46 54.1 45. . 0.5«

Jaadta’'damvesti gated the pyrolysis of poly
600 AcC, usi ngomt tnubadsarr eaantior under an
When the temperatumeas increasd from 450 °C to 600 °C, the concentration of

styrene increased from 40 wt.% to 60 wt.%. Similarly with other compounds, BTX
obtained at temperatures over 550 °C, reaching a concentration of 3 wt.% at 600 °C.

A similar trend was observed in all other compounds, whereagodiatic
concentratiordecreased dramatically fro50 wt.% to 24 wt.%and a slight increase

was noticed for mno-aromatic compounds Figure 2.11 showgshe ma i ani |
compounds obtained frowitbamsmppyegndipei s of
450-600A C
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Figure 2.11The maincompounds opolystyrenepyrolysis oil as a function of
temperatureAdaptation of 2

Dhahak et af® examined the thermal pyrolysis of PET in a horizontal tube reactor.
They employed PET powder and varied temperatures (410, 430, 450, and 480 °C),
with residence times of 120, 90, 60, andrbid, respectively. The gas yield was
analysed, and it consisted mainly of £&nd CO, with ethylene and benzene
appearing in low concentration. The wax content contained the highest concentration
of benzoicacidThe gas yield rangeSabmédewenax i 2nD .m8
waxy product y%edtd€4 i dA®B SAt 3MBEndenakas .
found at high temperatures384 °C. The highest CQ and CO productiorwere
obtainedat 431 °C and 444 °C, respectiveyn t he ot her hand, the
decreased .9% raotm 41190. 9BCvatt 0 4BD. ACwt Thi s resi

of cchoauipnl iwohgi ch tends to ®%ccur at | ow t en

2.3.3.3Influence of reactor types

The reactor also has a crucial role in the pyrolysis process, and the type of reactor
utiised can influence the pyrolysis process, which includes the mass and heat
exchange, residence time, transfer of heat, and overall reafficiency to achieve

the desired produc®s Severaland different reactor types have been used which
include batch, serbatch, fluidized bed, fixed bed, atfie influence of the reactor
types on the distribution of the product yields has been investigated by many
researchersFor example, fixed bed produced the maximum oil yield from the
pyrolysis of LDPE (95wt.%) at 500 °CS. Similarly, the maximum oil yield from the
pyrolysis of PS (9/wt.%) at 425 °C when a pressurized batch reactor uSeel.
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common reactors that have been studied through the pyrolysis of waste plastics will

be discussed in detail.

Batch and servbatch reactos:

Batch reactors are closed systems that do not permit the input or outflow of reactants
or products during the reacti®n They provide high conversion by leaving the
reactant in the reactor for long periods of time, but have limitations such as product
variability, high laborcosts, and difficulties in largecale manufacturing. Serbatch
reactors allow for the simultaneous input of reactants and the removal of products,
providing better reaction selectiviy They have comparable labor costs to batch
reactors, making them appropriate for srsathle manufacturing. Some researchers
favor batch reactors or sefipatch reactors for plastic pyrolysis laboratory size
investigations because of their simplicity amde of control over operating settifys
Thermal and catalytic pyrolysis are commonly carried out at temperatures ranging
from 300 to 800°C. Some researchers add catalysts to polymers to boost the
hydrocarbon production. Some batch and seatch reactors had stirrers that ran at
different speeds based on the intended séttiBgo et af’ investigated the pyrolysis

of HDPE in a batch reactor with a stirrer at 450&i@l thestirrer's speed was 200
RPM. A higher liquid oil content was achieved, about 84.04viAbbasAbadi et aP!

in a semibatch reactor to pyrokg PP at 450 °C. The expeemt resulted in a very

high liquid yield of 92.3 wfb6. According to the literature, batch or sewaich
reactors are best suited for thermal pyrolysis since their parameters are easily
controlled. However, they are not suggested for catalytic pyrolysis due to the
possibility of coke production on the catstiysurface. Batch operation is not ideal for
largescale production due to the high cost of operation associated with feedstock

refilling, which makes it less appropriate for laboratory wérk

Yan et aP? observed that pyrolysis of LDPE and PP in a seatch reactor at60°C
produces a significant amount of waste polymer residues, indicating that this process
is effective for decomposing waste plastics without the need for additional separation.
This separation, as well as the potential capacity for handling waste polyateaseth
difficult or cumbersome to deal with in fluidized bed reactors and closed batch
reactors, suggests that thermal cracking of plastics under atmospheric pressure in a

semi batch reactor might be an effective technotbgy required more attention
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Fixed-bed reactors:

Several research investigations have used {fbedtl reactors for plastic
pyrolysis’®9394 |t is simple to design, but there are several limits, such as the irregular
particle size and form of plastics as feedstock, which might cause problems during the
feeding process. Fixelded reactors are often employed as secondary pyrolysis
reactors, aghe initial pyrolysis product may be conveniently supplied into the
reactor's liquid andasphasesA few studies have been conducted using adtep

procedure due to its high cést

Fluidized bed reactors

Fluidized bed reactors address issues simildiixed-bed reactors. Many studies
chose fluidized bed reactors for catalytic cracking of polymers over fixed bed
reactor8®’177 Jung et af? chose a fluidized bed reactor for PP and PE pyrolysis
because it manages a nearly constant temperature with high mass and heat transfer,
resulting in a shorter residence time in the reactor and more consistent range of
products. Plastic pyrolysis in fluzed bed reactors was carried out typically at
temperaturesangingfrom 290to 850 °C for boththermal and catalytic processés.

f | ui da usedoadrrg the samples and the catglygtich gives more surface area

for the reaction to take pla®e This minimizes the variability of the process
conditions while ensuring effective heat transmissibarthermore, it is more
adaptable than the batch reactor as frequent feedstock charge may be eliminated, and
the process does not require to be restarted regularly. As a result, at typical design
size, fluidized bed reactors would be the optimum reactoe wased in the pilot plant

due to the reduced operating cost.

The conical spouted bed reactor (CBR

The conical spouted bed reactor (CSBRgctively mixes particles with varying sizes

and densities. Some researchers employed CSBR for catalytic cracking of plastic in
studies’® %8, Olazar et a¥’reported that CSBR had lower attrition and bed segregation
than fluidized bed. It possessed strong heat transfer between phases and experienced
mild defluidization issues while handling sticky products. The reactor's operation has
faced technical hurdlesincluding catalyst feeding, entrainment, and product
collection, making it less beneficial. Furthermore, its complex construction needs the

use of many pumps, leading in high operational édsts
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For e x analpolreutia et af® investigated the wax production and
characterisation of HDPE, LDPE, and PP pyrolysis at@@PC usingthe CSBR.
According to them, CSBR was effective of controlling sticky solids that were difficult
to deal with in fluidized bed reactors. The spouted bed design proved suitable-for low
temperature pyrolysis to yield wax. §halsoreported that the wasontentdecreased

with temperature. At higher temperatures, more waxes are converted into liquid or
gasesproducts.The wax production were quite simildor HDPE and LDPE at
approximately 80 w&o, but PP derived higher waxes at lower temperatures at 92

wt.%.

2.3.4 Summary of pyrolysis of waste plastics literature

Pyrolysis of waste plastic has been investigated in several stalittise TGA results

showed the degradation of plastics was in the range af49P0C4Py r ol ysi s
di fferent types of plastics produced | ic¢c
yiel ds. It was found that PS pyrolysis
97wt . % at opti muMmCtempbieratume gds 4pi5el d
2. 5 S$8{Thed%fluence of the main parameters such as temperature and type of
reactor was also reported by numerous researchers. The high oil yield produced from

the pyrolysis of PS, LDPE, HDPE, and PP were above 80 wt.%. The results reported
high yield of liquid al at the pyrolysis temperature of 450 °C, while the maximum oil

yield from the pyrolysis of LDPE was reported at 500 °C. The type of reactor used

has an essential impact on the plastic products distribution such as fixed bed reactors
have been conductedr the pyrolysis of waste plastics due to its simple design.
However, fluidized bed reactors minimize the variability of the process conditions
while ensuring effective heat transmission. Pyrolysis of HDPE, LDPE, PP, PS, and
PET vyielded significant gases such as hydrogen, methane, ethane, ethene, propene,
propane, btane, and butene, Ga@nd CG’. Overall, the oil produced from the plastic

waste consists of aliphatic, moacomatic, and pokaromatic compounds®”.

2.4 Pyrolysiscatalysis of wasteplastic

Pyrolysis§ catalysis is a method for waste plastic treat#€pt1°% where plastics can
be converted to higlhialue products through the pyrolysis catalysis technique, such as

syngas, and liquid chemicd¥. Plastic pyrolysis has been developed using catalysts
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to produce high quality liquid fuel®® Catalysts play a significant role in
thermochemical processing and many advantages can be obtained which include
reducing reaction temperature, supporting the targeted reactions as well as improving
the overall process efficientd"°% The quality of products from the plastic pyrolysis
catalysis process are dependent on the right choice of catalyst. Furthermore, selecting
the optimal catalyst is required to exhibit the targeted protfftcEor the pyrolysis
catalysis of waste plastic, many researchers have investigated oil production in terms
of maximizing the oil yield as well as upgrading the oil quality which can be used as
fuel or chemical feedstock“. It should be noted that temperature, and the type of

catalyst are the most influential parameters on products yield.

There are two different processes of using catalysts for the pyrolysis of waste plastics.
The catalyst can be mixed with waste plastic which are degraded together in one stage
of catalytic pyrolysis, or the catalyst is applied downstream of the thernay/gigr

stage, which means twaiep process of pyrolysisatalysis has taken plaé&é The
advantages of the twstage pyrolysis catalysis process which has been

recommended by several researcHéi8>1% These advantag€snclude:

- The interaction of the pyrolysis gases and catalyst can enhance the contact
between pyrolysis products and the catalyst during the catalytic stage and that
can reduce the mass and heat transfer issues.

- Catalysts are implemented to reduce the temperature, thus that can minimize
sintering effects.

-  Temperature may be easily and independently regulated during both the

pyrolysis and catalytic process.

2.4.1 Catalysts

Catalysts for pyrolysis of plastic waste have been investigated and include for
example, fluid catalytic cracking (FCC), zeolites, and dilidamina catalyst3®”.

FCC catalysts are silicalumina catalysts with a binder composed of -mealite

matrix and zeolite crystaf Silicaalumina catalysts are amorphous catalysts which
consist of Lewis acid sites as electron acceptors and Bronsted acid sites with ionizable
hydrogen atoms. Zeolite catalysts are crystalline alussiincate sieves with a three
dimensional framework ith cavities and channels where cations can ré&¥ide

Catalyst properties such as BET surface area, pore size, pore volume, and acidity are
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the essential parameters which are influencing the catalytic activity in the pyrolysis

proces¥”.

Thestructures of the major zeolites utilizedayrolysis proceses are showin Figure
2.12%° HZSM-5, a teamembered ring zeolite, has a thidimensional pore structure
with pores ranging from 5.1 to 5.5 A and 5.3 to 5.6 A, whereas HY, a twelve
membered ring zeolite, has a thudimensional pore structure with pore channels
measuring 7.4 A% As a result, one of the distinctions between these zeolites is their
shape selectivity due to their varied pore sizes, with the larger molecule diffusing into
the HZSM5 type catalyst being of the same size asi@anilecule, similar to
naphthalen€l. However, the larger pores of the HY zeolite facilitate the diffusion of
C12 compounds, such as dimethyl naphthal&heiterature studies have focused on
zeolites su<l2,asanH>biaAiB@SHreetimensional structure
with pore diameters midway between those of HZSMnd HY, demonstrating
intermediate efficiency during pyrolydis®118116 H7ZSM-22 and SAP@L1 has

i nter medi at e produedsgh gagand aromatid contemts due to their
high acidity®®. On the other hand, theesoporous catalysts such as M@M have
been receiving more attention in the literature. This type of catalyst improves
compound diffusion via the pore structure, which reduces catalytic deactivation.
However, it is not shapeelective, which results inan extended product
distributiont®,

HY HB
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Figure 2.12Structures of the main zeolitgg) HZSM-5, (b) HY, (c) H © (d)
HZSM-22() SAPO-11, and(f) MCM-41. Adaptation of-%°,
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The acid sites of the catalyst play an essential role in the catalytic cracking mechanism
v | a&cisbion reactions. Cracking sttboccur with the formation of carbenium ®n

by the addition of a hydride ion to an olefin on Brgnsted acid sites or the abstraction
of a hydride ion to a paraffin on Lewis acid sltés In CG-C bond cracking, the
mechanism of cracking includes isomerization, hydrogen transfer, cyclization,
aromatization, and condensation reactions, all of which are prompted by zeolite acid

sites109,

For example, the pyrolysis of HDPE over HZSMoccurred via carbocation
formatio’>. I n this case, the zeolite's Lewi:
HDPE chain, forming a carbocation (positively charged carbon ion). The carbocation

can either receive a proton (H+) from the Bronsted acid sites of the zeolite
(termination to formanother long alkane), propagate according to what occurs in the
random scissioome c hani s m, escissian eegation rthat the-C bond

between the beta carbon (next to the carbocation) and the following one is broken,
resulting in a smaller carbod@t and shorter oleff¥'8 Figure 2.13shows the
carbocati onHIMRE hihh®EB M of
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Figure 2.13Schematic representation to illustrate carbocation mechanism of
HDPE over zeolitesAdaptation of118
Base catalysts such as metal oxides, alkali carbonates, and metal complexes were
mainly utilized to increase monomer recovery, which may then be reused for direct

resynthesis of new polymers. The degradation of plastic over base catalysts produces
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more oils than solid acids, however the decomposition process requires méte time
The oil composition consists of mainlyalefins and low in aromatics/branched
isomers. For example, BaO was used as a catalyst in the catalytic pyrolysis of PS, and
it was found that around 90 wt.% of styreme@nomers and0 wt.% dimerswere
produced at 623 K, whereas benzene and indene tend to be one of the typical products

with solid acid$?.
2.4.2 Product yield distribution of the pyrolysiscatalysis of waste plastics

As the catalysts can speed up the reaction betweardhtantsit also improves the
products yield distribution to particularly produce the maximum pyrolysis oil
(gasoline and diesel properti#s)Catalysts such as, zeolite ZS34MCM-41, MgO,

CaO, and FCC, have been used by many researchers to enhance the yield and the
mechanism of the catalytic pyrolygf®?:116.121.122The product yield distribution was
investigatedy several studiesaandreportedthatthe gas, oil, and char yields obtained
from the pyrolysiscatalysis of waste plastics. For example, Batool &akported

the highest gas yield from the pyrolysis of PE over acidic Z5dAtalyst. Moreover,
Syamsiro et al?! found that catalytic pyrolysis of PP and PS over natural zeolite
catalyst produced high ggeeld, andwas mainly attributed to its high acidity. This
demonstrated that high acidity catalysts promoted polymer cracking during catalytic
pyrolysis, as the cracking in the presence of a high acidic catalyst increased and that

improved the gas productidh®3

2.4.2.1Influence of the catalyst type

Different catalysts have been investigated for the pyrolysis of plastic wastes. For
example, Rehan et &* have examined the use of natural and synthetic zeolite
catalysts with PS. The catalytic pyrolysis of PS obtained the maximum oil yield at
54% when natural zeolite was used compared to the synthetic zeolite that produced
50% oil yield. In the case of theag yields, natural zeolite produced the gas yield at
12.8%, while the gas yield was increased to 22.6% with synthetic. The increasing
amount of gas yield can be explained in terms of the BET surface area and acidity of
the catalyst. Thus, due to its micoopus structure and high BET surface area,
synthetic zeolite has the lowest liquid oil yield and maximum gas generation in
catalytic pyrolysis. According to Seo et’@lising a microporous catalyst with a high

BET surface area can increase the gas yield while decreasing liquid oil yields. Natural
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zeolites have a lower BET surface area and microporous volume than synthetic
zeolites. Catalysts with a higher acidity speed up the degradation process, which
enhances gas yield while decreasing liquid oil yi€g his is demonstrated in that

the synthetic catalyst utilised in their study was more acidic than natural zeolite, so it
enhanced the gas production while decreasing liquid oil yields. The oil composition
obtained from the pyrolysis of PS with natural ltepincluded the main compounds
such as styrene (60.8%), methylstyrene (10.7%), azulene (4.8%ndakke (2.5%)

and ethylbenzene (1.3%). While in the catalytic pyrolysis with synthetic zeolite, the
main compounds were alpimaethylstyrene (38.4%), styren(15.8%), benzene
(16.3%), ethylbenzene (9.9%), and isopropylbenzene (841%)

The study by Ratnasari et'8fused MCM41 and ZSM5 zeolite catalysts in a staged
layered system for the twstage catalytic pyrolysis of waste plastics is highly
effective to produce a high content of gasoline range hydrocarbons in the product oll
from the pyrolysiscatalysis of HDIE. A high content of gases product was observed
when ZSM5 zeolite catalyst was loaded alone, whereas a high content of oil product
(83.15 %) was produced over the MEM catalyst at a weight ratio of 1:1 with a
ratio of feedstock plastic and catalyst of2.1This suggests that the catalytic
performance of the ZSM catalyst, which has a lower number of acid sites enhances
the production of gases due to the high activity fe€ Gond scission, while MCM

41 acidity was appropriate to crack polyethylene ligjoid hydrocarbons. The main
gases produced during the catalytic pyrolysis of the plastics were mainly ethene,
propene, butene and butadiene gases. The oil product for the catalytic pyrolysis of
high-density polyethylene contained a high yield of gasalamge hydrocarbons ¢C

i C12) reaching 97.72 wt.% of yield with aromatic contents of 95.85 wt.%.

Tian et al*?> examined the effect of using different catalysts (HZSM HDb, HY,
MCM-41) on the thermodynamics, kinetics, and pyrolysis of LPE.1 was t he
of LDPE/ cataglupst z Theg und that variations in pyrolysis
product distributions and kinetic characteristics were mostly due to pore structure and
acid site concentrations. MGHMIL had the lowest activity for catalytic pyrolysis of
LDPE, attributed to its larger pore size and lower acid site concentration. However, it
demonstrated a gificant aliphatic hydrocarbon selectivity compared to the other
catalysts. HZSMb achieved the highest level of monocyclic aromatic hydrocarbons

and facilitatedend hai n sci ssi on, resulting in a
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produceda gas yield of 67.00%. This isecauséHZSM-5 has larger pores (0.64 x

0.76 nm) than Hb ( 0 .365Fompourls t®rémaim todgerinal | o

the pores and become involved in secondary reactions more é8s6ijyroduced a
higher liquid yield, which was primarily due to its shape that has "cages" with a
diameter of 1.24 npwhich allowed larger chaimoleculesto pass through its large
pores (0.74 x 0.74 niA?f. Thus, HZSM5 has the potential to serve as a catalyst in the
conversion of polyolefin plastic waste into monocyclic aromatic hydrocarbange
2.14shows the liquid composition obtained from the pyrokgsitalysis of LDPE over

differentzeolitescatalyst$?.
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Figure 2.14Product yields (right) and chemical compositions of liquid products
(left). AHs: aliphatic hydrocarbons; MAHs: monocyclic aromatic hydrocarbons;
PAHSs: polycyclic aromatic hydrocarbansdaptation of-2.

The selectivity of the ZSM catalyst has been confirmed to improve deoxygenation
reactions in synthetic polymer pyrolysis, reducing the amount of acids in the
product$?’, which leads to a lower oil content and more gas yield. For example,
calcium oxide (CaO) catalysts were used to enhancguthigy of PET pyrolysis oil.
As shown in Figure 2.15, the degradation mechanism in the presence of CaO can
typically convert aromatic acids into aromatic hydrocarbons due to its selectivity in

releasing OH from polyaromatic compoutds
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Figure 2.15Mechanism of (a), (b), and (c) thermal degradation of PET (beta
scission), (d) degradation mechanism in the presence of CaO catalyst.
Adaptation of?’.

Plastic pyrolysis was also examined with metal impregnated zeolite catalysts, this
study has been conducted by Akubo éf&to improve the production of pyrolysis

oil. In this study, HDPE was pyrolyzed in a fixed bed reactor (two stage reactor), using
zeoliteimpregnated metals such as nickel (Ni), iron (Fe), molybdenum (Mo), gallium
(Ga), ruthenium (Ru), and cobalt (Co). Apiplg these metals on a-eolite catalyst
improved the production of aromatic hydrocarbons$80%) in the product oil and
increased hydrogen gas yield. The aromatic hydrocarbons in the oil were mainly
toluene, ethylbenzene and xylene and the two ringnatic hydrocarbons were
naphthalene and alkylated naphthalenes. Metal impregnated zeolite produced
relatively lower pyrolysis oil yields than zeolite alone. However, it showed less carbon
deposition on the catalysts. Park et?8linvestigated the catalytic pyrolysis in the
presenceod pall adium met al catalyst (n\a wt. %
Pd/PET ratio of 0.01 to 0.05, using a tubular furnace with an operating temperature
range of 400700 °C, the gas yields produced at a catalyst concentration of 0.01 were
approximately 43% and increased to 49% at 0.05, while the liquid yield was 39% an
decreased to 33%. Usingrao d e guarititg of Pd catalyst reduced the synthesis of
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polycyclic hydrocarbons and benzene derivatives during pyrolysis. This effect
occurred via a free radical mechanism and-opgning reaction, and increasing the

Pd catalyst resulted in lower amine species production. Naphthalensoic acid
fluorenone, triphenylene, bipherfdcarboxylic acid, gerphenyl, and -@erphenyl

were the main compounds that were produced in the oil. That suggests that using metal
catalysts such as Pd to pyrolyze PET and other polymers might lead to more

environmenally sustainble waste disposal.

2.4.2.2 Influence of plastic types on products from the pyrolysis

catalysis process

Vyas et al3® had carried out the pyrolyseatalysis( t wd a g e of PRPusi®s s )
three natural types of catalysts which were Z5Mnd Zeolite, sludge from pickling
liquor (SPS), and red brick sand (RB) in a fluidized bed reactor at temperature ranging
from 106800 °C. They used different ratios of PP to catalyst which was eetivé

and 5:1 respectively. Figure 2.16 shows the total liquid yield that produced from the
pyrolysis of PP with different catalysts. It was found that the ratio PP to catalyst (3:1)
at the optimum temperature of 420 to 510 °C with a Zokhtalyst obtaiad the
highest conversion of PP waste with a maximum liquid yield that increased from
70.69wWt.% to 84.67wt.%, and subsequently decreased from 846% to 57.25
wt.%. Using Zeolite, the liquid yield increased from 51v@26 to 60.10wt.% then
dropdown from 60.1@t.% to 53.15w:t.%, while using the RB as catalyst the liquid
yield increased from 38.4@8t.% to 47.85wt.% then decreased from 47.856.% to
30.92wt.%, but with SPS the amount of liquid yield increases as feed to cataiigst

was increased lhthe yield of obtained liquid was very lo@atalytic pyrolysis of PP
yielded a complex liquid oil which included aromatics, olefins, and naphthalene
chemicals such as benzene,-@butenel,4diyl)bis-, 1,1-(1,3-propanediyl)bis,
anthracene, -®nethyl, naphthalene, -phenyt, 1,2 3 4tetrahydrel-phenyt,

naphthalene, and phenanthrene, which was also reportdd by n d a®%* et al
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Figure 2.16Total liquid yield produced from the pyrolysis of PP with different
CatalystsAd apt a%% on of

Miandad et af* have studiedhe catalytic pyrolysigcatalyst is mixed with the
feedstock)of individual PS and PE using a small pilot saaactor and with natural
zeolite (NZ) applied as catalysts after the modification by thermal (TA) and acidic
(AA) treatment to promote the catalytic properties. Figure 2.17 shows the products
yield of catalytic pyrolysis of individual PS afE using TANZ and AANZ. The

liquid oil consisted of aromatic hydrocarbons with some paraffins, naphthalene and
olefin compounds. As PS has the cyclic structure, that may explain the production of
high oil yield and the PS degradation occurred via batidomchain andend chain
scissions, thus leading to the production of the stable benzene ring structure, which
increases the potential for further cracking which leading for more oil production. PS
produced liquid oil with TANZ and AANZ, and the main compounds are&p
methylstyrene, benzene, 1/2-butenel,4-diyl) bis-, bibenzyl, benzene, (1,3
propanediyl), phenanthrene,ghenylnaphthalene. In the case of PE withNA and
AA-NZ catalysts produced the oil (40 and 42%). However, the highest yield of gas
was produed (50.8 and 47.0%) using ANZ and TANZ respectively. This can be
attributed to high cracking between PE and catalysts (high acidity). The oil produced
from the catalytic pyrolysis of PE, with both catalysts, contained mainly naphthalene,
phenanthrene, apthalene2-ethenyt, 1-pentadecene, anthracene,-m2thyt

hexadecane.
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Figure 2.17The products yield of catalytic pyrolysis of individual PS and PE using
natural zeolite catalyshodified by thermal treatment (FNZ) and natural
zeolite modified by acid treatment (ANZ). Ad apt a%. i on of

The oil p rtohdeu cpeydraot|aybsymass 6 e o pl asti cs has
contain high, arematied tontéet high selec
t he target pr otbeucatdlysiecraclking of HBPE avepnhesoporous
MCM-41 and microporous ZSM zeolites resulted in producing oil yields of up to

83.15 wt.% and 97.72 wt.% gasoline range hydrocaftbbhs Si mi | ar'lFy, Da
conducted the cat audsipg multiplezatatysts tiyasworked on f LD
tandem, improving the selectivity 062 alkanes/olefins and monoaromatics by up

to 100%.The MCM-41 formed G-Czs olefins, which were transformed into aromatics

by DielsAlder, cyclization, aromatization, and polymerization processes in the
micropores of the ZShb.

Yoshioka et al3? found maximum gas and char production, while the liquid oil
production was low from the catalytic pyrolysis of PET. The high production of char
formation from PET pyrolysis was attributed to the carbonization and condensation

reactions that occurred dugnts hightemperature decomposition as well as the
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presence of an oxygen atom promotes the large formation of char from catalytic
pyrolysis of PET32134

2.4.2.3 Influence of temperature

The effect of degradation temperature on the catalytic pyrolysis of LDPE was carried
out by AbbasAbadi et al®> They examined the catalytic pyrolysis of LDPE at
different temperatures of 420, 450, 480, and 510 °C, with an FFC catalyst in-a semi
batch stirred reactor. The maximum condensed oil yield was achieved at 450 °C with
FCC/polymer 10% (w/w) which was 91\t.%. At 450°C, the pyrolytic liquid
product contained olefins (53\8t.%), paraffins (28.Wt.%) and aromatics (14.7
wt.%). At 480°C, it was shown that the quantity and composition of olefins in the oil
were increased by 55v&.%. However, the reduction haphthene and paraffin yields

was observed due to their tendency to form double bonds as well as the potential of,
cyclization, unsaturation and aromatization that can take place atGi8Aigher
temperature and the presence of catalyst can improve LDPE cracking, which can lead

to the conversion of oil to aromatic and gases.

The catalytic pyrolysis of polystyrene was conducted by Wang'& aking a fixed
fluidized bed reactor to investigate the effects of temperature and reaction time on
product distribution. The catalyti-c pyr
Al203 as basic catalyst and silica sand as support, at temperatures ranging from 430
to 510 : Figure 2.18 displays the pr.
The results showed that increasing the t
a consi@rable increase in oil yield, reaching 94.60 wt.%. At temperateaehing
510 : the production of styrene incre
decreasing yields of t ol-metylsetyrenee Thatywasb e n z ¢
because the catalyst limits both intramolecular and intermolecular hydrogen transfer
processes. Consequently, the solid base catalyst may hinder the synthesis of toluene
and ethylbenzene while increasing the selectivity of styrene. Furthermore, as the
temperatures increased, the secondary reactions increased, and more gases produced
which manly consisted ofCi-Csal kanes and al kenes, wi t h

hydrogen.

37



100 0 Oil I Residue Gas+Loss

= . = x a
80
60
40
20
0
430 450 470 490 510

Temperature (°C)

Yield (wt.%)

Figure 2.18Productyield distribution ofpolystyrenecatalytic pyrolysis at different
temperaturesAdaptation of-36.

2.4.2.4 Influence of the reactor type

Currently, the most common plastic pyrolysis reactors on the laboratory and pilot
scale are {ifluidized bed reactors; (ii) fixed bed reactors (kettle type, batch and semi
batch reactors); and (iii) spouted bed reacfhramong othersin fluidized-bed
reactors, Lee et & and Imani Mogadam et &1 producedhe conversion rates of

over 95% by utilizing F€s and silicaalumina as catalysia pyrolysiscatalysis of

PS, while Liu et al’ reached a maximum styrene yield of 78.7%wtPyrolysis
reactions of polystyrene in a conical spouted bed with speed fast to produce additional
styrene monomers. Artetxe et #.achieved, 7057w st yrene vyi el ds
Abadi et aP! carried out PP pyrolysis in a setmtch reactor at 4500C using an FCC
catalyst. The experiment resulted in a very high liquid yield of 92% vw&ome batch

and semi batch reactors were also outfitted with stirrers that ran at varying speeds
depending on what was required. Seo &P alnvestigated the pyrolysis of HDPE
using a batch r ea c(thestirrensspedd was 260 RpMigher r a't
liquid oil yields were achieved than in thermal pyrolysis, which was about 84.0 wt.%.
Furthermore, the quantity of liquid product produced by catalytic pyrolysis utilizing

a comparable silicalumina catalyst was more significant, at 78%wtcompared to

74.3 wt%.
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2 . Sundnary of pyrolysis-catalysis of waste plastics literature

The pyrolysis catalysis of waste plastic have been investigated for high oil production
as well as upgrading the oil quality which can be used as fuel or chdeddatock.
Temperature, and the type of catalyst are the most influential parameters on products
yield. Using MCM41 and ZSM5 zeolite catalysts can produce oil that contains a
high yield of gasoline range hydrocarbong (Ci2) reaching 97.72 wt.% of yield.
Applying metal impregnated zeolite catalysts improved the production of aromatic
hydrocarbons (8®5 %) in the product oil and increased hydrogen gas vyield. It was
found that optimum temperature for the catalytic pyrolygisvaste plastics was
around8 0 to 490 to produce high oil yi e
temperature in the range of 5660 °C.The amount of oil produced and the catalyst's
selectivity for additional BTEX chemicals are significantly improved in thestage

fixed bed reactor

2.5 Waste tires

A typical car or truck tire isomposed opolymeric material that generally contains
14% natural rubber (NR), 27% synthetic rubber (SR), 14% high carbon steel wire,
28% carbon black and 16% fabric, fillers and other matériktie mairrubbers found

in tire manufactureconsist ofa mixture of natural rubbé€NR), styrene rubbefSR)

butyl rubber (BR) and styrehkutadiene copolymer (SBR)t has been reported that
more than the one hundred different compounds and materials can be used in the
manufacture of tires depending on the specific purpose tffemeexample, a mixture

of aromatic, naphthenic and paraffinic hydrocarbons can be added to soften the
rubber.The sulphur content of rubber from tires is around 1.5wt.%, and it is added to
crosslink between the elastomer molecular chains and the formation of a three
dimensional chemical networlalso, this addition of sulphur gives the tires more
strength and flexibilit§**° In addition, carbon black, zinc, and metals are used in tire
manufacturing®®. Carbon black is used taldstrength and abrasion resistance to the
rubber, while zinc is used as zinc oxide to manage the vulcanisation process and
improve the physical qualities of the rubber, and metal is utilized for strength in steel
belts and cabfe®

Table 24 summarizeghe proximae and ultimateof waste tire!®®. The proximate

analyses of the tireamples show considerable variationke formulation includes
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carbon black, which contributes to theed carbon content of 280 wt.%. Finally,

the ash content varies depending on the additives found in the original tire and the
steel removal procedure. The high carbon content (ovewt®®) and hydrogen
concentration (about Wt.%) increase hydrocarbon formation during pyrolysis.
However, the high sulfutontent which ranges between 1.5 and @it3%, limits the

direct use of pyrolysis products as fijel

Table 24 The proximate and ultimate analysis of waste'fite

Proxi mat d wanad)y s Ulti mate anal

Moi st Vol a Fi xe Ash C H O N S
ir matt carb cont

0. 4 62.¢ 27. 18.(84. 7. 4 0 1. 2.

2.5.1 Pyrolysis of waste tires

Pyrolysis is the technique of converting the waste tire to valuable products such as,
oil, gas, ancthaf4® 1424143 That allows several reactions to take place that include
cracking, dehydrogenation, aromatisation, and condenéafissentially, pyrolysis

of feedstock and solid wastes produce high calorific fuels, chemicals, and valuable
materiald14® For example, pyrolysis releases the volatile gases which include
condensable higmolecularweight compounds as well as noondensable low
molecularweight products which can be used as process fuel to provide the energy
for the pyrolysis process, whithe highenergydensity carbonaceous solid char is

produced that can be used as a solid*fuel

2.5.1.1 Pyrolysis mechanism and thermalegradation of waste tires

Li et al}**identified the reactions that occurredtiire pyrolysis into three groups (i)
primary pyrolysis reactions occurs at temperatures ranging from 250 to 520 °C and
involves a radical chain reaction in which dehydrogenation occurs concurrently with
the decomposition of the main polymer chain; (ii) secondabsequentracking
reaction of volatiles occurring at 550 to 800,°C, which promotes the development of
aromatic and polycyclic aromatic compounds that are attributed to a Bld¢és
cyclization reactionas shownin Figure 2.19'4%148 (iii) pyrolytic carbon black

gasifying reaction in the presence of £0/0z gases occurring at 750 to 1000°.C
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The gas contains 4 CO, CQ, CHs, Cii Cs paraffin compounds, £Cs olefin
compounds, and low concentrations of sulphwS(H6Q), carbonyl sulphide (COS),
carbon disulphide (G§ and nitrogen (Nk) 145146 The liquid portion of wastéres
pyrolysis yields a mixture of paraffins, olefins, and aromatic chemicals with high
heating values of 4@5 MJ kg4’

i) Dehydrogenation of Alkanes to Alkenes/Dienes

/
L S —> 1,3-Butadiene
\

i) Cyclisation

<
S + H%@ Cyclohexene
iii) Aromatisation
@ s @ "

iv) Example Formation Route for PAH

Sle0®
SORCE

Naphthalene

Figure 2.19 The Diel$ Alder cyclization reaction for the productiondlycyclic
aromatic hydrocarbons from wastees.Ad apt a'%i on of
A study on the pyrolysis mechanism and products distribution of waste biogcle
(WBT) was investigated by Xu et #, WBT composition was mostly containing
NR, SBR, and BRThe major process of wadiee pyrolysis is described as polymer
depolymerization, which produces various monomer radical fragtieirigure 2.20
showsthe pyrolysis mechanism of NR, SBR, BR and main prodtfcts
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Figure 2.20 The possible pyrolysis mechanism of¥¥e bicycle tire (MBT) and
mainproductsAd apt at8i on of

The pyrolysis of the rubbers contained in the tire decompab#erent temperatures

due to different rubbers in tirBigure 2.21 shows TG and DTG curves of tire pyrolysis
at different heating rat€¥. Bikova and Strakd' demonstrated the two stages of
waste tire degradation over a temperature range 6#48%0°C. However, Kan et &1?
reported that waste tire pyrolysis involved three stages: the first stage (arotind 200

350 °C) was associated to the decomposition of volatile matter such as, oll, plasticizer,
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and additives) in rubbers, the mass loss at arouni4300°C and that was related to

the decomposition of NR component, and the third stage (in the ran&@0g0tC)

was observed due to the degradation of SBR and/or BR components. Islaft et al.
concurred that the breakdown temperature of oils, plasticizers, and other organic
additives in tires was around 1550 °C for NR, 330400 °C for SBR, and 40@80

°C for BR and SBR. Han et &P have reported that derivative thermogravimetric
(DTG) analysis of waste tire and observed a bimodal peak 86@80C and a minor

peak at 600800 °C. According to some previous results, NR, SBR/BR decomposition
obtained at 300600 °C52153
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2.5.1.2 The product yield distribution of pyrolysis of waste tires

The product yield distribution of pyr ol
di fferent studiesl®énduekadcdpt e Rupdal g§i
bed batch reactor, and the oil yield obt
were reported at 20 and 40 !>bobserdéd that e s p e
increasing the heating rate revealed a rise in gas yield, which was 6.6 wt.% at 5 °C/min

heating rate and 14.8 wt.% at 80 °C/min heating rate.

Islam et al>3reported similar results for the pyrolysis of waste in a fixedbed

reactor and reported a high oil yield of 58%v at 475 °Qoyrolysis temperature, with

char and gas yields of 36 ¥4 and 9 w®ao, respectivelyDifferent parameters such

as, temperature, heating rate, reactor type, residence time, and flow rate of inert carrier
gas all have an impact on the pyrolysis products distribitioh is critical to discuss

the main parameters which include the effect of feedstock composition, temperature,

and the reactor types on the pyrolysis products.

2.5.1.3 Influence of the tire composition

Many studies on the differences in characteristics and yoéltie product oil and gas
composition fromdifferent types of tires have been documented in the literature on
waste tire pyrolysis For example, the pyrolysis of waste tires was investigated by
Lopez et al>® in a pilot plant equipped with a conical spouted bed reactor, at
temperatures ranging from 425 to 680, by utilizing two types of tire materials
containing varying amounts of natural and synthetic rubbiee content of natural
rubber and styrerbutadiene rubber in the tire has a considerable impact particularly
on theoil composition (contents of aromatics, styrene and limonékeh result,
olefin yields were obtained in the gaseous fraction (2.95 wt.% didtaliene at 600

°C for tire synthetic riober, with styrenebutadiene conterdaf 29.59 wt.%). At 425

°C, the liquid fraction has mainly limonene, whialas20.4 wt.%.

The effect of thdire composition on the product distribution and composition was
also investigated by Singh et'al, they studied the epyrolysis of three different
typesof tireswaste: light vehicldire (LVT), medium vehicletire (MVT) and heavy
vehicletire (HVT). In their experiments, the effect of tiiee composition on the

products yield was reported at 750 °C, in a skatch reactor. Due to the presence of
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natural rubber in the LVT which reduced the degradation temperature of the tire. Thus,
LVT produced an oil yield of 4Wwt.% and char yield of 38.@t.% at 750 °C. The
results obtained showed that a higher fraction of HVT increased the degradation
temperature due to the major presence of butadiene rubber. Also, a higher amount of
styrene in the mix caused a larger fractional residue. Consequently, Hdiiced

the lowest char and maximum oil yields (62\W7%) because of the presence of
natural rubber andutadiene rubber, which was also reported by Ucar'&.a\ivVT
contained more styrene butadiene rubber (SBR) which produced the lowest oil yield
(45.17wt.%) due to very low presence of natural rubberlaunddiene rubber. It was
demonstrated that synthetic rubber with natural rubber, pyrolysis when the SBR
degraded the crodmked structure inhibited the breakdown of cyclised and eross
linked components and resulted in a more charpeldhe gas was largely composed

of hydrogen and methane, with minor amounts of other gases suehGs CO, and

COz present. The oil fractions were found to be quite close to gasoline range

hydrocarbons.

Muri elé%eudiadd the fast pyrol ysipsyroofl ytsiirse
reactor at a temperat°r et ma ntgier & ed avmeline 4
tire, natur al rubber, ibpalyaldut altd resaitd breu b |
obtained the higher production of D;Limonene and isoprene at ~8@.% and ~25

wt.%, respectively because of natural rubber depolymerization. Furthermore, styrene
butadiene and polybutadiene rubber mostly produeédylcyclohexene at ~8@1t.%

through intramolecualr cyclization of radical polymer fragments. The yield of BTXs,
p-cymene, and4{aymenene, are found in very low concentrations in waste tires and

natural rubber as shown in Figure 2.22.

45



Waste Tire Polybutadiene Rubber
T60 gy
£ £
= =70
S 504 H
z i
=40 = 504 —_—
= -]
2 30 SN g ’- o 40
] 7]
= = 30 "
T 20 2 SN
= =20 i
e 10 |
104
01— . — | ] —_
P o oo o ot P o et o et e oo o ‘q(& &+ o e
G&c o o «P«.‘ A P o & R R o™ G\ev"
o A A& LS 3 ¥ o £ A & W & L e)
‘J\“‘\“ o M g _,_wl\o".w’ o v
60 A’ 2
Styrene - butadiene Rubber 80+ Natural Rubber
—_ -
S 50 704
= £ 604
S 404 ]
8% 2
Z 2507 — L
= . = A
Z30 <40 I
= = ]
: =
< 20 g3o e
i =
2 |32
o 104 R I
104
0- T T 0 T T T T T T T
“ P L e L R e P L
N s 4 o ™ 4 o ot e < o e o o o
T G e T G a“"w w® e o
A Q\“.p& v A \h“*\ ov ¥

.

Figure 2.22The product distribution obtained from waste tires pyrolysis.
Adaptation of-

2.5.1.4 Influence of temperature

Pyrolysis of usedre rubber was examined by Nisar et&ito study the effect of the
temperature on the products yi€ldre rubber was pyrolyzed at temperatures ranging
from 500 to 800 °CAs the total volatile matter increagiechar yield decreased, and
it was also reported that increasing the temperature from 500 to 770 °C id¢rease
amount ofoil. When the temperatur&as increasd from 570 to 770 °Cjt was
observedhatthe increase in gaparticularly Gi Cs yield from 24.39 to 75.6%t.%.
The oil fraction contaiedhydrocarbons ranging from {£Ca9) such as, hexadecanoic

acid and methyl octadecanoic acid (methyl stearate).

The influence of temperature on product yields weaamined by Pradhan and
Singht®2 . Ther experiment was carried out in a batch reactor utilising bigireleThe
temperature effect was investigated between 450 and@50Vhen the temperature
was raised from 450 to 60C, the char production decreased significantly. However,
only a slight reduction in char yield was noticed after 8000il yield was constantly
increased at 600C, while the increase of temperature above 80Mo significant
alteration in oil yield was reported. At higher temperatures, strong cracking as well as

secondary reaction occur, resulting in an increasgds product*6163 The main
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component of pyrolytic oil includes benzene, aromatic, and aliphatic compounds
Kaminsky et al%%ound that pyrolyzingtires in a fluidized bed increased the gas
yield from 20wt.% at 598°C to 33wt.% at 700°C. They alsaeported anncreasan
hydrogen yieldand methane C2 hydrocarbons and f£Chydrocarbonswhen the
pyrolysis temperatur@asincreased from 598 to 70C. Carbon dioxidendcarbon

monoxidealsoincreased as the pyrolysisastemperaturéncreased.

The effect of temperature on product distribution was investigated by LopeZ%et al.
Pyrolysis temperature was in the range of-&% °C using waste trudkes It was

found that char formed at 425 Wth a yield of 37.9 wi% and contained a high
amount of volatile mattegn the other hand, the char yield decreased to 358 ait

475 °C. At 425 and 475°C, the maximuail yield of 58 wt% was reported.
Furthermore, the maximum limonene production of 14.%wtas obtained at 475°C
Whenthe temperature raised to 575 °C, the gas yield increased from 3.6 tat20,2 w
while the oil yield was decreased to 54%t and limonene yield was reduced to 7.1
wt.%. This action can be attributed to the secondary cracking reactions at higher
temperatures which encouraged the gas production at the expense of liquid
productiort.

Lopez et al%¢ pyrolysis of scrap tires was carried out in a conical spouted bed reactor,
and the results (yields, volatile fraction composition, and carbon black characteristics)
were obtained at temperatures ranging from 425 to 600 °C. Figure 2.23 shows the
developmenof the product distribution as a function of temperature and carbon atom
number. For the lighter hydrocarbons, the components have been classified as C
through Go. Heavy hydrocarbons are classified ag-Cis, Ci4-Cis, and >Ci7
according to their lowields. The classification of the components demonstrates the
suitability of the gas and liquid fractions for producing various commercial fuels.
Furthermore, increasing temperature increased the gas€x)(@nd low molecular
weight oll fraction (G-Co) yields with temperature. Thei€fraction yield decreases
significantly at high temperatures, particularly 600°C, due to thermal cracking of the

major compound (limonene).
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Figure 2.23Product distribution according to the carbon atom number in thie 425
600 °C temperature rangd.d apt ai on of

Pyrolysis temperature has significafitect on the limonene concentration. For
example, Cunliffe and William&*¢ conducted the pyrolysis of tire in a fixed bed
reactor at temperatures ranging 4600 °C, and they reported that limonene was the
predominant component of the tire oil, forming 3.1 wt.% at 450 °C and decreasing to
2.5 wt.% of the total liquid at 600 °@hang et all®’ demonstrated that limonene
concentration is very sensitive to pyrolysis temperature. When the pyrolysis
temperature increased from 450 to 550°C, the limonene concentration decreased from
11.97 to 4.72 wt.%. Likewisd,i et al. 144 determined a limonene content in the
pyrolysis liquid of 5.4 wt.% at 450 °C using a rotary kiln reactor, they found that
limonene concentration decreased to 0.07 wt.% at 650 °C.

Xu et alt®®investigatedhe influence of temperature on tire pyrolysiscoimposition,
using a laboratoryscale downdraft tube reactor. Theomatic formation increased
dramatically after 500C, at the expense of-Dimonene. Longchain olefins were
formed as unstable intermediates at higher temperatures througbpnngg trans
alkylation, and rearrangement reactions otiBonene, and then converted into
monoaromatics, via the Dielslder reation and aromatization reactio The
secondary reacti@produced initially aromatics and then produced further benzene
derivatives (BTXs). As the temperatureas increasd to around 600°C, light

polycyclic aromatic hydrocarbons such as naphthané indene were released
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through hydrogen transfer and vinyl radical addition of monoaromatics and aliphatic
hydrocarbonsFigure 2.24showst he r es urhaisn otfi rtehep-yr ol y ¢
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Figure 2.24The influence of temperature on the composition of tire pyrolysis oil
Adaptation oft¢8,

2.5.1.5 Influence of the reactor type

As the temperature affects the product distribution in pyrolysis of viasteeactor

type and configuration have a significant impact on product distrid@tioRyrolysis
reactors that include fixed bed reactors, both batch andlsswth reactors, rotary
kilns, auger reactors, and stirred tank reactorgolve slow pyrolysis (low
temperatures, low heating rates, and long residence times) for the products generated.
The other types of reactors include fluidized bed reactors (bubbling and circulating),
rotary kilns, spouted reactors, and ablative reactors. Tkaséors carry out the fast
pyrolysis process with a very short residence time and temperatures raogirGp0

°C to 800 °C!2143.169 Conical spouted bed reactor has been criticized for high
production and ability to deliver innovative, higluality products. Conical spouted

bed reactor produces a higher liquid yield ranging from 44.5 to%5.Dhe higher
operating temperatures in this reactor boost the aromaticity content which has been

reported by many researchiéfs

Taleb et al-’%investigated the thermal behaviour of pyrolysis products in a fixed bed
reactor. They reported that liquyikld of 32% was attained at 560G, and the liquid

product contained high levels of aromatic chemicals such as benzene, toluene, xylene,
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and limonene, as well as a complex mixture {0z organic compounds. The gas
yield was 26%, while the char yield was 42% at 500 °C.

Mkhize et al*’* conducted the influence of reactor configuration where three types of
reactors investigated: a fixed bed reactor, a bubbling fluidized bed meantb a
conical spouted bed reactor with two condensation systems, a shell and tube and a
qguenching condenser type configuration were examined. It was noticed that a
bubbling fluidized bed reactor and a quenching condenser were efficient for producing
a hgh oil yield (50 wt.% at 475 °C) and limonene.

2.5.2 Summary ofpyrolysis of waste tirediterature

The pyrolysis of wastéreswas investigated by many research@&ise results show
that NR, SBR/BR decompositiomwas obtained attemperature betweeB00 500
°C152.153 The effect of theire composition on the product distribution were reported
particularly the content of natural rubber and styrdm&adiene rubber in theré
which has a considerable impact on the liguildcomposition with high contents of
aromatics, styrene and limonepmducts Theinfluence of temperature on product
distribution can be explained that at lower temperatunés~450 °C, the
decomposition was incomplete, which resulted in high char yields, while the liquid
and gas yields were low. Atdhier temperaturesf ~550°C, strong cracking as well

as secondary reactisroccur, which encouraged gas production comparedilto
Moreover, it was reportetthatat 475 °Cthe producbil contained high concentration

of limonene, while the aromatic content in the oil was increasing at 578 The
gasproducts were € Cs hydrocarbons, CO, CQOandH:S. Pyrolysis reactors affect
the product distribution in pyrolysis of wastiees. It was found that a bubbling
fluidized bed reactor, guenching condenser, and conical spouted bed reactors were

efficient for producing a high oil yield around 50 and 55 wt.%, respectively.

2.5.3 Pyrolysiscatalysis of waste tires

As the catalysts can speed up the chemical reactions and the presence of certain
catalysts, pyrolysis reactions can be accelerated. Catalytic pyrolysis has the ability to
create a more constant product distribution than thermal pyrolysis and produces high

valuable product&®. From the literature review, several stuété$’21’>reported the
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advantages of using catalysts in waste pyrolysis in terms of increasing the yield
of the target products and their qual@yrolysiscatalysiscan be selective to produce
valuable chemicals, such as lighter aromatic hydrocarbons, and BTXE (benzene,
toluene, xylene and ethylbenzene), it naéggoreduce the sulphur content in liquid oil

or increase klcontent in the gas yieléb"’

Using catalysts inire pyrolysis effects the pyrolysis ratei] quality, product yields,

and composition, such as aromaticsntent for chemical productiofi®'43 To
summarizethe reviews of the catalytictire pyrolysis which include; (i) the type of
catalystnvestigatedsuch as (acid, basic, or metallic) have a significant impact on the
characteristics and/or dispersion of the product; (ii) the selection of a catalyst is
heavily influenced by the prospective applications of the target producit; i8iglso

found that the acid catalysts such as those found in the zeolites family, promote the
degradationof liquid yield to produce compounds such as aromatiah lagint
olefins,(iv) the reduction of the liquid oil yield can occurtire presencef these
catalysts, while, increasinpe gasproductyield; (v) base catalysts such as MgO,
NaCOsz, and NaOH can increase the liquid oil production, while the sulphur
concentration in the liquid oil can be reduced by CaO and Ca(OH)

2.5.3.1 Influence of the catalyst type

Miandad et al’® investigated the catalytic pyrolysis of wasies in a fixed bed
reactor at 450 °C. They used natural andBUSY zeolites, Ca(OH)and AkOs
catalysts. The maximum liquid yield was obtained witbQal(32 wt.%), while the
minimum liquid yield with zeolite (HFSDUSY) was reported (2@t.%) followed by
natural zeolite (22vt.%) and Ca(OH) (26 wt.%). High liquid yield as well as high
yield of gases were produced wherr®@dwas used, this can be associated to the mild
acidity of AkOs. However, zeolite catyst produced lower liquid yield, while higher
gas yield was obtained and can be attributed to the higher surface activity and
relatively large pore size of the zeolite catalystthe case of use Ca(OHjatalyst
which produced the maximum char (56%), less amount of liquid was reported
(26 wt.%) and less gas yield (18wt.%). On the other hand, the neatalytic
pyrolysis of tire reported the maximum liquid yield w@%, while the char and gas
yields were 40wt.% and 20wt.% respectivelyThe results of gashromatography

mass spectrometry indicated that the pyrolysis liquid produced without a catalyst
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contains up to 93.3wt.% mixed aromatic chemicals. Catalysts reduced the
concentration of aromatic compoundghe oilto 60.9wt.% when activated calcium
hydroxide was used, and around 7A4t®% when natural zeolite was used, and about
84.6wt.% when activated alumina was used, with the exception of synthetic zeolite,

which produced 93.Wt.% aromatic compounds.

Kordoghli et al*’® investigatedhe effect of powdered acid (ZSMand AbO3) and
base (CaC®and MgO) catalysts on oil yiel@ fixed-bed reactor was used atof
temperature of 550 °C. It was reportibat oil yield was63.1wt.% and 62.5vt.%,

with CaCQ and AbOs catalysts. Thegoncludedhat CaCQ@ and AbOsare the best
catalysts for enhancing gas yield, while MgO promaigsproduction. Similarly,
Shah et at®® have reported wast@es degradation via catalytic pyrolysis in a batch
reactor using basic catalysts (MgO and CaQi{Pes produced gas, liquid, ancthar
24.4, 39.8, and 35.8 wt.%espectively foiMgO and 32.5, 32.2, and 35.2 wt.% for
CaCQ after 2 hours of catalytic pyrolysis at 350°C. They found that both catalysts
produced approximately 25 wt.% of aliphatic hydrocarbons in the liquid fraction,
however the usage of MgO producekigh quantity of aromatic hydrocarbons (55
wt.%).

2.5.3.2 Influence of temperature

Kar®linvestigated the effect of temperature applied in the range 350 to 500a°C in
batch reactor, with expanded perlite which was used as an additive. In the examined
range, there was a significant rise iire tconversionThe oil yield at 425°C reached

the maximum yield of 60 wt.%. As a result, the high oil yield in the presence of the
catalyst was caused by the catalyst preventing repolymerisation and the formation of

gaseroducts during thermal degradation.

The increase inemperature and N@Os catalyst increased the rates of catalytic
conversion which was conducted by Demirbas ét°alThey used a stainlesseel
vertical reactor at temperatures ranging from 400 to 600°C. They found &4C458
without the addition of N&COs, theoil yield was39.6wt.%. The maximunoil yield

of 54.8 wt.% was produced in the presence of28@& at 452°C. The gas yield
included Gi Cs4 hydrocarbons, carbon dioxide, carbon monoxide, nitrogen, oxygen,
hydrogen sulphide, hydrogen, aother substances, while the liquid yield contained

the main chemicals which were styrene (28.%) and butadiene (10wt.%). The
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high amount of valuable light olefins such as ethylene and propylene, as well as light
aromatics such as benzene, toluene, xylene, and naphthalene derivatives, have been

reported in the produced fueil.

Williams and Brindlé8?demonstrated the product yield for2éolite (CB\*400) and

zeolite ZSM5 catalysts in relation to catalyst temperature for pyralgsiglysis of

tires. It was clear that increasing the temperature of the catalyst bed had the effect of
significantly increasing gas productiamn theexpense of oil yieldFor the ¥zeolite
(CBV-400) catalyst, for example, increasing the catalyst bed temperature from 430 to
600 °Craisedtotal gas yield from 16.3 to 21.8 wt.%, while decreasing oil yield from
38.7 to 32.2 wt.%T hese results show a drop in oil production compared thdnenal
pyrolysis, whichproducedan oil yield of 55.8 wt.% and a gg&eld of 6.1 wt. %. As
expected, the char yield remained consistent at roughly 38.0 wt.%. When compared
to the Y-zeolite (CB\*400) catalyst, the oil yield was higher, and the gas production
was lower when the zeolite ZSM catalyst was utilised. For example the absence

of a catalyst, oil yield decreased from 55.8 wt.% to 42.9 wt.%, followed by a further
decline to 34.6 W& as the catalyst temperatwasincreased from 430 to 600°C.
Furthermore, the gas yield increased from @115.1 wt.% at 430 °C catalyst
temperature to 20.0 wt.% at 600 °C catalyst temperature. The zeolitdoZakAlyst
increasedhe gas yieldignificantly at higher temperatures, rising from 4.0 wt.% at
430 °C to 7.6 wt.% at 600°C. It has been demonstratedrai/rolysis oils include

large concentrations of alkenes and aromatic compounds. Figbr@and b), show

the effect of temperature omeyds of high value chemicals using2éolite and ZSM

5 as catalysts. The presence of the catalyst increased the concentrations of single ring
aromatic hydrocarbons, benzene, toluene, and xylenes in the oils. Naphthalene and
alkylated naphthalenes were alstudied, and their concentrations increased
significantly when a catalyst was present. When compared to theXZ&ialyst, the
Y-type zeolite catalyst with bigger pore size and better surface activity produced
higher quantities of aromatic chemicals.eThoncentrations of benzene, toluene,
xylenes, naphthalene, and alkylated naphthalenes changed significantly as the catalyst

temperature was raised.
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Figure 2.25 Effect of catalyst bed temperature on yields of high value chemicals
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2.5.3.3 Influence of reactor types

Catalytic pyrolysis can take place in different type of reactors such as;biedednd
fluidized-bed reactor$®. The catalysts are usually utilised in situ and mixed with the
tire material in catalytic pyrolysis tests performed in fixed bed readfSrsThis
approach, however, has significant limitations, including high coke deposition and
problems in separating the catalyst and solid product at the end of the R8aation
two-stage fixed bed reactor pyrolysis was successfully applied fopytraysis
catalysis of wastetire'#2 In the first chamber of the reactoitet samples were
pyrolyzed in an inert gas atmosphere)(M? Following that, gaseous products were

passednto the second section of the reactor, where catakyéictions occut*2,

Furthermore, the study by Yuwapornpanit and Jitkadfitkzatalytic pyrolysis was
carried out in the fixed beckactor. In this experiment, the samplas placed in the
reactor in a specially designed, readily removable cage. In trials without a catalyst,
pyrolytic gases were transported by an inert gat® a zeolite catalyst or ceramic
beads placed in a wire container mounted above the pyrolysis zone. The results

showed that the catalyst in the pyrolytic process boosted gasayiettecreased oil
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yield. However, thezeolite catalyst enhanced the yield of single ring aromatic

compounds

2.5.4 Summary of pyrolysiscatalysis of waste tires literature

The catalytic pyrolysis of wasterés conducted reported the advantages of using
catalysts for increasing the yield of the target products and their quality. Using
catalyss such adlaxCOs, MgO, CaCQ, Al203, and zeoliteeanenhance the produced

oil with more aromatics and light olefingontents Increasing the catalyst bed
temperature from 430 to 600 i@creased thgas yield, while decreasing oil yield.
However, thepresence of the catalyst increased the concentrations of single ring
aromatic hydrocarbons, benzene, toluene, and xylenes in th€aiitdytic pyrolysis

has been investigated in different type of reactors such as;deg@nd fluidized

bed reactors. A twstage fixed bed reactor pyrolysis was applied with catalyst which

can enhance the aromatic compounds.

The samyye research has been cormdaudat edsiac
of individual waste tires and plastics,
t hepymol yspgrabgsebysis of combinbd tire
interaction between thermally decompose
pyrolysis has not been comprehensively i
yield, guality, and the influence on <ca
e xnsi vel y ftleonal and catalytic Bpgrolysis of waste tire and plastic
mixtures. Moreover, the synergistic effects ofprocessing on product distribution
(gas, oil, char) as well as the composition and fuel quality of pyrolysis oils will be

thoroughly evaluated ancharacterized.
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Chapter 3: Methodology

3.1 Introduction

This chapter explains the experimental methodology that was used for the pyrolysis
and the pyrolysikatalysis of waste tires and plastics. It provides the materials or
feedstocks (tire and plastic) and explains the characterisation of the materiatssin ter
of determining the thermogravimetric analysis (TGA), proximate and ultimate
analyses. This chapter aldescribeghe experimental reactor set ppceduresand
thevalidation of the pyrolysis and the pyrolysiatalysis systes) which includes the
reactor configurations and tperational conditions. Furthermoredemonstrates in

detail the calculations of the products yield, the gas and the oil analysis. The oil
analysis is the main portion in this project, and it is conducted using standards and

samples preparation, peaks identification, and the analysisnresits.

3.2 Materials

The waste tires and plastics were selected for this project as the feedstocks that were
inherently high hydrocarbon content due to the iohgin molecular structures. The
produced oil from these materials through thermal and catalytic pyrolysis caneprovid
valuable compounds such as gasoline @) and diesel (€&-Cz0) hydrocarbon$®,

This study investigates the pyrolysis andpswolysis of plastics and tires as viable

waste management options.

3.2.1 Waste plastics

In this project, the common waste plastics that included-tigtsity polyethylene
(HDPE), lowdensity polyethylene (LDPE), and polypropylene (PP), polystyrene
(PS), and polyethylene terephthalate (PET) were used for the pyrolysis and the
pyrolysiscatalyss experiments. These plastics were supplied from a waste plastics
recycling company, Regain Polymers Ltd., Castleford UK, in the form of 2 mm sized

pellets as shown in Figure 3.1.
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a) Polyethylene (PE) b) Polypropylene (PP) ~ c) Polystyrene (PS)  d) Polyethylene terephthalate (PET)

Figure 3.1Plastic samples and the chemical structures of each type.

3.2.2 Waste tires

The tire sample was produced frdarack tires and was the rubber component only

and wasshredded to produce a particle size of 6 mm as shown in Figure 3.2.

+CH;—(|:=CH—CH;]>
1

CHs
Natural rubber (NR)

Rubber is treated with
Sulphur (vulcanization)

CH, CH;
| | CHj H
%CH;—CH:CH—CH;}-CH—CH;F +CH;—C+CH;—C=CH—CH;—
m n | n
CH,

Butyl rubber (BR)

Styrene butadiene rubber (SBR)

Figure 3.2 Tire sample and the chemical structures of the main tire composition.

3.2.3 Catalysts

Zeolite Catalysts in the form of ZSl& and MCM41 D112 mm spheres) were
supplied fromNankai University Catalyst Plant, China as shown in Figure 3.3. These

catalysts were examined to investigate their properties, which includes Si:Al ratio,
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BET surface area, and the pore volume. Table 3.1 shows the properties of these

catalysts.

Figure 3.3Catalysts samples (a) ZSH and (b) MCM41.

Table 3.1Characterizations of the zeolite catalyts

CatalSi: BET Surfe Pore Vol3ghe Average
rat ( g’ Mi crop Mesop Width

ZS M 38 233 0.23 0.12 5. 2

MCM41 4 734 0. 38 0. 33 3.95

3.3 Materials analysis and characterizations

The waste plastics and tire samples were characterised by ultimate analysis of the
samples for C, H, N and S and was conducted usifigeamnos EA2000 elemental
analyser. The proximate analysis of the samples was conducted by using
thermogravimetric analysis (TGA) of the individual waste plastics and tire using a
Shimadzu TGA50 analyser.

3.3.1 Ultimate analysis

The examination of raw materials in the plastics and tires samples was performed
using a Flash EA2000 elemental analyser. Figure 3.4 depicts the instrument schematic
diagram. The operating concept of this instrument is based on a dynamic of the
combustionmethod, which is combined with gas chromatography and consists of
three major steps: high temperature combustion, product separation, and detection.
Approximately ~ 3mg of the sample is precisely weighed with a microbalance and

sealed in a tin foil capsul@he prepared sample is then loaded into the automated
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sampler tray. The software allows for the selection of the optimum settings such as
the temperature program and the carrier gas flow rate. The instrument automatically
carries the sample to a combustion furnace, where it combusts quickly at high
temperatues and in the presence of oxygen. This requires a specified quantity of
sample in a tin capsule in the presence of a specified quantity of an oxidising agent,
such as vanadium pentoxide2(3). At 1000°C, combustion converts all carbon,
nitrogen, and sulplr atoms into C@ NOz, and SQ through the oxidation process.
These gases were separated and delivered by helium to a gas chromatographic column
where each gas is separated and analysed based on retention time by a thermal
conductivity detector (TCD) which allows to determine the elgroencentrations of

each sample according to the response of the known stan@aelsamples were
injected twice and the average was taken for all the elem€&hésresults for the
elementahnalysisare shown in Table 3.Zhe results indicted high C and H contents

for HDPE, LDPE, PS, and PP, while PET and tire produced more oxygen content.

Autosampler Ny €O,
H0
Oxygen '  Helium "
H
v
Oxidation GC column TCD Computer
Redution

Figure 3.4Flash EA2000 elementahalyser diagramAd apt a%i on o f
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Table 3.2Ultimate analysis of the tire and individual plastic samples.
Ultimate analysis (wt.%)
Feedstoc Carbon Hydrogen Nitrogen Oxygen Sulfur Total Standard

K deviation
Tire 80.01 7.22 0.98 6.89 2.42 97.52 0.78
HDPE 85.01 1310 0.68 057 0.00 99.36 1.01
LDPE 8519 14.15 0.66 0.00 0.00 100 0.74
PP 82.32 15.12 0.68 1.35 0.00 99.47 1.11
PS 9039 8.95 0.66 0.00 0.00 100 1.05
PET 62.03 5.02 0.52 30.93 0.00 98.50 1.13

3.3.2 Proximate analysis

A SchimadzuTGA-50 thermogravimetric analyser (TGA) was used to evaluate the
tire and plastic moisture, volatiles, ash, and fixed carbon content. The thermal
decomposition properties and composition of the sample are determined by measuring
the change in mass with nigerature or time under regulated temperature and
atmospheric conditions. Samples of ~10 mg were accurately weighed and placed in
the thermogravimetric analyser sample crucible. The heating programme was, starting
from room temperature to 105 °C in an inatmosphere to determine moisture
content, then raising temperature to 900 °C to determine volatile content, and finally,
the addition of air to combust the char and determine ash content. The TGA
continuously records the change in sample mass. Figure 3.5 illustrates a typical
analysis thermogram of the polypropylene sample which shows the volatile and ash
contents. Table 3.8hows the results of all the samples, and it indicates that the
plastics samples produced high amount of the volatile content anguiantities of

the moisture and fixed carbon. This is due to the high carbon and hydrogen ratio in

the plastics samples, particularly PE, PP, and PS compared to PET and tire.
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Figure 3.5A proximate analysis of polypropylethy TGA.

Table 3.3 Proximate analysis dhe tire andndividual plasticsamples
Proximate analysis (wt.%)

Feedstock Moisture  Volatile Fixed Ash Total Standard

Content Matter Carbon Content deviation
Tire 0.36 62.30 25.57 2.48 90.71 0.36
HDPE 0.88 93.15 0.07 0.64 94.74 0.65
LDPE 0.78 96.04 0.09 0.53 97.44 0.50
PP 0.48 94.07 0.06 1.14 95.75 0.50
PS 0.77 95.88 0.09 1.08 97.82 0.70
PET 0.73 82.33 14.38 1.50 98.94 0.73

3.4 Experimental setup

In this study, two reactors were used for the experiments, firstly, a single stage fixed
bed reactor was conducted for all the pyrolysis experiments including, the pyrolysis
of individual plastics (HDPE, LDPE, PP, PS, and PET), the pyrolysis of individual
tires, and the cpyrolysis of mixtures of plastics and tires. The single stage reactor
was modified with the addition of a second stage fiked rector to produce a two
stage pyrolysicatalysis experimental reactor-sgt. The twestage reactor was used

for the pyrolysiscatalysis experiments for individual tires and plastics as well as the
mixtures of plastics and tires; the catalysts used were zeolite2Z&M the two layer
MCM-41/ ZSM5 catalyst system.
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3.4.1 Fixedbed reactor for the pyrolysis experiments

The fixed bed single stage pyrolysis reactor was constructed of stainless steel with
inner diameter of 4 cm and an outer diameter of 6ard,a height of 30 cm. Figure

3.6 shows a schematic diagram of #iegle stagdixed-bed reactorThe nitrogen

purge gas inlet are set up on the top of the reactor. The waste sample (plastics, or tire)
was placed in a stainlesteel sample boatith a diameter of 2.3 cm and a height of

5.5 cmwhich was located inside the reactdbhe reactor was heated externallyay

1. kW electrical furnace, and thhemperatureneasurement of the feedstock sample
was measured by a thermocouftgpe K stainless stéethermocouples 2.5 mm
diameter with temperature measurement range is from-D2Q0°C) During the
pyrolysis experiments nitrogen (carrier gas), enters the remutigpurges the product
gases through the condenser systéimmee condenselrn series, cooled by firstly air

and then dry ice we used to collect the liquid oil produgctshile the uncondensed
gases wereollected by a 25 L Tedlar gaample bag. The solid residue char produced
from the pyrolysis remains in the sample boat where it can be collected and weighed.

Figure 37 showsa photograph of the experimahset up.

Thermocouple

N, Fh# Electrical furnace

/Electric system
: N, flow rate controller

_.é E] HEay Temperature controller
Sample boat — | |

Pyrolysis stage

.8

HEAY

Condensers in dry ice (oil collection)

Gas bag (gases collection)

Figure 3.6 A schematic diagram of the single stage fiked reactor.
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Figure 3.7 A photograph of the pyrolysis experiment set up.
Nitrogen, (b) Thermocouple, (c) Temperature displayNgflow rate controller, (e)
Temperature controller, (f) Temperature controlled furnace (pyrolysis stage),
(g) Condensers system, (h) gas bag, (i) timer.

3.4.2 Fixedbed reactor for the pyrolysiscatalysis experiments

The twostage, fixed bed reactorsystem was used for thpyrolysiscatalytic
processing of waste plastics and waste tires the mixtures (plasticsitittés)
downstream catalytic processinghe fixed bed pyrolysisatalysis reactor was
constructed of stainless steel wath inner diameter of 4 cm and an outer diameter of
6 cm, and a height of 48 cririgure 3.8 shows a schematic diagram oftéie stage
fixed-bed reactor. This fixed bed reacisrsurrounded by the twelectric furnace
that islinked to the heating control system which provided the temperatumé&olled
heating of the first and the second stagreshe pyrolysis stage, tteampleof waste
is placed in the stainlesteel sample boand in the catalysis stagide catalystis
locatedon aquartzwool supportbedabove anetalmeshplate.All the product yields
of gas, oil, and char were collected as befbigure 39 shows a photograph of the

experimendl set up.
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Thermocouples

Pyrolysis stage
(sample)

Sample boat — N, flow rate controller

Temperature controller

Catalysis stage
Catalyst — |

Condensers in dry ice (oil collection)

Gas bag (gases collection)

Figure 3.8 A schematic diagram of thevo-stage fixeebed reactor.

Figure 3.9A photograph of the pyrolysisatalysis experiment set up
(a) Nitrogen, (b) Thermocouples, (c) Temperature displayiN¢d)ow rate
controller, (e) Temperature controller, (f) Temperature controlled furnace
(pyrolysis stage), (e mper at ure controlled furn:
Condensers system, (i) gas bag.

64



In the case of the pyrolystatalysis, one layer of ZSM¥ or two layers of catalysts
(MCM-41 followed by ZSM5) were applied to investigate the influence of different

catalyst properties on the products composition.

3.4.3 Pyrolysis experimental procedure and the operating conditions

The pyrolysisof thetire and plastics and their mixture {pgrolysis) was carried out
using thefixed bed pyrolysis react@ystem.nitially, the sample boat, reactor, and
condensers were weighed. Thdrewaste samplef plastics,andbr tire (6.0 g total
feedstock masgsyas placed irastainlesssteel sample boaid placed centralipside

the reactarFor the cepyrolysis experiments an equal Irhss of 3.0 g of plastic and

3.0 g tire was used to give a total feedstock mass of.@.Rigfeedstock mass ratio

was used to show the essential influence of tire addition on the products composition
Nitrogen was used as a purge carrier gas to ensure flow of the product gases and
volatilesthat exhausfrom the sample boahrough the reactor at flow rate of 200
ml/min, which was adjusted by the flow metdihe heating regiméor pyrolysis
consisted oheatng from ambient temperatute a final temperature @50°C, ata
heating rate of 20C min't. Whenthe experimental temperatureached200 °C the
product gas collection into the gas sample bag was started. Whegyrtiigsis
temperature reached ®3C it was heldat that temperaturor 20 mins to ensure
complete collection of pyrolysis gaseiiree condensensere used to collect the

liquid productsanduncondensed gases were colledated a 25 L Tedlar gas sample

bag. The solid residue char produced from the pyrolysis remained in the sample boat
where it was collected and weighed after each experiment. After the experiments the
sample boat, reactor, and condensers system were weighted in ardieutate the
products yield. oilis stored in the freezers for bianalysis, while the gas analysis
should be analysed directly after the experim&hiese conditionsvere applied in

different studies byi et al. **Xu et all%®nd Ratnasari et at®?

3.4.4 Pyrolysiscatalysis experimental procedure and theoperating
conditions

For the twestage pyrolysicatalysis experimentdhe sample boat, reactor, and

condensersre weighedprior the experiment as beforndowever, the catalyst was

pre-loaded into the second stage catalytic reactor, support on a quartz wool support

bed. The quartwool bedis insertednto the reactor columand weighted together.
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For the pyrolysiscatalysis experimentg of thetire or plastic was used with 4 g of
catalyst.The catalyst stage was heated &03C, and held at that temperature for 30
minutes prior to the pyrolysis heating, which was to heat up@3®, with a heating
rate of20 °C/min. Similarly to the pyrolysis experiments, 200 °C the gagield is
started to be collectddto the gas sample baguring this time the condensed liquid

is collected in the three condensers.

3.4.5Repeatability of the pyrolysis system

The fixed bed reactor was examined to investigate its efficiency and repeatability.
Three experiments were carried out under the same conditions for the pyrolysis. Table
3.4 shows theepeatabilityof the reactor system and the experimental conditions, the
repetitions of the experiments using the trust which also shows the mass balance

as well as the product yields.

Table 3.4Therepeatabilityof the pyrolysis reactor and the experimental conditions.
Experi ment al condi t

Sampl e/ weig6 g of thetsgshr

Pyrolysis t 65T

Nof Il ow rate 200 ml/ min
Heating rat 20C/ min

Products vy Experi ment Aver Stand
devi a

1 2 3
Gas yield 6.9 6. 92 8 7.3 0.61
Liquid yie 55 58. 5 58 57 .. 1. 89
Char yield 37. 36. 7 37.5 37.1 0.40
Mass balan 99.: 102. 103. 101. 2. 23

3.4.6Repeatability of the pyrolysis-catalysis system

Table 3.5 shows threpeatabilityof the pyrolysiscatalysissystem was also examined
similar to the pyrolysis processhree experiments were carried out under the same
conditions, and the repetitions of the experiments using thedeigsity polyethylene

in the first stage, while the addition of catalyst was applied in the second stage at the

ratio of 1:1.
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Table 3.5 The repeatabilityof the pyrolysiscatalysis reactor and the experimental

conditions

Experi mental condi't
Sampl e/ wei 4 g of the hig
Catal yst 4 g of the zeo

Pyrolysis 65%T
Catalytic 559

Nof l ow ratel50 ml/ min
Heating ra20C/ min

Products vy Experi ment Avera St and
devi a

1 2 3
Gas yield 32.: 30 29 30.4. 1.6°C
Liquid yie 51.¢ 53.3 56.5 53.8. 2. 4¢
Char yield 1 0 0.5 0.5 0.5
Mass balan 84.¢ 83.8 86. 3 85.0¢ 1. 2¢

3.5Gas analysis

The pyrolysis process produced a gas which was collected in the gas sample bag and
was analysed by using packedlumn GC using different Varian 3380C gas
chromatographs. The permanent gasesii] O,, CO and CQ), alkanes and alkenes

are also analysed. A photograph of one of the Varian GC is shown in Figure 3.10 This
gas was analysed elihe using three GC instruments. The first instrument, a Varian
CP-3380 analysed the permanent gases @4, N2and CO) with using argon as the
carrier gas and ara x 2 mm column packed with a mesh molecular sieve and

a thermal conductivity detector (TCD). The second ims&nt was also a Varian €P

3380 but with a Haysep column and was configured to measure carbon dioxide also
using a TCD. The third instrument was used to determine hydrocarbon gask}, (C

used nitrogen as a carrier gas and a 2m x 2mm stainless steel column packed with
Hysesp, 86100 mesh using a flame ionisation detector (FID). Calibration was
achieved using known standards these were used to calculate response factors (RF)
for each gasEach gas sample was injected three times with the average used to

cdculate the gas yield’.
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Figure 3.10A photograph of th&arian 3380 gas chromatography

3.5.1 The Gas concentration calculation

The gas concentrations were calculated using the standards of permanent and
hydrocarbon gasesoncentrations at approximately 1.0% of each gas. Table 3.6
presents the standard of these gases. The concentrations of the detected gases by the

GC can be calculated through the following equation.

Cs =— 3 Cstd (mg’l) (31)
Where;

Cspresented the concentration of the gas sample.
U area sis presented the sample peak area.

U area stdiS presented the peak area of the gas standard.

Cstais presented the concentration of the gas standard.

The injection of the gas sample through the GC was repeated three times, then the
average of the gas concentrations was taken for calculation. The moles of each gas are
also calculated and that can be achieved by calculating the total volume, which is
taken into consideration that ANflow rate is constant during the experiments, the
following equation presents the calculation of the total volume
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Total volume = 3100 (vol.%) (3.2)

b

By obtaining the total volume, then the concentration in moles for the gases can be

calculated through the following equation

p 3
Moles of gas = P (mole (3.3)
The mass of each gas is also calculated in the equation below;
Mass of gas = Moles of gasMolecular weight of gas (wt.%) (3.4

Table 3.6The standard gas used for the GC calibratigreomanent and hydrocarbon

gases.
Gases Retenti Concent Peak Stand
( mi n) ( Vol . ¢ devi a

Per manent
Hydr oge 3.67 1 20927 0.01
Oxygen 4. 75 1 2213 0.00
Ni troge 5.78 96 16880 0.10
Carbon mc 11.18 1 1597 0.00
Carbon d 6. 62 1 1114¢ 0.00

Hydrocarhb
Met hane 1.39 1 62341 0.03
Et hene 4. 46 1 12896 0.08
Et hane 5. 42 1 11513 0.07
Propencte 10. 91 1 18689 0.11
Propane 110 1 1 179214 0. 11
But ene 17. 14 2 47706 O0.29

butadi e
But ane 17.40 1 24866 O0.15

3.5.2Calculations of the product yield

The pyrolysis products which consisted of the gas, liquid and char were collected and
measured. Gas was collected in the gas sample bag and was directly analysed by
packed column gas chromatography (GC). The mass of liquid collected from the three
condenses was calculated by taking the weight difference (before and after the

experiment). The calculations of products yields are shown below;
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Gas yield, (GY%) =—— 3 100 (3.5)

Liquid yield, (LY%) = 3100 (3.6)
Char yield, (CY%) = 3100 (3.7)
Mass balance, MB (%) = GY + LY + CY (3.8)

Where; W is presented the weight in gram unite.

3.6 Oil analysis

In this work, # the oil samples were analysed to identify the oil composition, and
determine the chemical compounds obtained fronpyihelysisof thetire and plastics
and their mixture (cyrolysis) This section will explain in detail all the

experimental steps, starting from the samples preparation until the analysis process.

3.6.1 Samples and standards preparation

After the experiments the oil yield was collected #naghsferred to glass vials. Then
dichloromethane (DCM) was used as the solvent to dissolve all the oil samples, and
it was found that these ngoolar compounds were completely dissolved in DCM. The
wax was produced from the pyrolysis of the plastics sangéeshown in Figure
3.11(a). A yellow powder was produced from the pyrolysis of PET, which showed
less solubility compared to the other plastics. However, DCM was used to dissolve
the powder and wasftdor two days in the fridge prior to analysis (Figure 3.11 (b)).
Tire and PS produced an oily liquid. Timéxture of tire and plastic samples produced
less wax because of the tire addition as 50% of the produced oil from tire, and they
fully dissolved in DCM as shown in Figure 3.11(c). Similarly, pyroheatalysis of

both individual plastics and tire/plastmixtures produced oil rather than wax due to
the high cracking rate. Thus, all the oil samples were dissolved easily in DCM.
Samples and standards were prepared in specific concentrations on the same day of
analysis to avoid in loss of the oil due to diatilisation that may affect the results.
Samples and standards were all prepared in specific concentrations prior to injection
through the gas chromatography mass spectrometry (GC/MS) system. Figure 3.12
shows a schematic diagram of the main oil analg&ps.
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Figure 3.11Preparation of the oil samples, (a) wax produced from the pyrolysis of
HDPE, LDPE, PP, and PET, (b) individual pyrolysis samples dissolved in
DCM, (c) mixtures pyrolysis samples dissolved in DCM.
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Figure 3.12A schematic diagrarof the main oil analysis stepSreated with
BioRender.com
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The standards were injected into the GC/MS to record the retention times of the main
compounds. According to the retention times and using the spectral library of the
GC/MS then it will begpossible to identify the expected compound in the oil samples.
Table 3.7 shows the main compounds that were injected as standards, which included
aliphatic compounds, which were refenced as alkanes ranging #&m,Gromatic
compound such as benzene, toluene, xylene, styrene, limonene, naphthalene,
phenanthrene, and pyrene. Furthermore, the main oxygenated compounds were also
injected to identify the oil composition that produced from the pyrolysis and the

pyrolysis-catalysis of PET, which includes bemzacid, phenol, and acetophenone.

Table 3.7 Standards of the main expected compounds obtained from the oil

composition

Al i phat Retent Peak aiStand

compoun ti me ( (averacdevi a
C8 4. 21°: 252640 0. 1109
Co9 5. 99¢ 659720 0. 866
C1lo0 7. 951 626960 0. 822
Cl1 9. 88: 614130 0. 892
Ci2 11. 78 585260 0. 471
C1l3 13.56 600500 0. 2514
Cl4 15.23 630400 0. 627
Cl5 16. 67 628550 0. 8478
Cle 18. 29 590860 0. 842
cC17 19.74 128252(p. 682
c18 21. 05 111694(p. 551
C1l9 22. 32 507920 0. 435
C20 23.55 499330 0.742
C21 24. 72 477930 0.174
c22 25. 85 451430 0. 346
Cc23 26. 92 451840 0.500
C24 27. 96 436000 0. 606
cC25 28. 95 401660 0. 212
C26 29. 91 399110 0. 1914
c27 30. 84 363470 0.538
c28 31. 73 339260 0. 097
c29 32.61 278350 0. 189
C30 33.60 203686(p. 199
C31 34.67 137309(p0. 4214
C32 35. 81 103019(0. 096
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Table 3.7 Standards of the main expected compounds obtained from the oil

.32
.23
.19

Di met hyl 25.87¢ 19256
Benzoic 26.51¢: 24373
Tri methy 28. 00« 24558

composition(Continued.

Aromati Retenti Peak & Stand
compoun (mi n) devi a
Benzen 2.710 52868 0.10.
Tol uen 4 .02 93286 0. 01
Xyl ene 9.@5 14060 0. 24
Styren 10.037 29190 0. 01
Li monet 19.033 73839 0. 02
Napht ha 27 .017 25697 0.03
Bi phen 33.60¢t 67457 0. 00
Fl uor e 38.76°7 33900 0. 02
Phenant 43.036 12030 0. 59
Ant hrac 43.39¢ 21430 0. 03
Pyrene 49.089 15501« O0.45
mter phe 50.29¢ 14970 0. 47
Chryse 55.047 27378 0.51.
Oxygena Retent. Peak & Stand
compoun (mi n) devi a
Phenol 16. 127 11742 0. 34.
Acetoph 21.75% 52490 0. 02

0

0

0

3.6.2 Gas chromatography mass spectrometry (GC/MS)

The oil collected in the condenser system was analysed using coupled gas
chromatography with mass spectrometry (GC/MS). GR#MS used was a Varian,
CP-3800 GC/Varian with Saturn 2200 MS instrument equipped with & D8pillary
column. The GC column was heated from a temperature of 40 °C to 310 °C, at a
heating rate of 5 °C mih The oil samples were loaded into a GC samplg than

an autesampler was used to inject2Linto the GC/MS columnThe samples were
analysed in the GBS and optimized to mamize the separation of compounds and

to avoid any overlaps between the peaks whilst ensuring elucidation of a wide a range
of compounds. The system was calibrated using known compounds as standards
(Table 3.7). The analysis consisted of analysis of fthlerange of aliphatic

compounds aromatic compounds and oxygenated compound identifiéation
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3.6.3 Peaks identification

The dentification of unknown GC/Mpeakswas achievedby injection of a wide

range of standard chemicals to determiesponse factors and retention times as
presented in Table B.For example, tire oil sample presented the highest peak at 19.2
min (Figure 313(a)), while the oil sample of the HDPE did not observe any peak at
19 min (Figure 3L3(b)). In the case of the mixture oil sample (Tire/HDPE), the high
abundance peak is presented similar to the tire oil sample at 19.2 min as shown in
(Figure 313(c)). Limonene was injected as the standard and it presented at the
retention time of 19.1 min (Figure1&(d). This canconfirm the identification of
limonene as the peakdbtained from théndividual tire and HDPE oisamples, and

their mixture correspond to the observed peak in the standard.
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Figure 3.13The identification of limonene GC/MS peak, (a) tiresample, (b)
HDPE oil sample, (c) T/HDPE oil sample, and (d) limonene standard.
In addition, he GC/MS NIST library was used to aid peak identification of
compounds but also these of calculatedelative retention indicesThe use of
calculated retention indices for identifying and quantifying the other compounds,
particularly the polycyclic aromatic hydrocarbons, this method was develnpped

Lee® A retention in@x for a compound indicates where tt@mmpound will elute in
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a chromatogram, under specifexperimental GC conditions. For temperature
programming, the calculation for thetention inécesl, of acompound x, ipresented

in the following formulag.

OopnmAr— PO (3.9)

where T, is the retention time of compound x. T, andaFethe retention times of
selected polycyclic aromatic hydrocarbons, with ring number n and n+l, respectively,
n is the carbon or ring number thie reference compound eluting prior to compound
X, suchthat the n+l reference compound elutes after compouatacketing the
compound of interesheverthelessGC/MS system was able to identify and quantify

the major compound peaks present in the pyrolysis apydysis 0il$°.

3.6.4 Oilyield calculation

The known standards were injected to calibrate the GC/MS with retention times and
response factors (RF). Then, it will be possible to calculate the mass of each

compound produced in the oil composition.

Concentration of oil compound= 3 concentration of std

(mg/ml) (3.10)

RF= 7 (3.11)
Mass of compound x = Peak area of RF ¢ volume (mg) (3.12)
Wt %= 3100 (3.13)

Synergistic effect calculation:
To demonstrate the synergistic effect, comparingpyrolysis product yields to
theoretical values calculated by using thdditivity equation from individual

component yield¥.

y= 0.0 G ) (3.13)

In this equation, y represents the theoretical yield valu@ngd x represent the
experimental value, of the compounds obtained from individual tire and plastics

pyrolysis oil, and w and w are the masdractions of tire/plastics mixturesCo-
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pyrolysis provides synergistic effects when the experimental value exceeds the

theoretical valu&®.

Y=V experimental Y theoretical (3.14)

3.7Summary

The experimental methodology that was used for the pyrolysis and the pyrolysis
catalysis of waste tires and plastiegs examined in this chapteFhe ultimate
analysis results show high content of carbon and hydrogen for all the plastics, with
high oxygen content observed from PHhe proximate analysisdicates that the
plastics samples produced high amount of the volatile content and low quantities of
the moisture and fixed carbofhe experimental reactor set pppcedureshow high
efficiency andcorstant repeatabilityof the pyrolysis and the pyrolyseatalysis
systems The calculations of the products yield, the gas and the oil analysis
explained to investigate the wt.%he oil analysis is conducted using standards and
samples preparation, peaks identification, and the analysis instryf@&hter gas
analysis and GC/MS for the oil analysis.
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Chapter 4: Co-pyrolysis of waste plastics and tires: Influence of

interaction on product oil and gas composition

4.1 Introduction

Incorrect disposal of waste plastics is associated with negative impacts on the
environment®1192 Although recycling of waste plastics via mechanical methods can
generate recycled products, they are generally for low grade applications. Also, the
other main treatment options of waste landfill and incineration are associated with
land and air pollutiomnd represent a waste of resolit¢&3 Many researchers have
investigated the use of waste plastics as an essential resource to create new fuels and
raw chemical materials through chemical recycling to extract value from the waste
plastics®9487% Plastic waste can be converted to a secondary raw material such as
monomers or pyrolysis oil through the process of pyrol¥4i$he product pyrolysis

oil can be used as a liquid fuel, a source of chemicals or as a feedstock to produce new
plastics. The chemical composition of the derived pyrolysis oil is dependent on the
type of plastic polymer being pyrolyzed. The main plagtiesd in municipal solid

waste are the thermoplastics, low and high density polyethylene, polystyrene,
polypropylene and polyethylene terephthaité.ow density polyethylene has a high

level of branching and crosslinking in the polymer structure compared to high density
polyethylene*®. However, their product pyrolysis oil composition is very similar as
they are both based on polymeric ethylene and consists of maatikames, alkenes

and alkadienes. Pyrolysis of polypropylene also produces alkenes in the product oil
but the oil compasion is more complex compared to polyethylene due to the
branched structure of the polymer. Since polystyrene has a polymer structure based
on aromatic styrene, the oil obtained from pyrolysis of polystyrene is aromatic
consisting of mainly styrene, styre oligomers and single ring aromatic compounds.
The polymer structure of polyethylene terephthalate is aromatic and contains
oxygenated groups and consequently produces an oil product containing oxygenated

compounds includinterephthalic acid and benzoic &¢id

Another highvolume waste material associated with negative environmental impact
and difficulties in effective disposal, are waste fifésin recent years, waste tire
management options have included mechanical recycling and shredding of the tire

rubber for use in sports fields, and for civil engineering applications and via
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combustion of the tires. Waste landfill for the disposal of tires is also practised in some
countries, but is a waste of the resource. Pyrolysis has also been proposed as an
effective management option for waste tires for the production of liquid fubklghn
yields'#1:197.198 The pyrolysis oil from waste tires is mainly aliphatic and aromatic in
composition, but also contains sulfur and nitrogen and oxygenated spé&everal
different types of rubber may be used in the formulation of a tire, including, styrene
butadiene rubber, natural rubber (polyisoprene), nitrile rubber, chloroprene rubber and
polybutadiene rubber. The pyrolysis of the different types of rubbenfuence the
product oil composition. For example, pyrolysis of styrbntadienerubber produces

an oil containing styrene and other single ring aromatic compounds. Pyrolysis of
natural rubber generates an oil containing isoprene, dipentene-simgl@romatic

and polycyclic aromatic hydrocarbons as well as aliphatic alkane and alkene

hydrocarbons up tof&

Several million tonnes of both waste plastics and waste tires are generated each year,
representing an acute management problem to ensure environmental
sustainability®1% The potential for recovery of high yields of product oil from the
pyrolysis of waste plastics and tires has been demonstrated. However, there is interest
in the copyrolysis of these fossfuel derived polymeric wastes as a route to
recovering the hydarbons rather than loss of the resource through combustion or
landfilling. There have been some recent studies on Hpgradysis of waste plastics

and tires'®®. For example, Hu et &f°, used coupled thermogravimetric analysis with
Fourier transform infraied spectrometry to study the-pgrolysis of waste tires with

low and high density polyethylene, polystyrene and polypropylene. They reported that
the addition of tire to the epyrolysis process resulted in a wider thermal
decomposition range for the plastics and evidence of interaction of the tire and plastic
volatiles was observed influencing the composition of the product oils and gases.
Hussain et &%, conducted cgyrolysis experiments involving tire and polyethylene

and reported interaction between the waste polymers durifmyrotysis which
influenced the chemical composition of the product oil. Li éP'alinvestigated the
co-pyrolysis of waste tires, with polypropylene, polyethylene, polyvinyl chloride and
mixed plastic waste using a thermogravimetric analystsurier transform infra
red/mass spectrometry reaction system -iffiW1S). They reported synergistic
interaction between the tire and the plastic waste, with polyethylene demonstrating

the highest interaction with the tir@ewi et al?%? investigated the synergistic
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interaction between tires and plastics with the main aim of determining the effect of
the sulfur content of the tire on the product oil composition from thpycolysis
process. They reported that the sulfur content of the product oil could be effectively
eliminated by mixing polystyrene or low density polyethylene with the tire. In
addition, they showed that mixing polypropylene or polyethylene with the tire
produced a pyrolysis oil with enhanced concentrations of lighter hydrocarbons.
Miranda et af® used an autoclave closed batch reactor system to study the co
pyrolysis of tires and different plastigglyethylene, polypropylene and polystyrene.
They concluded that pyrolysis temperature has a significant effect on the reaction

mechanism of the pyrolysis of tire and plastic waste mixtures.

The literature demonstrates that there has been only limited research inte the co
pyrolysis of waste tires and plastics. Consequently, there is a need to understand the
advantages or disadvantages ofpcocessing of these abundant waste polymers to
produe product oils via the pyrolysis process. In this respect detailed analysis of the
product oils and byproduct gases is required to understand the interactions of tires
and plastics during epyrolysis as to how their interaction influences the-pratiuct

oil composition. In thichapterthe interaction of waste tires with several different
plastics commonly found in municipal solid waste, comprising, -digisity
polyethylene (HDPE), lovdensity polyethylene (LDPE), polypropylene (PP),
polystyrene (PS), and polyethylene terephthalatd Ereported. The epyrolysis

was investigated in a fixed bed reactor and detailed compositional analysis of the
product oils and gases is presented to determine the extent of interaction and the
influence on product gaand oil yield. The aim of the work was to show how the
individual plastics found in mixtures of plastics derived from municipal solid waste

influence the overall yield and composition of the product oils and gases.

4.2 Thermogravimetric analysis of tires andolastics

Il ni tial experiments wer e carried out t
characteristics of the tire, the indivic
The samples were cryogenically c¢crushed

enswrmoghenei ty. A-539chihmadwwyrfa®@A metri c an
used for the analysi s, using 10 mg of

programme identical to the fixed bed r
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experi megpnteseftsd i n chapter three). Th
t hermograms which measured the rate of ¢

t hoen ot pyrol ysi s, the ppeoakntd etceommppeorsaittuiroen

4.2.1Results of hermogravimetric analysis

Figure 4.1 shows the thermogravimetric analys(§GA) and the derivative
thermograms (DTGpPf the tire and individual plastiche plastics all showed a
single weight loss peak decomposition temperature, whereas the tire decomposition
occurred over two weight loss peaks, which may be attributed to a mix of rubbers used
in the tire formulatiofP®>. The thermal decomposition of the tire occurred over a
temperature range from 230 to 510 °C with a large DTG peak occurring at 387 °C and
a smaller DTG peak at a temperature of 445 °C. Dewi ®F ahlso reported the
thermal decomposition of tire to be owebroad range from 240 °C to 500 °C, with

two distinct peaksbut a smaller peak attemperature d375 °C anda much larger

peak a423 °C.The differences in the thermal degradation profile from their work to
that reported here are most probably due to the different types of rubber used in the

formulation of the tires.

The thermograms were analysed to determine the temperatures related t@éhe on
of pyrolysis, the peak decomposition and -@adht of pyrolysis. The results are
shown inTable 4.1 The order of thermal degradation in terms of the maieak
degradation temperature was PS<PET<PP<LDPE<HDPE with tire decomposition
occurring over a rangef 230- 510 °C

80



700 14.00
600 12.00
~ 500
) 10.00
0\-, _—
£ 800 &
E 400 é
g <
g 300 600 U
& =
g
= 200 4.00
100 2.00
0 0.00
0 500 1000 1500 2000 2500 3000 3500
Time (s)
Temperature(C) —— HDPE ——LDPE ——PP ——PS PET - - - Tire
700 0.02
600 0.00
g 500 00 ~
¥ 400 ot
= 0.04 B
jg 300 E
g 006 =
& 200
100 -0.08
0 -0.10
0 500 1000 1500 2000 2500 3000 3500
Time (s)
Temperature(C) HDPE LDPE PP PS PET - = = Tire

Figure 4.1(a) Thermogravimetric analysi§ GA) and (b)derivative thermograms
(DTG) of the tire and individual plastics.

Table 4.1 Temperatures of thermogravimetric decomposition of the individual

plastics and tire.

HDPELDPEPP PS PET Tir
Onset temperesd4d05 430 400 380380 230
Peak tempera 495 491 478 434441 387
Endoint tdmMmpC518 519 511 480485 510
Mass |l oss (w92.798. 798.198.81. 161
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Figure 4.2 (a) Thermogravimetric analysis (TGA) and (b) derivative thermograms
(DTG) of the tire/plastic mixtures.
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Table 4.2Temperatures of the thermogravimetric decomposition of the tire/individual
plastic mixtures.
Tire/HDPE Tire/LDPE Tire/PP  Tire/PS Tire/PET

Experimental

On-set temperature 255 255 255 255 255
(°C)

Peak Temperature (1) 394 (1) 390 (1)391 (1)390 (1) 390
(°C) (2) 492 (2) 489 (2) 477 (2) 446 (2) 432
End-point 520 505 515 500 530
temperature

(°C)

Mass loss (wt.%) 80.6 74.7 75.2 78.1 73.2

Individual additive data
Peak temperature (1) 387 (1) 387 (1)387 (1)387 (1) 387
(°C) (2) 495 (2) 491 (2) 478 (2)434 (2) 441

Mass loss (wt.%) 76.9 79.8 79.5 79.8 71.0

Figure 4.2 shows the thermogravimetric analysis (Fi.2a)) and derivative
thermograms (Fig.2(b)) of the tire/plastic mixturesigure 4.2 shows that when tire

was added to the plastic during-pgrolysis, the onset temperature of the thermal
degradation for the plastics was shifted to lower temperatures compared to the thermal
decomposition of the individual plastic componenigiiFe 4.1). This phenomena has

also been reported by Hu et . The mixtures of tire and the polyalkene plastics
(Tire/HDPE, Tire/LDPE and Tire/PP) show thermograms that have two distinct peaks
of mass loss, thérst attributed to the degradation of the tire and the second due to
the degradation of the plastic component of the mixture. Hu'€t ailndertook ce
pyrolysis of tires and different plastics using a thermogravimetric analyser and also
reported two DTG peak, a lower peak at ~380 °C due to tire decomposition and second
higher peaks due the decompusitof the plastic, 460 °C forife/PP and 480 °C for
Tire/HDPE an Tire/LDPE. The interaction of the tire with the polystyrene and
polyethylene terephthalate (Figure 4.2) is influenced by the presence of an aromatic
ring in the plastic polymer structure. The thermal decompositions for the mixture of
these plastics with tire (Tire/RSire/PET) show clear interaction with the tire,

resulting in a single thermal decomposition peak.

Table 4.2 shows the eset temperature, peak temperature andpariat temperature
for the decomposition of the tire/plastic mixtures and also the overall mass loss, for

the experimental results. The calculated results, based on the additive data for the
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individual TGA analysis for the tire and plastics from Table 4.1 are also shown in
Table 4.2. The results show that for the polyalkene plastics there is only a small
change in the peak temperatures for the first stage tire decomposition and second stage
plastic decomposition temperatures. However, the experimental mass loss for the
plastics are quite similar to those expected from additieulation of the individual
weight loss data. For the tire/polystyrene and tire/polyethylene terephthalate, Table
4.2 also shows twgeakmass losssfor the tire and plastics, at 390 °C and 446 °C

for Tire/PS and at 390 °C and 432 °C foir€IPET respectively Hu et al®,
investigated TGA cgyrolysis of Tire/PS and reported two DTG peaks with peaks at
~380 °C and ~ 445 °C, representing tire and PS decomposition. However, ¥ et al.
also reported that only one peak of thermal decomposition was observed-for co

pyrolysis of tire and PS using a T&ATir/MS system.

4.3 Pyrolysis of the tire and individual plastics

The tire sample and HDPE, LDPE, PP, PS and PET plastics were pyrolyzed
individually to determine, the product yield, gas composition and detailed oil analysis.
This data can then be used when experiments were conducted using mixed tire/plastic

co-pyrolysisto determine any interaction between the waste tire and plastics.

4.3.1 Pyrolysis product yield and gas composition from the tire and

individual plastics

Table 4.3 shows thexperimentaproductyield distributionbetween gas, oil and char
from the pyrolysis othe tire sample and thedividual wasteplastics.The tireand all
the plastics produced hydrocarbon gas and oil/waxvhile tire and PETalso
produced aignificant amount o€har.The resultshowa high oil yield compared to
gas and char yield$heproduct yield fronthepyrolysis of wastdires showeda high
product yieldof 54.83 wt% for the oil 8.69 wi% gas, and 37.33 Wb char.Islam et
al.2% reported similar results for the pyrolysis of wastein a fixedbed reactor and
reported a high oil yield of 556 at 475 °C pyrolysis temperature, with char and
gas yields of 36 Wt and 9 whb, respectivelyFor theplastic pyrolysis experiments
polystyreneproduced the maximumil yield at 99.20 w6, which is comparable to
the results reported ytherg®. Thepyrolysis of HDPE and LDPE producétgely

a wax product at a yield of 85.50 wt.% and 90.17 wt.% respectively (Table 4.3).

84



Marcilla et al®® conductedgyrolysis of HDPE at 550°C, amabserved an oiield of
84.7 wt.% predominantly (@ Czo), and gas yieldof 16.3 wt.%.Pyrolysis of PP
produced a highoil yield of 89 wt.%,similar to thatreported byFakhrhoseini and
Dastanian’®. The prolysis of PET produceda mainly yellow coloured wax/solid
powder rather than an oil with a yield®8.0 wt% in comparison to the other plastic
types with a large gas yieldof 33.60 wt%, mostly carbon dioxide and carbon
monoxide as well asa high char yield of 10.17 wt%, similar to that reported

previoushy%,

Table 4.3Product yieldrom the pyrolysis of individual waste plastics and tire.
Feedstock sampl e

Tire HDPE LDPE PP PS PET
(wt . S (wt. (W %) (wt. (wt (wt
Gas yie8.69 6.45 6.17 4.34 1.6833.6
Oil yieb4.8:85.5(90.1789.0(0(99.253.0
Char yi 37.3:5.33 0.00 0.67 1.0010.1
Mass balOO0.¢97.2¢96.3494.01101.96.17

The main gases produced from tire pyrolysis vig@rogen, methane, ethane, ethene,
propane, propene, butane, butene, butadiene, carbon dioxide and carbon masoxide
shown in Figuret.3and as also reported in sevagtierstudies Figure 4.3 also shows
thegases produced from the pyrolysis of HDPE, LDPE, PP, PS, and®lBW. gas

yield was produced from the pyrolysis of all the types of plastics exceptviidh,
unlike the other plastics, produced lower hydrocarbons and morar@CO due to

the presence of oxygen in the polymer structure, whichalss reported by other
researcheré2%” Also the ultimate analysis results (Chapteing@ljcatedhigh oxygen
content in PET antire whichwasthen releaseduring the pyrolysiasCO andCQO,

unlike PE, PP and PS, which produced only hydrocarbon glses<CQand CO are
formed through the random scission of the chain, which occurred at the ester linkages,
resulting in carboxyl and vinyl ester groups in the decarboxylation pfScae
thermal degradation of HDPE, LDPE, and PP primailyduced alkane and alkene

gases through the random scission pro€égs
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4.3.2 Oil composition from pyrolysis of individual waste tires and

plastics

Table 4.4 and 4.5 show the yield of compounds in the product oil from the pyrolysis

of waste tire, high density polyethylene and low density polyethylene determined by
GC/MS.The major compounds presented in Tab
of the compounds identified in the oil
the GC/ MS chromatogram. For the i1 dentifi
i n the spyorioll.y s
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Table 4.4 Composition of oil obtained from §nrolysis of waste tires

Tire

Compound RT (min) Mass (wt.%)
limonene 19.31 39.7
benzene dnethylt4-(1-methylethenyl) 18.97 6.35
xylene 8.98 4.73
cyclohexene nethyl 22.79 4.18
benzothiazole 28.51 3.92
4-methylbiphenyl bibenzyl 36.18 3.65
1,2-dimethylcyclohexane 6.87 3.47
cyclobutane, 1:bis(1-methylethenyl) 14.29 3.31
unknown 6.80 3.27
unknown 36.69 3.14
toluene 4.71 2.99
2,3,6trimethylnaphthalene 37.33 2.92
¢-3 naphthalene 36.99 2.89
2-ethylnaphthalene 33.18 2.65
benzenel-ethyl3-methyl 14.71 2.07
1-methylfluorene 41.31 2.05
benzen,imethyt4-(methylpropyl) 23.97 1.45
dibenzyl or dibenzofuran 36.64 1.31
1hrindene,1,adihydro-1,6-dimethyl 27.49 0.91
9-methylfluorene 38.77 0.87
fluorene 38.19 0.85
ethylbenzene 8.28 0.53
Total 97.21
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Table 4.5Composition of oil obtained from the pyrolysis of high density polyethylene

and low density polyethylene.

Hi gh density polyethLow density polyet

Compou RT Mas s Compoun RT Ma s s
( mi n) (wt . %) ( mi n) (wt .
Cl4 14. 93 12.52 C15 16. 5 12.7
C13 13. 23 11. 47 Cl4 14. 9 12. 2
C1l5 16. 54 10. 74 C1l6 18. 0 11.5
Cl2 11. 43 9. 42 C13 13. 2 10. 4
C1l6 1800 9. 214 Cil12 11. 4 8 .09
Ci1 9. 514 8 .08 Cl1 9. 514 7. 75
C10 7.58 7.52 C19 22.1 6. 46
C19 22.16 4. 92 C10 7.58 5.51
C20 23. 41 3.66 C20 23. 4 4. 75
Co 5.614 3.65 c17 19. 5 4. 43
Ci17 19. 49 3.36 C18 20. 8 4. 014
c1s8 20. 86 2.96 C21 240 6 3.63
Cc21 24.59 2.62 Co9 5.61 2.68
c22 25. 73 2.11 c22 25. 7 2.19
Ccs8 4 .03 1.03 Cc23 26. 8 1.04
c23 26. 88 1.12
c2s8 31.62 1.01
C214 27. 92 0.07
C25 28. 92 0.57
Tot al 97.6¢ 98. 7

Tires: The main compounds present in the tire pyrolysis oil were mainly simgje
aromatic compounds and polycyclic aromatic hydrocarbons (PAHs) as shown in
Table 4.4 The concentrations of the PAH, naphthalene, fluorene, and phenanthrene
and their homologues were around 14 wtAecording to several studies, tire
pyrolysis oil comprises aromatic compounds, but also present are reported to be
aliphatic compounds such as alkanes and alkéneBhe largest concentration
compound was limonene (39.70 wt.%)hile the other identified compounds were

styrene, cyclohexane, cyclobutene, indene, cyclohexene, and benzothiazole.

Limonene has also been reported as the major product in the oil from the pyrolysis of
waste tires by Pakdel et However, limonene yield in tires is dependent on the
type of rubber used in the formulation of the tire and also the pyrolysis process
conditions. For example, Kwon and Cast&Rliattributed the presence of limonene

to the presence of decomposition of polyisoprene found in natural tfbbén
addition, Zhang et &f” demonstrated that limonene concentration is very sensitive to

pyrolysis temperature, where they reported that increasing the pyrolysis temperature
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from 450 to 550°C, decreased the limonene concentration from 11.97 wt.% to 4.72
wt.%. The production of high yields of aromatic compounds in the tire pyrolysis oil
reported here has also been reported by othi&et®® For example, Li et at*4, found

that the benzene, toluene, ethylbenzene, and xylene (BTEX) concentration in tire
pyrolsis oil produced at a temperature of 650 °C was 11.17 Wik, Lopez et at>®,
reported high aromatic content oil for the pyrolysis of truck tires at a pyrolysis
temperature of 500 °C, at 33.4 wt.% and for pyrolysis of car tires at 43.7 wt.%. The
aromatic content found in tire pyrolysis oils has also been attributed to the thermal
degradation of styreneutadiene rubbét’. Aromatic compounds are also reported to

be due to secondary reactions in the pyrolysis hot?2®dne

Tires may be manufactured using several different types of rubber, however, the most
commonly used are, natural rubber, styrbotadienerubber and polybutadiene
rubbet*L., The formation of products in the oil will depend on the thermal degradation
mechanism of the different rubbers and the process conditions of pyrolysis. For
example, natural rubber is a polyisoprene polymer and is thermally degraded through
depolymerisatin of the bonds of the rubber polymer to produce isoprene which may
be followed by intramolecular cyclization or DieMdder type reaction to produce
dipentene and other isoprene oligomeéigtther reaction to produce other aliphatic
and aromatic hydrocaoims occurs via chain propagation and intramolecular hydrogen
transferr!C. The thermal degradation of styreimatadiene rubber involves degradation

of the butadiene groups of the rubber polymer at lower temperatures and the styrene
groups at higher temperature, leading to the formation of mainly ethylbenzene, styrene
and isoprpylbenzené®®. Polybutadiene rubber decomposes in a-$tame process

with depolymerisation at lower temperatures producing butadiene and dipentene and
a range of hydrocarbons at higher temperature. Importantly, the process conditions of
tire pyrolysis, will also inflence the product oil and gas composition. For example,
secondary reactions of the produced hydrocarbons are greatly influenced by high
temperature and/or long residence times. For instance, increased single ring and
polycyclic aromatic hydrocarbon conceattons may be produced by Digldder
reactions, involving the reactions of alkenes such as butadiene to produce cyclic
alkenes which subsequently form aromatic compounds via dehydrogéHation
addition, thermal decomposition of major compounds produced from tire pyrolysis

widen the range of possible compounds found in the oil. For example, limonene is
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known to thermally decompose to gieenzene, xylene, toluene, trimethylbenzene,

styrene and methylstyret{é

High and low density polyethylengable 4.5 shows the concentration of compounds

in the oil obtained from the pyrolysis of high density polyethylene and low density
polyethylene. The pyrolysis of HDPE and LDPE produced wax instead of oil, with a
high abundance of heavier molecular weigbimpounds. The composition of the
wax/oil produced from the pyrolysis of HDPE and LDPE included mostly linear
alkanes, with essentially no aromatic compounds generated. The GC/MS total ion
chromatograms for HDPE and LDPE, showed the presence of aliphagiccloain
hydrocarbons from carbon numbert6 Cs for HDPE and from €to Czs for LDPE,
including alkadiene,-hlkene, and 1alkane, respectively. Triple peaks were detected
for each of the carbon numbers, with thellkene as the largest peak, and the
separation of these peaks occurred clearly in the chromatogram for the low carbo
numbers from € Cz2. At higher molecular weights, the resolution from the GC/MS
column decreased, and heavier compounds with a carbon numbepre€ented as

one peak, (‘Akene). The thermal decomposition of the polyalkene plastics, HDPE
and LDPE involves a series of reactions, including free radical initiation, secondary
decomposition via random scission and chend scission and then recombination of
differentchaind>. The C ' C bonds which are the
structure and are break to form radicals which are then stabilised via the formation of
C = C doublébond alkenes, leading to the formation of alkenes as the main
compounds in the product 8?". Others have also reported that the oil produced from
the pyrolysis of polyethylene was mostly aliphatic and with similar carbon number

ranges to that shown in this wé#g!2:213

Table46bowsyitédiled of compounds deérivedfroméhe pr od u

pyrolysis of polypropylene.

90



Table 4.6Composition of oil obtained from the pyrolysis of polypropylene.

Pol ypropyl ene

Compound RT Ma s s

( mi (wt .
2 -Hi edl-mgtdyk!l ohexane 7. ¢ 27.
1,-di" cycl e(hteextyH y, }, tttryaln)s 31. 11
l1,-Ri cyclohexyl butane 31. 9. ¢
dodecage] obhexyl 36. 5. ¢
lundeceeehy? 22. 4.
cycl ohextamnieme-ihdt Byl-pen 31. 4.
1,9 cosadiene 38. 4. (
2metfl-gttadecene 37. 3.
lnfonadi-d nme-tdh @I 22. 2. ¢
cycl ohexdug& mel heRtlhane-di 33. 2.0
9ei cosene 41 . 2.t
2, 3t,r3i mdhédydeéne 10. 2.
ldocosene 42 . 2 .0:
3ei cosene 41 . 2.
cycl odecane, octyl 370 1. ¢
cycl ohgxarmrd ,ohlexgt mg tt4ryal 32. 1.7
cycl odopeanttyalndg d elc vy | 4 3. 1. ¢
ltetradecene 25. 1. ¢
decamet hgl 8. 2 1. ¢
unknown 37. 1. ¢
cycl op eruttazrper, olp vy | 16. 1.:
dodecanteyriebhyo0 30. 1. (
cycl ohextamiemetlh Bl 5 7.0 1. ¢
lnonadecene 37. 0. ¢
2undecediemetdh Bl 24. 0. ¢
1t etracosene 4 3. 0. ¢
2t etracosene 46 . 0. "
henei cosane 42 . 0. ¢
Tot al 101.

Polypropylene:Table 4.6 shows that the thermal degradation of the polypropylene
produced a significantoncentration of unsaturated hydrocarbons (alkenes) with a
carbon number range fromsG Czs. Thermal degradation of polypropylene is
promoted by random scission of the polymeric chain; as a result, the degradation
products are distributed over a wide range of molecular weighis.to the CHside

group in the polypropylene structure, a considerable number of compounds with

carbon double bonds (C=C) are formed in polypropylene cracking pradlcts
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Tabled7shows the yield of c¢omp oderivatlfromithe t he
pyrolysis ofpolystyrene

Table 47 Composition of oil obtained from the pyrolysis of polystyrene.

Polystyrene

Compound RT Mass

(min) (wt.%)
styrene 10.28 70.08
methyl fluorene 41.51 12.12
dibenz[a,c]anthracene 54.99 3.86
xylene 8.84 3.22
benzene, ®yclohexenl-yl- 31.66 1.70
1,3-diphenyt3-methylcyclopropene 42.06 1.70
2-methylfluorene or unknown 40.21 1.61
C-3 naphthalene 37.06 1.16
methylacenaphthalene 37.8 0.84
benzene 2.73 0.5
1-methylphenanthrene 45.28 0.50
toluene 4.69 0.5
Total 97.79

PolystyreneTable 47 also showthe product oil composition from the pyrolysis of
polystyrene. The main produatthe oil was styrene at 70.08 wt.%, and also benzene,
xylene, toluene and ethylbenzene at ~4 wt.%. The polycyclic aromatic hydrocarbons,
naphthalene, biphenyl, fluorene, phenanthrene, and anthracene were also identified in
the oil composition. Liu et al’’, also reported that styrene and monoaromatic
compounds such as, benzene, toluene, ethylbenzene, and methyl styrene, were the
most significant compounds present in the oil, accounting for approximately 80% of
the total. The thermal degradation mechanisithefaromatic structured polystyrene
polymer has been demonstrated to involve scission, hydrogen abstraction, hydrogen
transfer, radical recombination and disproportionatitin Thereby, leading to the
formation of the monomer styrene and other single ring aromatics and also polycyclic

aromatic hydrocarbons in high concentratién

Table48shows the yield of ¢ omp oderivadl fromithe t h e
pyrolysis of polyethylene terephthalate.
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Table 48 Composition of oil obtained from the pyrolysis of polyethylene

terephthalate.
Polyethylene terephthalate
Compound RT Mass
(min) (wt.%)
benzoic acid 27.11 41.1
ethanone, Zformyloxy)-1-phenyt 25.07 21.9
ethanone?,2dihydroxy-1-phenyt 21.47 2.96
benzene, 1,4 dimethy,5bis(Emethylethyl) 38.00 2.93
methanol, oxg benzoate 26.56 2.74
benzoic acid, 4thyl 32.56 1.97
acetophenone 26.72 1.83
biphenyl 33.31 1.75
benzoic acid, 4nethyl 30.27 1.68
trimethylphenol 29.56 1.36
benzoylformic acid 14.41 1.13
phthalic acid, di(1-hexen5-yl) ester 39.01 0.76
phthalic acid, ethyl 4sopropylphenyl 39.04 0.55
Total 82.66

Polyethylene terephthalat&able4.8 showsthe products identified in the waxy/solid
powder produced from the pyrolysis of polyethylene terephthaldte waxy/solid

was dissolved in dichloromethane (DCM), but required sonication and an extended
time period to dissolve the sample. Benzoic acid was present in high concentration at
41.10 wt.%, while the main aromatic compounds were also observed, sydbres
styrene, biphenyl, and terphenyl. The chemical structure of PET consists of aromatic,
aliphatic and oxygenated groups, leading to the faomaif a complex mixture of
products during thermal degradation of the polymer. It has been reported that the
mechanism for PET thermal degradation include polymer bond scission and retro
hydoalkoxylation to produce benzoic acid andvinyl¢(GHCH ' ) based ¢ omp
Simultaneously the ester groups of the PET polymer decompose to form carbon
monoxide, carbon dioxide and ethéieThe pyrolysis of PET produced oxygenated
compounds in the product oil, in contrast to the other plastics investigated in this work.
Cepeliogullar and Putd# also reported that almost 50 wt.% of the oil produced
during the pyrolysis of PETontained benzoic acid. Other oxygenated compounds
present include carboxylic acids, phthalic acid and phenols as well as aromatic

compounds.
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4.4 Copyrolysis of tire and plastic mixtures

The tire sample and each of the plastics were mixed in a 1:1 ratio to produce a
Tire/HDPE, Tire/LDPE, Tire/PP, Tire/PS and Tire/PET mixture which were then co

pyrolysed in the fixed bed reactor system. The product yield, gas composition and
detailed oil aalysis were used to determine any interaction between the waste tire and

plastics.

4.4.1Product yield and gas composition from the cgyrolysis of tire

and plastics

Table 49 showsthe poduct yield distribution of gas, oil and char produfreen the
co-pyrolysis of the tire and plastienixtures. Also shown are the addive yields,
calculated based on the predicted yields calculated from the individual tire and plastic
pyrolysis dataThe results demonstrate a certain interaction betwegndbgcsand

tires, resulting in a significantly higheyas yieldghan predictedor all the mixtures.

The tire/polystyrene cpyrolysis produced the lowest gas yield§1l wt.%), but
higher than predted, while theoil yield wasconsequentlyslightly lower (69.67
wt.%) than expectedCo-pyrolysis of the tire/polypropylene mixture produced the
highest oil yield (73.50 wt%) of all the other tire/plastic mixtures. The char yields
were slightly lower than predicted for all the mixtures, suggesting that there was
interaction between theré and plastics during the -@yrolysis process. This could

be via gassolid (char) interacion or interaction of the evolved volatiles. It has been
reported that the relsa of radicals during pyrolysis promotes depolymerisation of
plasticg'* Also, the char itself can react with the decomposition products from the

pyrolysis of plasticg®.
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Table 49 Product yield from the mixtures of the tire and wanéestics, experimental

and additive data (results calculated based on the additivity data of the individual

samples)

Experimental (wt.%)

Tire/HDPE Tire/LDPE Tire/PP Tire/PS  Tire/PET
Gas yield 13.94 12.13 12.77 7.61 24.58
Oil yield 70.50 71.67 73.50 69.67 56.33
Char yield 16.50 15.83 18.33 20.17 21.67
Mass balance 100.94 99.63 104.60 97.45 102.58

Additive data (wt.%)

Tire/HDPE Tire/LDPE Tire/PP Tire/PS  Tire/PET
Gas yield 7.57 7.43 6.52 5.19 21.15
Oil yield 70.17 72.50 71.92 77.01 53.92
Char yield 21.33 18.67 19.00 19.17 23.75
Mass balance 99.07 98.60 97.44 101.37 98.82

Figure 4.4 shows the gas composition obtained from the pyrolysis of the tire and

plastic mixtures.Mixing the tire with each plastic produced the main gases of

methane, &C4 hydrocarbons, carbon monoxide and carbon dioxide, which all have

a higher gas yield than the calculated additive prediction. The gas analyses of
Tire/HDPE, Tire/LDPE, and Tire/PP reveakdnificantconcentrations of CO, GO

and hydrocarbon gasdse to the addition of tiras the individual HDPE, LDPE, PP,

and PS did not produce CO and £@igure 4.3).Whereas, the ife/PS mixture
showed lower concentrations of these gases. Tt&PET mixture gave high gas

yieldsof mainlyCO, CQ, which retected the high oxygen content of PEdmpared

to the other mixtures.
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Figure 4.4 Gas compositionderived from theyrolysis oftire/high density
polyethylene (T/HDPE), tire/low density polyethylene (T/LDPE),
tire/polypropylene (T/PP), tire/polystyrene (T/PS) and tire/polyethylene
terephthalate (T/PET).

4.4.2 Composition of oil obtained from the ceoyrolysis of the

tire/plastic mixtures

Table 410 and Table 4.18how the composition of the product oil obtained from the
co-pyrolysis of Tire/[HDPE and Tire/L DPET he r esul t s represen

compounds present in the oil obtained fr
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Table 410 Composition of oil obtained from the pyrolysis of tire/high density

polyethylene.
Tire/High density polyethylene

Compound RT (min) Mass (wt.%)
C32 61.83 16.19
C33 63.28 15.34
C31 60.47 15.12
C30 59.05 13.35
C26 54.38 9.22
C24 52.73 8.01
Cc29 57.5 4.4
C28 56.05 4.37
c21 47.34 2.65
C20 45.37 2.37
C19 43.32 2.00
limonene 19.26 141
unknown 41.15 1.36
9-methylfluorene 38.87 1.11
dibenzofuran 36.43 0.97
unknown 23.33 0.9
1,3 dimethyl naphthalene 33.81 0.78
C25 53.06 0.68
1-methylnaphthalene 30.92 0.57
naphthalene 27.58 0.51
Cc23 5100 0.51
Total 101.&

97



Table 4.1 Composition of oil obtained from the pyrolysis of tire/low density

polyethylene.
Tire/Low density polyethylene

Compound RT (min) Mass(wt.%)
C31 59.07 15.15
C32 60.49 14.99
C30 57.53 14.28
C33 61.86 13.90
c27 54.41 8.34
d-limonene 19.34 6.15
Cc28 55.99 3.90
C24 51.03 2.81
C25 52.75 2.43
anthracene 43.35 1.78
1-methylfluorene 41.18 1.42
C29 56.13 1.42
C26 53.10 1.39
benzene Anethyt2-(1 methylethenyl 19.01 1.18
9-methylfluorene 38.89 1.17
unknown 23.37 1.08
dibenzofuran 36.46 1.05
1,3 dimethyl naphthalene 33.84 0.94
methyl styrene 16.94 0.81
cyclohexene Amethyt4-(methyl ethenyl 14.33 0.68
1-methylnapthalene 30.95 0.68
naphthalene 27.62 0.63
C22 49.24 0.57
Cc21 47.36 0.50
Total 97.25

Tire/HDPE and Tire/LDPETables 4.10 and 4.11showthe composition of the oil
obtained from the cpyrolysis of tire/high density polyethylene and tire/low density
polyethylene. The main influence of mixing tire with HDPE in relation to the product
oil composition was a decrease in the concentration efatiphatic compounds,
represented as triple alkane, alkene and alkadiene peaks from carbon nusiber C

Css. For each carbon number hydrocarbon group, not all three of the alkane, alkene
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and alkadiene hydrocarbons were present in the oil. While the lighter aromatic
compounds present in the product oil were essentially produced from the tire pyrolysis
contribution, such as toluene, xylene, and limonene. Additionally, PAHs that included
naphhalene, fluorene, arghthracenand their derivatives were also found in the oll,

as was expected based on the tire pyrolysis oil composition (Table 4.4). In relation to
the copyrolysis of Tire/LDPETable 411 alsoshows that the major effect of mixing
tires with LDPE was to also produce a pyrolysis oil with a decreased concentration of
aliphatic compounds in the carbon number rangei GCss, compared with LDPE
pyrolysis alone (Table 4.5). As was the case for HDPE, theyoaysis of tire and
LDPE also showed thaiot all of the alkane, alkene and alkadiene hydrocarbons for
each carbon number were identified in the ©ile presence of toluene, xylene, and

methyl styrene, and PAHS, illustrate the contribution from pyrolysis of the tire.

Tables 4.12 and 4.13showthe composition of the oil determined by GC/MS derived

from the cepyrolysis oftire/polypropyleneand tire/polystyrendl he r esul t s

the yield of compounds present i n the
(wt . %) .

Table 4.12ZComposition of oil obtained from the pyrolysis of tire/polypropylene.

Tire/Polypropylene
Compound RT(min) Mass (wt.%)
toluene 4.64 20.16
benzene, 1,2:#&rimethyk 16.61 13.9
o-xylene 8.9 5.88
cyclohexene Anethyt5-(1-methylethenyl 14.41 5.09
benzene,1,2;&imethyk 14.99 4.84
p-xylene 8.91 4.33
benzene, 1,2, 4;tetramethy 24.3 3.98
benzene2-ethyt1,4-dimethyt 22.58 3.42
cyclohexene, 4nethyt1-(1-methylethyl} 20.93 3.28
cyclopentane, 1,1,3;#etramethyl 7.13 2.89
naphthalene, 1;dimethyt 34.38 2.78
m-xylene 10.1 2.76
benzene, ‘thyt2,4-dimethyt 25.62 2.66
cyclohexane, 1,1;8imethyl2-(3-methylpentyl})  31.27 2.48
ethylbenzene 8.42 2.19
naphthalene, 2,3;B8imethyk 37.27 2.00
decane, 4methyt 18.2 1.78
benzene, thyt3-methyt 15.51 1.73

99

r

e

(0]



T a b 4.1 Composition of oil obtained from thpyrolysis of tire/polypropylene
(Continued).

Tire/Polypropylene
Compound RT(min) Mass (wt.%)
naphthalene, 1;dimethy} 34.49 1.68
cyclohexene, -butyl- 23.36 1.50
2,4-dimethylstyrene 25.13 1.34
cis-.beta=methyl styrene 19.27 0.92
naphthalene, 1,2,3étramethy 40.49 0.88
9-eicosene 41.84 0.81
naphthalene, 1,6;Fimethyt 37.97 0.77
benzene, ‘methyt4-(1-methyt2-propenyl 27.13 0.70
7-heptadecene 36.94 0.55
naphthalene 26.94 0.52
7-tetradecene 31.10 0.50
benzenepentamethyl 30.28 0.50
undecane, 4;@8imethyt 35.28 0.50
benzene 2.70 0.50
1,2,3trimethylindene 33.13 0.50
azulene, 4,6 &imethy} 38.39 0.50
naphthalene,-1-methylethyl} 36.44 0.50
naphthalenel-methyt7-(1-methylethyl} 39.34 0.50
Total 101.36

Tire/polypropyleneTable 4.2 showsthe oil composition and yield obtained from
the pyrolysis of the tire/polypropylene mixture. The addition of the tire to the plastic
had a significant effect on the product oil, producing more aromatic compounds in
high concentrations. It also revealedbw abundance of compounds with a higher
molecular weight, particularly the aliphatic compounds (alkenes) as well as the
alicyclic hydrocarbon compounds, which were mostly formed from the
polypropylene. Benzene, toluene, ethylbenzene and xylene (BTEXpcop were
found in high concentrations with toluene found in very higher concentration
compared to other compounds. There was also a significant production of benzene,
naphthalene, and their derivatives. Wong and BroadBgltalso reported that
interaction occurs when polyalkene polymers arepymlyzed with aromatic

polymers.
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Table 4.13Composition of oil obtained from the pyrolysis of tire/polystyrene.

Tire/Polystyrene

Compound RT (min) Mass (wt.%)
styrene 10.18 11.44
cis-betamethyl styrene 15.91 6.25
2,4-dimethyt1-heptene 7.53 6.08
benzene, 1;{1,3-propanediyl) bis 40.22 5.9
limonene 19.23 472
benzene, dmethyl2-(1-methylethyl} 18.91 4.42
dibenzo[a,c]anthracene 54.94 4.32
benzenel-ethyl4-methyt 12.02 4.09
benzene, propyl 13.92 3.82
benzene, ®yclohexenl-yl- 31.61 3.79
benzene, 1,43-methyt1-propene 41.66 3.67
ethylbenzene 8.48 2.86
1-pentene, 14liphenyt 45.93 2.83
unknown 56.74 2.78
benzene(2-methyt1-propenyl} 21.01 2.62
benzene, 1,4(1,2-dimethyl1,2-ethanedi 37.74 2.54
toluene 4.66 2.47
1-propene, 32-cyclopentenyh2-methyt1,1-diphenyt 53.77 2.47
o-xylene 8.92 2.43
7-tetradecene 22.97 2.00
benzenel,1-(1-butenel,4-diyl) bis- 43.84 1.94
p-xylene 8.91 1.92
benzene, 1:1,2-propanediyl) bis 40.54 1.85
unknown 49.19 1.56
benzothiazole 28.45 1.40
1,2,3trimethylindene 33.12 1.32
unknown 51.42 1.30
1,5diphenytl,5-hexadiene 47.39 1.07
diphenylmethane 34.73 0.96
benzene, 1,4(1-methyt2-cyclopropenéel,2-diyl) 42.02 0.86
1,3,5 triphenyl benzene 62.12 0.82
5,5dimethyt1,3-hexadiene 6.74 0.72
(1-methylpental,3-dienyl) benzene 30.15 0.68
naphthalene,-phenyt 44.53 0.62
1,2-diphenylethylene 36.85 0.60
2,6-diphenytl,7-heptadiene 46.04 0.56
Total 99.68

Tire/polystyreneTable 413 showsthe composition of the oil obtained from the co
pyrolysis of the tire/polystyrene mixturéhe major compounds listed in Table 9 show
that styrene was detected in the highest concentration (11.44 wt.%) compared to the

other compounds. However, the pyrolysis of polystyrene alone, produce an oil with
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70.08 wt.% of styrengTable 47), indicatingthat interaction between the tire and PS
promoted degradation reactions of the styrene to produce other aromatic compounds.
Moreover, BTEX compounds were identifiedhigh concentration. PAHs were also
found in the oil derived from the pyrolysis of the Tire/PS mixture, which included
naphthalene, diphenyl, terphenyl, and anthracene. The highly aromatic product oil
from Tire/PS pyrolysis is also linked to their individualrplysis oil composition
which was maily aromatic.Because of the structure of polystyrene and the presence
of a phenyl group in the structure, aromatic compounds account for more than 90%
of the pyrolysis products from polystyréfé!’. Pyrolysis products from tires are also
dominated by aromatic compountisand mixing PS with tires increased the
percentage of these compounds, which produced a highly aromatic oil. Miranda et
al2® investigated the epyrolysis of tires with plastic (30% rubber tires and 70%
plastics (20% PE, 30% PP, and 20% PS)). They found that the product oil had a
complex composition consisting of 47% alkanes, 14% alkenes, and 39% aromatics.
The aromatic compods were obtained in high concentration at the expense of the

alkane fraction.

Table 4.1 showsthe composition of the oil determined by GC/MS derived from the
co-pyrolysis of tire/polyethylene terephthalaBhe r esul ts repr eseil

compounds (wt. %) present in the product
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Table 4.8 Composition of oil obtained from the pyrolysis of tire/polystyrene and

tire/polyethylene terephthalate.

Tire/Polyethylene terephthalate

Compound RT(min) Mass (wt.%)
benzoic acid 27.33 17.34
benzenel-methyt4-(1-methylethyl} 18.91 7.92
toluene 4.69 7.18
unknown 25.09 6.57
xylene 8.94 6.35
benzene, Athyt3-methyt 14.46 5.47
limonene 19.24 4.25
benzoic acid, ethyl ester 26.58 3.98
unknown 22.99 3.91
cyclohexenel-methyt4-(1-methylethylid 22.74 3.26
unknown 21.90 3.21
ethylbenzene 8.47 2.59
benzene, 1,3;%imethyk 16.67 2.18
biphenyl 33.32 1.97
benzene 2.70 1.76
benzothiazole 28.48 1.73
6-methyl6-heptend-yn-3-ol 6.78 1.57
1-(2-methylphenyl) 17.07 1.41
2h-indeno[1,2b] oxirene, octa hydro 20.97 1.40
benzene, 1,2;&imethyk 18.45 1.37
unknown 26.91 1.35
2-cyclohexenl-ol, 4-ethyt1,4-dimethyt 13.86 1.21
fluorene 38.04 1.05
benzenel-methyt4-(1-methylpropyl} 23.92 1.04
diphenylmethane 34.74 0.63
(1-methylbutal,3-dienyl) benzene 29.52 0.62
benzene, 1,2,4;etramethw 24.33 0.58
2,4-dimethylstyrene 25.51 0.55
benzophenone 39.60 0.52
octadecane,-tnethyt 41.26 0.47
Total 93.44

Tire/polyethylene terephthalateTable 4.4 shows the composition of the oil
produced from the pyrolysis of the tire/polyethylene terephthalate mixture. The main
compounds produced from PET pyrolysis was benzoic acid, while tire pyrolysis
produced mainly limonene. On the other hand, PAHs compounds, &sich
naphthalene, fluorene, and phenanthrene were indicated in this mixture. Furthermore,

oxygenated compounds were identified in the product oil as a part of the PET
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pyrolysis oil. In addition, more BTEX and aromatic contents were produced compared
to the individual PET pyrolysis oil.

4.5 Tire-plastic copyrolysis interaction effects

The impact of mixing waste tire with different plastics in relation to the yield and
composition of the product oils and gases may be seen by comparingiy®lysis
product yields to the value predicted using the additivity rule from the yields of the
separate feedstock components. Any interaction between tire and plastic may be
identified when the experimental value exceeds (positive) or is less than (negative)
the calculated additive vald®. The calculated interaction data for the product yields
are shown in Figure 4.5, which includes gas, oil, and char yields for the tire/plastic
mixtures investigated in this study. Gas yields for all the mixtures of Tire/HDPE,
Tire/LDPE, Tire/PP, Tire/PSand Tire/PET revealed positive values at 6.37, 4.70,
6.26, 2.43, and 3.44 wt.%, respectively. This demonstrated that the volatile materials
increased with temperature which led to an increase in gas yield at the expense of oil
yield. The char yields obsexd a positive value for Tire/PS at 1.0 wt.% compared to
the other mixtures that showed negative value4.88,-2.84,-0.67, and2.08 wt.%

for Tire/HDPE, Tire/LDPE, Tire/PP, and Tire/PET, respectively.

The oil yields of Tire/HDPE, Tire/PP, and Tire/PET showed higher values than
calculated by feedstock addition at 0.36, 1.59, and 2.42 wt.%, which was considered
as a very slight difference between thepgwolysis experimental and calculated
additive oil yelds. That may be explained by the minimum interaction that can be
seen between HDPE and tire during thepgoolysis process. Whereas the- co
pyrolysis of Tire/PP and Tire/PET obtained a significant and higher interaction effect.
Tire/LDPE and Tire/PS obined lower, negative values .83 and-7.35 wt.%,
respectively, as the experimental results were less than the calculated additive results.
This is due to the high gaseous products evolved from tpyradysis at the expense

of oil formation. Furthermare, changes in the branched chain of the plastic polymer
may result in distinct pyrolysis breakdown behaviour when interacted with natural
and synthetic rubber components in tires, which may explain the variation in
interaction effects during the qayrolysis proces$®. Hu et alt%, investigated the eo
pyrolysis of Tire/HDPE, Tire/LDPE, Tire/PP and Tire/PS using a coupled
thermogravimetric analyser with Fourier transform inked spectrometry and
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reported synergistic interaction between the tire and plastic which influenced the

composition of product oils and gases.

1
==

i i

\?\
% ~ T/HDPE T/LDPE T/PP T/PS T/PET
4
-6
-8
-10 Tire/Plastic mixture
=Gasyield  ®Oil yield Char yield

Figure 4.5Interaction effect of mixing tire/plastic on product yiéldm the
pyrolysis of tire/high density polyethylene (T/HDPE), tire/low density
polyethylene (T/LDPE), tire/polypropylene (T/PP), tire/polystyrene (T/PS) and
tire/polyethylene terephthalate (T/PET).

The main investigated gases in thepywolysis of tires and plastics wehgdrogen,
methane, €Hm hydrocarbons (€Cs), carbon monoxide and carbon dioxide. Figure
4.6 shows the interaction results, which showed higher values oiv€@ produced
experimentally than would be expected from additive calculation based on the
pyrolysis of the individual feedstocks for all the mixtures. For example, Tire/PET was
associated with high yields of gas species generated from the individ@eldiRET.
While the COyield revealed a lower than expected value for the Tire/PET mixture
compared to the other mixtures. Moreover, the hydrocarbon gagés)(SGhowed a
negative interaction effect for Tire/PET representing a lower yield of hydrocarbons
that were generated by the pyrolysis of the individual tire feedstock. Hydrogen and
methane showed low calculated interaction values which make it difficakgess

their interaction effects. Hu et ¥, reported that the epyrolysis of Tire/HDPE,
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Tire/LDPE, Tire/PP and Tire/PS resulted in a reduction in the yield of methane in the

product gas than would be expected from that predicted by addition.

Dewi et al. %2 investigated tire and plastics interaction using a pyropgaise
chromatograph, thermogravimetric analysis and a fixed bed reactor system for their
experiments. They investigated-pgrolysis of Tire/LDPE, Tire/PP and Tire/PS.
They reported synergistiateraction between tire and plastic which was dependent
on the plastic type. For example, mixing tire with LDPE produced a higher yield of
oil with enhanced concentration of light hydrocarbons. Theyolysis of Tire/PP

and Tire/PS produced negligibleange in the total oil yield but a marked change in

oil composition.
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Figure 4.6 Interactioneffect of mixing tire/plastic on gas compositifsam
pyrolysis of tire/high density polyethylene (T/HDPE), tire/low density
polyethylene (T/LDPE)tire/polypropylene (T/PP), tire/polystyrene (T/PS) and
tire/polyethylene terephthalate (T/PET).

The mixtures of Tire/HDPE, Tire/LDPE, and Tire/PP were classified according to the

main oil components, and the results are shown in FigureBAT7E X , refers
benzene, toluene, ethyl benzene and xyl er
bi phenyl s, | imonene, terphenyl, and inde
ant hracene, phenant hr ene, pyriemlteatainad rf @ fu
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to carbon ngmiAéncyabovwcecOmpounds refers

and cyclohexane etc.,

Aliphatic compounds were increased above that expected from the results obtained
from the tire and plastic feedstock pyrolysis data for theysolysis of Tire/HDPE

and Tire/LDPE with lower than expected values for the BTEX, PAHs, alicyclic, and
aromaticcompounds. Miranda et &P, have also reported a strong intelationship
between aliphatic and aromatic compounds due to interaction between tires and
plastics during cgyrolysis. Dewi et at%?, have proposed a reaction mechanism for
the interaction of tires and plastics duringmoolysis which is dependent on the type

of plastic in the cepyrolysis mixture. HDPE, LDPE have a higher H/C ratio than that

of the tire which promotes the large imation of hydrogen radicals during the
pyrolysis process, and these promote the breaking of the polymer chains of the tire
rubber and the consequent formation of hydrocarbon radicals. These hydrocarbon
radicals then bond with the radicals produced fronthikemal decomposition of the
polyalkene plastics to form alkanes and alkenes and a reduction in the formation of
aromatic compounds. This mechanism is supported by the data for Tire/HDPE and
Tire/LDPE shown in Figure 4.7, but less so for the Tire/PP wthemee is a more
positive interaction to produce less aliphatic compounds and more aromatic
compounds. Figure 4.7 shows that the composition of the oil for tpgrotysis of
Tire/PP revealed positive values for BTEX, PAHs, and aromatic compounds. For
Tire/PP cepyrolysis the reaction mechanism may be related to the presence of natural
rubber in the tire which promotes the pyrolytic decomposition of PP. This increases
secondary reactions and recombination to produce light compounds, such as BTEX.
Hu et al. *°, undertook cepyrolysis of tires and different plastics using a
thermogravimetric analyser and reported a positive interaction between the
Tire/HDPE and Tire/LDPE, at higher temperatures of ~450 °C. For the Tire/PP co
pyrolysis they reported positive araction at lower temperatures (<445 °C) which
they attributed to the decomposition of natural rubber in the tire interacting to
decompose the PP. However, at temperatures above 445 °C, once the natural rubber
had fully decomposed, there was negative auion between tire and PP. They have
suggested that the synthetic rubber component of tire (e.g. styneadienerubber)

may also have an influence on plastic polymer thermal degradation at higher

temperatures of pyrolysis. Dewi et?d., also proposed that the tire char acts as a
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catalyst for the cracking of polyalkene plastics since the tire char contains Lewis and

Bronsted acid sites which promote the polymer degradation.
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Figure 4.7 Interaction effect of mixing tire/plastic on oil composition from pyrolysis
of tire/high densitypolyethylene (T/HDPE), tire/low density polyethylene
(T/LDPE) and tire/polypropylene (T/PP).

Figure 4.8(a) shows the Tire/PS interaction for the product oil produced from co
pyrolysis, and positive interaction values of 3.57 and 4.60 wt.% for BTEX and
aromatic compounds, respectively. However, negative values for PAHR .87

wt.%, and alicyclichydrocarbons a.48 wt.% are shown. It has been sugge$ted

that the thermal decomposition of the tire produces alkyl radicals which react with the
phenyl and benzyl radicals produced from the pyrolysis of the PS to form benzene
derivatives and subsequently single ring aromatic compounds. The pyrolysis of tire
would also produce more hydrogen radicals than PS so as to promote the
hydrogenation reaction of benzene derivative radicals to promote the formation of
BTEX. Li et al?%, have reported that the pyrolysis products of PS can promote the
decomposition of natural rubber and butadiene rubber. Hpgrodysis of Tire/PET
produced interaction resulting in changes in oil composition (Figure 4.8(b)) which
showed high value for BHX, while lower values for the oxygenated compounds. The
co-pyrolysis of Tire/PET produced more volatile chemicals, which include light

hydrocarbons, carbon dioxide, and carbon monoxide.
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Figure 4.8Interaction effect of mixing (a) tire/polystyrene and (b) tire/polyethylene
terephthalate on pyrolysis oil composition.

A further factor that can influence interaction between the tire and plastics dwring co
pyrolysis is thedifferent formulations of natural and synthetic rubbers used to
manufacture the tire. Also, different tire manufacturers may use different fillers and
additives in the manufacturing process which will influence the thermal degradation
of the tire. For exaple, it has been reported that the thermal decomposition of natural
rubber using TGA at a heating rate of 20 °Cfioccurs over the temperature range,
330- 420 °C, whereas styrefiritadiene rubber decomposes over a temperature range
between 3707 515 € 5 On the other hand, the TGA decomposition of
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polybutadiene rubber occurs in two steps betweeni 3705 °C and 425 525 °C.

The release of pyrolysis volatiles at these different temperature ranges will influence
their availability for interaction with the evolved volatiles from plastics pyrolysis
which occur at different temperature (Figure 4.1). Also, Kyari et%alhave
investigated the pyrolysis of several different brands of tire and showed that distinct
differences in gas composition, for carbon dioxide, carbon monoxide, hydrogen,
methane, and other hydrocarbon gases. Similarly, the product oil from the differen
tire brands showed significant differences in composition for several hydrocarbons,
for example, limonene, ethylbenzene and ethyltoluene and for PAH, such as,

naphthalene, phenanthrene, and pyrene

Overall, the results have shown thatmoolysis of tires and waste plastics can
generate high yields of pyrolysis oil at ~70 wt.% for Tire/HDPE, Tire/LDPE, Tire/PP
and Tire/PS, but only 56 wt.% for the Tire/PET mixture. A key advantage of the co
pyrolysis of tire with HDPE and LDPE, was that the product oil was a liquid oil rather
than a waxy product produced by pyrolysis of the HDPE and LDPE alone. Collection
and processing of waste plastics and waste tires througdyrotysis has been
demonstrated as\aable process to produce a liquid oil suitable as a medium grade
liquid fuel. Both waste plastics and tires are generated in high tonnages each year and
require waste management.-@yrolysis as a process for the management of waste
plastics and tires Issadvantages in that in addition to the high yield of oil, gas yields
are improved which enable the gas to be considered as a fuel for the heating of the
pyrolysis process. In addition, the oil composition can be changed by design, through
the selective nxing of different plastics with the tire to manipulate the end product

oil composition in terms of the concentrations of aromatic and aliphatic components.

This work has presented results on the yield and composition of the product oils and
gases produced from mixing waste tire rubber with waste plastics. In particular, the
interaction of tire with the individual plastics, high density and low density
polyethylene, polypropylene, polystyrene and polyethylene terephthalate has been
investigated and detailed oil and gas yields and compositions presented. However, in
practice in an industrial context, the plastics would not be separated and then
processed indivigially with the tires as that would not be commercially viable.
Realistically, the process would involve mixed waste plastics and tirpgrotysed

together. The main aim of this work was to show how the individual plastics interact
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with the tire to alter the product oil and yield and composition. Thereby, the influence
of the different plastics in the mixed plastic feedstock on the final oil and gas product

yield and composition can be predicted.

4.6 Summary

In this chapter, pyrolysis of waste plastic, waste tire, and 1:1 mixtures of the tire and
plastics has been conducted using a fiked reactor. Pyrolysis of the HDPE and
LDPE plastics produced a wax/oil product in high yield, at 85.50 wt.% for HDPE and
90.17 wt.% for LDPE. However, a liquid oil was produced for pyrolysis of PP (89
wt.%), and PS (99.20 wt.%). PET produced only 53.0 wt.% and a high gas yield
consisting of mainly CO and GQderived from the oxygenated content of the PET.
Pyrolysis of tire ppduced an oil yield of 54.83 wt.% and a high char content of 37.33
wt.%. The results showed the liquid oil produced from the pyrolysis of tires and PS
was mostly composed of aromatic compounds, such as the BTEX, and PAH. The
liquid oil formed from the pyrysis of HDPE and LDPE, on the other hand, was
mostly waxes of high molecular weight consisting of aliphatic compound ranging
from Cs- Czs, composed of a series of alkanes, alkenes, and alkadienes. Whereas PP
produced more alicyclic compounds, such ashyietyclohexane. PET pyrolysis oil
consisted of compounds, such as xylene, styrene, but was mainly composed of

oxygenated compounds, for example, benzoic acid.

Co-pyrolysis of 1:1 mixtures of the tires and individual plastics involved interaction,
resulting in significantly higher yields of gas than expected for all the plastic mixtures.
The copyrolysis of tire with HDPE and LDPE produced a liquid oil produttea

than the waxy product produced for pyrolysis of the plastics alone. Gas composition
was also influenced by interaction between the tire and plastic, with much higher
yields of methane, £i Cs4 (ChHm) hydrocarbons, carbon monoxide and carbon
dioxide, or HDPE, LDPE, PP and PS plastics, but, Tire/PEpyolysis gave higher

than expected carbon dioxide, but loweriCCs hydrocarbons (fHm) and carbon
monoxide yields were found. The oil produced from thg@wmlysis of the tire with

the polyalkene plastics, Tire/HDPE and Tire/LDPE, showed interaction between the
polymer pyrolysis products resulting in higher yields of aliphatic compounds a
lower yields for the BTEX, PAHSs, alicyclic, and aromatic compounds. It was

suggested that the increased produrctad hydrogen radicals from quyrolysis
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promoted alkane and alkene production coupled witlardenatisation reactions.
However Tire/PP showed negativeteraction for aliphatic compounds resulting in
lower yield, but higher yields for aromatic compounds, BTEX and PAHs. The
mechanism for Tire/PP interaction was linked to the decomposition of natural rubber
in the tire which promotes plastic polymer detation and secondary reactions to
form single ring aromatic hydrocarbons.-@grolysis of Tire/PS produced positive
interaction for aromatic congouinds, since both tire and PS produce aromatic oils,
however, the Tire/PS interaction induced reduction in the yield of PAHby@uysis

of Tire/PET showed positive interaction for BTEX and reduction in the content of
oxygenated compounds, which releasied oxygen from the PET in the form of

increased yields of carbon dioxide.
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Chapter 5: The pyrolysiscatalysis of waste tire andvasteplastic

over ZSM-5 catalyst

5.1 Introduction

The perceived advantage of catalytic pyrolysis is its ability to a produce higher quality
product distribution than thermal pyrolysis, thus improving the yield of products with
high value??°. The use of catalysts in wagtee pyrolysis has been discussed in the
literature, and several catalysts have been used in the tire pyrolysis process to enhance
the quality of the tire pyrolysis oil and gaseous products. Thus, increasing the
concentration of high value chemical compounashsas aromatics and light olefins,

and also to minimise sulftzontainingcompound¥*.. Catalysts such asicroporous

acid zeolites were the most investigatedalyst$®. Pyrolysiscatalysis has also been
investigated for waste plastics. Catalysts promote cracking processes, increasing the
production of gases while decreasing the y#ld'*' compared to the thermal
pyrolysis. However, the quality of the oil improves as the long carbon chain molecules
are broken down into smaller carbon chain compounds. Catalyst properties such as
BET surface area, pore size, pore volume, and acidity are #j@r mparameters
affecting the catalytic activity in the process of pyrolysasalysis. Zeolites are
crystalline aluminesilicate molecular sieves with a thrdemensional structure that
includes pores and channels. Zeolite catalysts co8i@isAl2O3 in differentratios,

which define their reactivity and contribute to the final products of the pyrolysis
process. Zeolites catalysts with high acidity such as ASA\hd MCM41 are more

active in the process of cracking and promoting the production of light®while

decreasing the heavy qibrtions®®.

5.2 Pyrolysiscatalysis of waste tires and plastics

The process of upgrading the oil to a highly aromatic oil to be used as a potential fuel

or chemical feedstock was investigated in this work. The process involved the use of

a two-stage reactor system (Chapter 3). The pyrolgatalysis of wastéres, phstics,

and their mixtures was investigated with pyrolysis in the first stage at a temperature

of 65C°C. The pyrolysis gases are passed directly to the second stage catalytic reactor
which contained ZSM catalyst at a temperature of 860 The influence of the

pyrolysis-catalysis process on the products composition, particularly, the gas and oil
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yields were investigated in this chapter. Moreover, the data collected from-the co
pyrolysis-catalysis was also investigated to detect any interactions between waste tires

and plastics.

5.2.1 Pyrolysis product yield distribution and gas composition from

the individual tires and plastics

Table 5.1 shows theroduct yieldfrom the pyrolysiscatalysis of the individual waste

tire and plastics. For tire pyrolystatalysis, the introduction of the catalyst had an
effect on reducing oil yield to 37.30 wt.% compared tottiemalpyrolysis, with a
corresponding increase in the gas yield at 24s36 compared to the thermal
pyrolysis of tire that produced a gas yield of at 8.69 v&sshown in Figure 5.The

char yield remained constant at around 38.68 wt.% which was the same for both
thermaland catalysis pyrolysisShen et all’* investigated the catalytic cracking of
tires pyrolysis volatiles on HZSMN using a twestage fixed bed batch reactor. They
also found an increase in the gas yield with decreasing oil production from 52.0 wt.%
achieved without a catalyst to 32.1 wt.% witle ZSM5 catalyst, while the gas yield
increased from 11.9 to 31.8 wt.%lazar et al!'#14°demonstrated that HZS
zeolites resulted in gas yields of 16.7 wt.%. This is due to the various porous structures
and acid characteristics of the zeolites. It is important to highlight that the presence of
strong acid sites on HZS!4 is responsible forhe increase conversion of liquid
products into gases, and the HZ&Mizeolite facilitates the cracking of heavy
fractions.Williams and Brindle''! carried out the pyrolysisatalysis in fixed bed
reactor using two types of catalysts (ZS\and HY), and they reported the oil yield
decreased from 55.8% to 32 wt.%, while the gas yield increased from 6.1 to 20 wt.%.
Marcilla et al®® investigated the catalytic batch pyrolysis of LDPE and HDPE with
HZSM-5 catalyst, and they revealed comparable results to those reported here, with
both HDPE and LDPE where the gas production was above Z8%u et ak®3
investigated the pyrolysis of LDPE and PP in a fixed bed reactor using F2SM
catalyst at 43TC. The results showed the gas yield of LDPE was 49.0% and 38.2%
with PP, while the oil yield was reported as 48.8% and 58.8% for LDPE and PP,
respectively. Table 5.1 showed that PS produced the lowest gas yield, while PET
produced the highest gas yield. Timain gases generated from PET were CO and
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CO, that formed through decarboxylation of PET, and similar results were also

reported byMuhammad et &%

Table 5.1 Product yieldfrom the pyrolysiscatalysis of individual waste tire and

plastics.
Feedstock sample
Tire HDPE LDPE PP PS PET
(wt.%)
Gas yield 24.65  36.58 39.04 30.85 6.68 40.77
Oil yield 37.30 53.67 51.31 58.70 84.32 43.33

Char yield 38.68 0.34 0.00 1.66 0.34 17.00
Mass balance 100.63 90.59 90.35 91.21 91.34 101.1

(a) Thermal pyrolysis
120
100 101.88
b 9728 %6.3¢ m : 9.7
80
u Gas yield
2 w0 Oil yield
s 8 Char yield
40 Mass balance
20 I I
Tire HDPE LDPE PP PS PET
Pyrolysis-catalysis over ZSM-5
(b) 120
100
100.63 101.1
30 90.59 90.35 9121 91.34
n Gas yield
s
% w0 0il yield
s 8 Char yield
40 Mass balance
) I I I I I
ﬂ N - i
Tire HDPE LDPE PP PS PET

Figure 5.1 Product yield distribution frorthethermal(a) and pyrolysiscatalysis
over ZSM5 (b) of the individual waste tire and plastics.
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The gas composition (wt.%) from the pyrolysatalysis of waste tires and plastics

are showrin Figure 52. Thepresence of the ZSM catalyst in the pyrolysis of tire,
HDPE, LDPE, PP, PS, and PET provided high gas yields compared to the thermal
pyrolysis. For example, Sakata et*atonducted the pyrolysisatalysis of HDPE

over ZSM5, and they found that lower oil yield at 49.8 wt.%. Furthermore,
hydrocarbon gases demonstrated a significant increase in concentration that was
produced from tires and plastics (HDPE, LDPE, PP, and iSylting in more
production of light hydrocarbons {&€4). On the other hand, PET produced the
highest gas yield for all the plastics, with the main gas distribution toward carbon
monoxide and carbon dioxide. In relation to pyrolysis/catalysis of wdagtigs,
several investigations revealed that the Z5Matalyst has been acknowledged as
appropriate for the production of-Cs gases with a significant amount of light olefins
97222225 1n relation to pyrolysis/catalysis of waste tires, it has been reported that ZSM

5 enhanced the secondary cracking processes, resulting in more light hydrocarbons at
the expense of large molecules in the tiré'4it*®175226 For example, Arabiourrutia

et al.'**reported increased in the yield of ethene, propendyutadiene, and-Butene
significantly, and they found that HZSBI has a better selectivity for propene and
butadiene due to the shape selectivity of this zeolite, which favours monomolecular
cracking 1®. Olazar et al*®'’>found that the presence of HZSBreduces the
concentrations of CO and GQdue to their poor activity for decarbonylation and

decarboxylation processes.

45
40 —

35
30
25
4
S 20
=
15
10
- i -
0
Tire HDPE LDPE PP PS PET
uCO = H, CO2 u CH4 = CnHm

Figure 5.2 Gas composition of the pyrolystatalysisof individual tire and plastic
(wt.% of the total product yield)
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5.2.2 Oil composition from pyrolysiscatalysis of individual waste
tires and plastics
Theproduct oil from the pyrolysis of waste t&rand plasticdetermined by GC/MS.

The major compoahldst pecnsabsteedd | onf over

compounds andeptessed as wtc.a¥% aibnyBsTiEs¥X, pyr

refers to benzene, toluene, ethyl benzen
derivatives, bi phenyl s, Il i monene, terphe
naphthal ene, ant hracene, phenant hrene,

Al phatic refers t o cAlriboyc Iniueanbeceamp abod e

to cyclopentane and cyclohexane etc.,

Tire: The GC/MS analysis of the oil produced from the pyrofgsitalysis of waste

tire in relation to the highest concentration compounds revealed 45 main chemical
compounds and are presented in Table 5.2. The table represents the main components
in tire oil, which contains a significant amount of valuable chemicals such as benzene,
toluene, ethyl benzene, xylenes, and styrene. PAH compounds such as naphthalene,
naphthalene derivatives, phenanthrene, and pyrene, were also detected in the oll
composition atdifferent concentrations. Using ZSM as a catalyst through the
pyrolysis-catalysis process has a strong effect in terms of upgrading the oil, and
several studies reported that zeolite catalysts, particularly-ZSt#monstrated a
remarkableselectivity egarding the high production of BTEX!149.174



Table 5.2Composition of oil obtained from the pyrolysiatalysis of waste tires.

Tire

Compound RT (min) Mass (wt.%)
toluene 4.65 16.94
m-xylene 9.01 11.87
o-xylene 8.95 5.02
benzene 2.66 3.74
benzene, 1,2,4;etramethw 24.34 3.67
benzene, &thyt1,3-dimethyt 22.29 3.42
naphthalene, 1;8ihydro 25.86 3.31
1lh-indene, imethyt 25.64 3.21
2,4-dimethylstyrene 25.52 3.11
p-methylstyrene 16.67 2.98
benzene, 2thyt1,4-dimethyt 21.13 2.74
2,6 dimethylnaphthalene 34.52 2.37
naphthalene, 2,3;8imethyk 37.3 2.0
benzene, dnethyt4-(1-methylethenyh 23.01 1.99
benzene, Ethyl2-methyt 14.46 1.75
p-xylene 8.93 1.70
ethylbenzene 8.45 1.42
benzene2-ethyt1,4-dimethyt 22.63 1.24
benzene, 1,2;&imethyk 18.47 1.23
benzene, Ethyt4-methyt 14.66 1.05
naphthalene, 1;d8ihydro-6-methyt 29.89 0.95
styrene 10.13 0.81
dibenzyl or dibenzofuran 36.66 0.76
benzothiazole 28.47 0.66
benzo[b]thiophene,-2thy}t5,7-dimethyl  38.56 0.65
benzene, 1,2;:&imethyk 15.03 0.60
1lhrindene, 1,1,3rimethy} 33.27 0.60
1,4,5,8tetramethylnaphthalene 41.56 0.59
2 methylnaphthalene 30.84 0.58
cyclopentene, 1,2;8imethyk 6.75 0.57
azulene, fethyt1,4-dimethyt 40.86 0.57
benzene, inethyt4-(1-methylethyl} 18.92 0.%0
naphthalene,-inethyt7-(1-methylethyl}  39.38 0.50
Total 83.4

In this study, ZSMb is also shown to favour the production of a high concentration
of thesmall molecular hydrocarbons, such as BTEX. The concentration of BTEX was
increased in the tire oil from 8.38 wt.% in the thermal pyrolysis to 40.69 wt.% in the

presence of the ZSM. Williams and Brindle!'! reported the oil yields from the
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pyrolysis-catalysis tires of benzene, toluene and prand exylenes in the oil was

29.6 wt.% with a HZSMb catalyst. For tire pyrolysisatalysisOlazar et all*? also
observed that the concentration of singiey aromatic compounds in the oil increased
from 20.17 wt.% in the absence of the catalysts to 32.49 wt.% with the FZSM
catalyst. The limonene yield was obtained at a very low concentration (0.04 wt.%)
compared to the thermal pyrolysis, in which limonene was the prominent product
(39.70 wt.%). That is because ZShpotentially promotes monomolecular cracking,
which improves secondary reactions in thermal pyrolysis, particularly the breaking of
the oil to Go aromatics and gas®s In addition, the selectivity of ZS¥ plays an
important role in cracking the primary product (isoprene dimer limonene) into the
monomer isoprene and gasolifé&. Thus, five catalytic reactions should be
considered in the kinetic scheme of the catalytic pyrolysis on a catalyst constructed
from a HZSM5 zeolite, twoof these reactions indicate the catalytic cracking of
limonene to isoprene andsiCio fraction, while another two overlap the secondary
reactions for the catalytic cracking of the oil to gases and aromatics. The last catalytic
reaction suggests the formation of gase<&through the catalytic cracking ofC

Cao fractior??’

PAHs were reported in low concentration in the oil produced from the pyrolysis
catalysis of tires. For example, it was found that ZSMignificantly reduced the
concentration of PAHs, which was (11 wt.%) compared to the uncatalyzed process
(14.10 wt.%). 8nilar results were also reported I)lazar et all*® with a low
concentration of naphthalene and its derivatives. The efficiency ofZ 8Mttributed

to its structure selectivity regarding the surface micropores, which is approximately
equal to 0.56 nnt’8 As a result, the molecules with molecular sizes larger than
naphthalene may not fit through the micropores on the surface of-2ZSM

Consequently, ZSMb selectively acts as a favourable catalyst to produce BTEX

111,176

High and low density polyethylenghe identified compounds in the oil obtained from
the pyrolysiscatalysis of high density polyethylene and low density polyethylene are
presented in Table 5.3 and 5.4. The oil composition is classified into the main
compounds, which are BTEX, aromatiapahtic (olefins), and PAHs. The produced

oil has a very low concentration of the aliphatic content ranging frosCga with

inconstant set of the aliphatic peaks compared to the thermal pyrolysis with clear and

11¢€



persisted triplet peaks fromszs. ZSM-5 significantly decreased the liquid yield
with less wax production compared to the thermal pyrolysis that consisted of more
than 90% of heavy wax, compared to an oil was found with the pyralgtadysis.

The aliphatic portion in the oil composition was 20.11 wt.% and at 18.29 wt.% for
HDPE and LDPE, respectively with no notable production of heavier compounds
above G was observed, and that was also reported by other wotket®22?
Williams and Bagri’®investigated the catalytic pyrolysis of polyethene over zeolite
catalysts, and they found that the aliphatic compounds decreased to low carbon
number. The efficiency of ZSM to minimize the heavy aliphatic fraction, which
were the main product in the pyysis process®. Artetxe et al?*°also reported that
HZSM-5 with low deactivation by coke deposition and a high selectivity for the
production of light olefins. The PAHs were produced in minor concentrations, and
consisted of naphthalene, and its derivatives at 0.39 and 0.77 wt.% for BRPE
LDPE, respectively. The low PAHs content may be tiuae selectivity of ZSMb
through the pore size that allowed only the small moleculggassthrough and

undergo the catalytic aromatisation reactiéhs

Apart from catalyst properties, the other parameter such as temperature and residence
time, which have a significant effect on the yield and composition. As the temperature
is increased the cracking reactions are enhanced, resulting in low paraffins,
isopaaffins and naphthenes yields. Moreover, a high residence time may increase the
secondary reactions to produce more aromatic compounds, when olefin
oligomerization and subsequent condensation to produce toluene and xylenes, while

the yields of olefins anBAHs becomeegligible?3°.
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Table 5.30il composition from the pyrolysisatalysisof high densitpolyethylene

High density polyethylene

Compound RT (min) Mass (wt.%)
o-xylene 8.99 26.02
toluene 4.65 19.67
C20 43.04 4.40
benzene, Ethyl3-methyt 14.64 4.09
p-xylene 8.92 4.07
C19 41.27 3.77
Ci18 39.01 3.28
benzene 2.70 2.60
ethylbenzene 8.44 2.57
benzene, thyl2-methyt 14.44 2.19
benzene, 1,2:&imethyk 16.64 1.83
C17 36.59 1.79
m-xylene 10.12 1.76
octane, 3,5limethyl 23.72 1.75
Cc21 45.46 1.48
hexane, 2 4imethy} 10.81 1.21
1lh-indene, 2,&dihydro-1,6-dimethyt 27.86 1.15
unknown 31.14 1.14
Ci16 34.01 0.95
C22 47.41 0.93
C23 47.54 0.56
benzenel,2-diethyt 20.99 0.55
Total 87.76

Table 5.4 Oil composition from the pyrolysisatalysisof low density polyethylene

Low density polyethylene

Compound RT (min) Mass (wt.%)
o-xylene 9.02 22.86
toluene 4.67 18.39
benzene 2.66 7.60
p-xylene 8.94 3.66
C20 41.11 3.57
C19 38.83 3.55
c21 43.28 3.24
benzene, thyt3-methyt 14.67 3.05
benzene, Ethyl2-methyt 14.47 2.22
ethylbenzene 8.46 2.11
benzene, 1,2;:8imethyk 16.66 2.04
m-xylene 10.14 1.69
2,3-dimethyldecane 34.01 1.64
unknown 17.48 1.61
hexane, 2 dimethy} 10.83 1.56

121



Table 5.40il composition from the pyrolysisatalysis of low density polyethylene
(Continued).

Low density polyethylene

Compound RT (min) Mass (wt.%)
cyclohexane, ‘ethyl2-methyt, cis 23.73 1.53
1lh-indene, 2,aihydro-1,6-dimethyt 27.87 1.25
1-undecene, 4nethyt 31.15 1.21
unknown 7.24 0.80
benzene, 4Anethyt4-(1-methylethyl} 22.61 0.74
1lh-indene, 2,aihydro-4-methyt 25.17 0.65
benzene, 2thyt1,4-dimethy}t 21.01 0.63
1,4-dimethyt1-cyclohexene 6.84 0.61
benzene, Propenyt 19.32 0.6
Total 86.81

The BTEX compounds were observed in significant concentrations at 56.67 wt.% and
56.30 wt.% for HDPE and LDPEespectively. That is likely to be related to the
catalytic cracking of the polymer chains to penetrate the -B3Mres. It would be
expected that high selectively of the Z&wto produce high concentrations of the
BTEX compounds, as well as possible tfanmation through different mechanisms
such as beta scission and carbocation cééufurthermore, the acidity of the ZSM

5 catalyst leads to high aromatic content, and it promotes an effective cracking of the
heavier molecular compoundgoluene, xylene, and benzene are the dominant single
ring hydrocarbons that are produced from pyrokgsiglysis. It is noted that the
zeolite behaviour in the degradation of polyethylene produced the aromatic content
on the expanse of alkane and alkergddy Consequently, the small pasree, higher
surfaceacidity, and higher surface area were the main factors that were associated
with the production of aromaticompounds®232 Figure 53 shows the thermaind
catalytic pyrolysis of tire, HDPE, and LDPE, which reveals the influence of-BSM

on the oil composition.
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Figure 5.3 Oil composition obtained from the thermal (a) and catalytic pyrolysis (b)
of tire, HDPE and LDPE.

Thermal cracking occurs on the catalyst's external sutti@oagh the catalytic
pyrolysis process. The catalyst porous structure serves as channels for the selective
movement and breakdown of the large molecules and allow them to pass through these
channel$®. Because of the tiny pore size, gases are mostly formed inside the pores,
whereas wax is created as a consequence of externally cracking on the catalyst's
surfacé?. This effectdemonstrates thdtigh olefin molecules are degraded on the
catalyst's external surface, while additional degradation and product selectivity occur
within the catalyst's internalore$34 The crackingof hydrocarbonsover ZSM-5
involves the formation of a carbonium or carbenium ion at a Brgnsted or Lewis acid
site, as illustrated irFigure 54 15235 Due to the high level of cracking, which
produces light hydrocarbons (alkane and alkene) as primary products, this indicates
that shape selectivity with small pore size is significantly crucial to produce aromatic

compounds.
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Figure 54 Mechanism of acid catalysed cracking of hydrocarbdnd.a pt at i on
115,235

Polypropylene: Table 5.5 summarises the main compounds obtained from the
pyrolysiscatalysis of polypropylene. In the presence of the ZgMhe waxes
produced during thermal pyrolysis were converted to mainly aromatics with high
concentrations of BTEX at 35.51 wt.%. [liene was the prominent compound in the
product oil at 17.79 wt.% followed by xylene and benzene at 8.45 and 7.33 wt.%,
respectively. Whilst the thermal pyrolysis of PP produced mainly unsaturated
hydrocarbons in the oil composition. That indicated thén héyel of the cracking
occurred similarly to the PE over ZSH™ however, polypropylene revealed faster
thermal degradation due to its high tertiary carbon content, which is reactive and can
undergo both thermal and catalytic cracking reactiéhsS'he suggested cracking of

PP over the ZSMb takes place in the zeolite pores for the lower carbon number, as
the most hydrocarbons distribution in the range &C&. On the other hand, the
presence of methyl side groups in the polypropylene chemical structure causes an
increase in their molecular cross sections, which limits their access to the pores, and
so the external acid sites can contribute to the crackind®oPE may also exhibit
similar behaviour, as indicated by the product distribution doly hydrocarbons <
Cizthat obtained in the conversion of HDPE and LDPE in the absence of activity.
These results corresponded with previous studies on the formation of low carbon

numbers’3:236.237
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Table 5.50il composition from th@yrolysiscatalysis of polypropylene.

Polypropylene
Compound RT (min) Mass (wt.%)
toluene 4.67 17.79
benzene 2.67 7.33
cyclopentane, 1,1,3;#etramethw 7.16 6.16
o-xylene 9.02 6.05
benzene, ethyl3-methyt 14.67 3.50
2,4-dimethyt1-heptene 7.55 3.2
cyclohexane, ‘thyt1,3-dimethyl 8.31 3.15
benzene, 1,2;&imethyk 16.67 2.67
benzene, thyl2-methyt 14.47 2.28
3-heptene, 2 @limethyt 7.72 2.25
ethylbenzene 8.47 1.95
hexane, 2,3 4rimethyk 17.94 1.57
decane, 4methyt 18.25 1.54
m-xylene 10.14 1.39
1,7-octadiene, 2,3;&imethyk 9.68 1.29
2-secbutyl-3-methyl 1-pentene 6.23 1.27
1,3,5cycloheptatriene, 3,7-Fimethyk 22.63 1.13
1,7-dimethyt4-(1-methylethyl)cyclodecane 41.86 1.09
cyclododecane 43.39 1.02
p-xylene 8.94 1.01
bicyclo[3.1.1]heptane, 2,6:8imethy}, 6.84 0.96
benzene, 1;8liethyt 21.01 0.86
benzene, 1,2;:8imethyk 15.04 0.79
octane, 4methyt 6.68 0.62
7-tetradecene 36.96 0.59
2-hexyl1-octene 39.01 0.59
benzene, thyt2,3-dimethyt 24.19 0.57
unknown 47.61 0.57
benzene, 1,2,3;tetramethy 24.30 0.56
unknown 45.53 0.56
benzene, ‘methyt4-(1-methylethyl} 25.66 0.50
Total 74.81

Polystyrene: The polystyrene pyrolysisatalysis oil was analysed by GC/MS
analysis, and above 40 compounds were identified as shown in Table 5.6. The main
compounds found in high concentrations were mainly aromatic and -single
aromatic compounds, which accountedover 90% of the oil composition. Styrene
was the most dominant compoupicbduced in the oils in both thermal and catalytic
pyrolysis of PS, which were reported at 70.07 wt.% and 32.40 wt.%, respectively.
Moreover, the production of benzene, toluendyylbenzene, and xylene was

increased in the presence of ZSyiwith a maximum concentration of 17.91 wt.%
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compared to 4.27 wt.% for thermal pyrolysis. The GC/MS analysisralszated a
presence of polycyclic aromatic hydrocarbons, including naphthalene and its
derivatives at reduced concentrations of 4.56 wt.%, which may be connected 1o ZSM
5 selectivity atower carbon numbers. The high concentration of aromatic compounds
in theoil produced by thermal and catalytic degradation of PS was attributed to their
excellent stability, which resists further cracking or hydrogenation into paraffin and
olefing?® Several studies have reported that the high concentration of styrene
produced from PS decomposition as the primary product through the thermal cracking
and then undergoes further transformation over the acid sites of2Z8the second
stage?®. As a result, ZSVb exhibits the maiproduct distribution through the shape
selectivity (micropores), which limits the PS transformation and inner diffusion of
bulky products, and that explains the highest concentrations of benzene and toluene
that easilymigrate from the ZSM pore. Whereas the hydrocarbons >C10+ cannot
be derived on the active sites due to diffudiontations24°.

Table 5.60il composition from the pyrolysisatalysis of polystyrene.

Polystyrene

Compound RT (min) Mass (wt.%)
styrene 10.16 32.4
benzene 2.67 9.71
toluene 4.68 6.47
cis-.betazmethylstyrene 15.87 3.27
benzene, ‘propynyt 19.98 3.2
benzene, 1,4(2-methy}1-propenel,3-di 43.37 1.72
bibenzyl 37.02 1.65
ethylbenzene 8.46 1.62
benzene 1Hhexadienel, 40.59 1.62
benzene, 1,4(3-methyt1-propenel,3-di 41.63 1.38
benzene, 1,4(1,3-propanediyl)bis 40.17 1.18
benzene, 1,4(3-methytl-propenel,3-di 40.69 1.05
1,2-diphenylethylene 41.46 1.03
naphthalene, 1;8ihydro 25.84 1.01
9,10-dimethylanthracene 45.34 0.74
benzene, 1,4(1-methyt1,2-ethanediyl) 37.75 0.70
1h-indene, 2phenylt 42.65 0.69
naphthalene 26.97 0.66
phenylnapthalene 46.83 0.66
indane 19.32 0.58
1hrindene, 2phenyt 44,72 0.50
Total 71.84
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Polyethylene terephthalat&@able 5.7 summarises the product oil composition from
the pyrolysiscatalysis of polyethylene terephthalate. The ZSkhtalyst reduced the
heavy oil content and hindered wax formation. It was found that PET produced oll
with a significant aromatic contefor thermal pyrolysis; there was a marked increase
when the catalyst was used, particularly BTEX compounds. Benzene is shown to be
in high concentrations at 68.72 wt.%, which represents a large production for the
pyrolysis-catalysis process comparedites and other plastics. The main products of
PET in the thermal pyrolysis are terephthalic acid and benzoic acid, which may be
converted into aromatic hydrocarbons over catalysts with higbxggenation
capability such as zeolite ZSBl However, the presmce of oxygen atoms in PET,
conversion without a catalyst result in high overall solid resigdakls 1°. In the
pyrolysis-catalysis of PET, the oxygenated compounds, particularly benzoic acid was
not observed. This indicates that benzoic acid may convert to mostly benzene and
toluene over ZSMb, which was also reported byluhammad et aP?L. Other
compounds were also present in negligible concentrations, such as biphenyl,
terphenyl, and PAHs such as, naphthalene, fluorene, and phenanthrene. The
selectively of ZSM5 allows only the fraction of carbon numberig@s the pore size

of ZSM-5 influences the size of the hydrocarbon molecules that may enter the pore
structure and get involved in the catalytic cracking and reformation, which result in

more production of aromatttydrocarbong?%.

Table 5.70il composition from the pyrolysisatalysis opolyethylene terephthalate.

Polyethylene tereph

Compound RT ( mi Mas(swt .
benzene 2.67 68. 72
toluene 4. 67 5.26
Xyl ene 9.01 0.96
bi phenyl 33.36 0.08
ethyl benzene 8. 46 0.54
Tot al 76. 28

5.3 Copyrolysis-catalysis of tire and plasticmixtures

The ®-pyrolysiscatalysisof tire and plastic mixturegTire/HDPE, Tire/LDPE,
Tire/PP,Tire/PS andlire/PET) was undertaken to determine any interaction that may

influence the yield and composition of the product oil and gases. The tire and plastic

127



were mixed in a 1:1 ratio and pyrolyzed in the fixed bed reactor system with the
addition of the ZSMb catalyst in a 1:1 catalyst/feedstock ratibeproduct yield, gas

and oil composition were analysed and investigated to confirm any synergistic
interaction between the waste simnd plasticas well as the influence of ZSklon

the gas and oil composition.

5.3.1 Product yield and gas composition from the epyrolysis-

catalysis of tires and plastics

Table 5.8 showshe product distribution of gas, oil, and char yielfilem the co-
pyrolysis-catalysise experiments for all the tire and plasiixtures. It also provided

the therotical data that wasilculated based on the additive data of the individual
samples The experimental gas yields were lowlean predictedor all the mixtures

and that may be assosiated to the addition of ZSdatayst, which increaed the
volatiles content as a result of the high craking of the large moleclular weight
compoundsn contrastto the cepyrolysis ofall the tire and plastienixtures that
revealedhighergas yieldghan predictedThe tire/polystyrene epyrolysiscatalysis
produced the lowest gas yiel@.23 wt.%) than predicted, while the ojlield was
slightly higher(64.67 wt%) than expected, but it produced the highest oil yield of all
the other tire/plastic mixtures. Generaly, the oil yields were slightly higher than
predicted for all the mixtures, except Tire/HDPE (43.64 wt.%). Also Tire/[HDPE
produced high char yield than eqied,whears the char yields were slightly lower
than predicted for the other mixtures,and thitibutedto theinteraction between
tiresand plastics during the quyrolysis process as well as the possible interaction of
the volatiles that undergoes the second stage of the catalysis process ovér ZSM
catalyst. Figure 5.5showsthe product yield distrubtion of all the mixtures in
pyrolysiscatalysis over ZSMb, which revealed high gas yields compared to the

thermal pyrolysis.
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Table 5.8Product yielddistrubtion from the mixtures of the waste tieesl plastics,

experimental and theoretical.

Experimental

(wt.%) Tire/HDPE Tire/LDPE  Tire/PP  Tire/PS Tire/PET
Gas yield 29.20 27.70 23.03 9.23 23.22
Oil yield 43.64 46.33 51.00 64.67 42.67
Charyield 21.33 18.33 19.33 17.33 25.67
Mass balance 94.17 92.36 93.36 91.23 91.56
Additive data (wt.%)
(wt.%) Tire/HDPE Tire/LDPE  Tire/PP  Tire/PS Tire/PET
Gas yield 30.62 31.86 27.76 15.67 32.72
Oil yield 45.50 44.33 48.00 60.83 40.33
Char yield 19.50 19.33 20.17 19.50 27.83
Mass balance 95.62 95.52 95.93 96.00 100.88
(a) Thermal pyrolysis
120
100 100.94 99,63 pacd 07.45 102.58
80
m Gas yield
3\: 60 Oil yield
2 ® Char yield
40 Mass balance
20
. N H sl & I = I I I
Tire/ HDPE Tire/LDPE Tire/PP Tire/PS Tire/PET
(b) Pyrolysis-catalysis over ZSM-5
100
% - 9236 9336 9123 9156
80
70
60 m Gas yield
$ 50 Oil yield
= 40 m Char yield
Mass balance
30
. I I I I I
10
A1 11 11 .
Tire/HDPE Tire/LDPE Tire/PP Tire/PS Tire/PET

Figure 5.5Productyield distribution fromthethermal(a) andpyrolysiscatalysis
over ZSM5 (b) of tire and plastic mixtures.
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Figure 56 shows the gas compositiobtained from the pyrolysisatalysis of the tire

and plastic mixturesThe gas yields from the pyrolystaitalysis of the tire and plastic
mixtures were lower than the theoretical additive prediction. The gas analysis for the
tire/olefinic plastic mixtures, Tire/HDPE, Tire/LDPE, and T/PP revealed higher
concentrations of hydcarbon gases and methane, whereas the hydrogen was
observed to be in very low concentration. The Tire/PS mixture showed lower
concentrations of these gases from thgwmlysiscatal/sis process. The Tire/PET
mixture gave high gas yields of mainly CO and hydrocarbOtier researchers have

also reported that using a zeolite catalyst increased the production of hydrocarbon
gase®1241243 For example, Lopez et &' found that adding a zeolite HZSM
catalyst to the mixtures of plastics (PE, PP, PS, PET, and PVC) increased the gas
yield, particularly hydrocarbon gases compared to the thermal process. This suggested
the interaction between these plastics. It hastmsn reporteff that mixing different
plastics (PE, PP, and PET) with polystyrene enhanced the interaction between the
plastics, resulting in an increase in the production of hydrocarbon gases, the pyrolysis

products from polystyrene are very aromatic, similar to thatlypred from waste

plastics.
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Figure 5.6 Gascomposition of the pyrolysisatalysisof mixture (50:50Y)ire and
plastic.
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5.3.2 Composition of oil obtained from the pyrolysiscatalysis of the

tire/plastic mixtures

Tire/HDPE and Tire/LDPE:GC/MS analysis of the product oil from the-co
pyrolysis/catalysis of Tire/HDPE and Tire/LDPE in the precent of Zbkatalyst,
showed that the highest concentration compounds comprised above 40 compounds
were identified and presented in Table 5.9 and 5Tl results showed the
distribution of the oil products into BTEX and aromatics as the major compounds,
which were produced in much higher concentration compared to the thermal
pyrolysis. The influence of mixing tire with PE aslina&s the presence of ZSHI
catalyst promoted the high production of the aromatic content, particularly BTEX
compounds at 67.45 and 79.96 wt.% for Tire/HDPE and Tire/LDPE product oil,
respectively. Toluene was the dominant aromatic compound in the oiligisod
obtained at 26.80 wt.% from Tire/HDPE, while xylene was the highest compound in
the oil produced from Tire/LDPE at 32.74 wt.%. The formation of PAHs was
increased in the mixtures of tire with PE and that may be associated with the
recombination aftecracking of the heavy molecular weight compounds, which also
corresponded to a reduction of the aliphatic compounds. Moreover, the catalyst
improved the production of hydrocarbons from PE compared to the thermal pyrolysis
of PE that produced high moleculareight hydrocarbonsFigure 57 shows a
significant reduction in the aliphatic compounds when it wapyolysed with tire,
which was 1.46 and 1.53 wt.% for the-ggrolysis mixtures of Tire/HDPE, and
Tire/LDPE, respectively. Consequently, srematiccontent was increased in the
mixtures at the expense of the aliphatic compounds, which revealed higher than the
individual pyrolysis of the HDPE and LDPE. The amount of aliphatic compounds
shows lower concentration values, and this suggests that the mgg@edthe
produced oil by the conversion of olefinic intermediates from PE degradation, which

was promoted by the presence of aromatic fragments of tire degratfation
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Table 5.9Composition of oil obtained from thpgrolysiscatalysis of tire/high density

polyethylene.
Tire/high density polyethylene

Compound RT (min) Mass (wt.%)
toluene 4.73 26.8
benzene 2.71 16.51
o-xylene 9.10 11.88
m-xylene 10.22 5.01
ethylbenzene 8.54 4.69
benzenel,2,3trimethyk 16.76 3.60
p-xylene 9.02 2.57
benzene, Ethyl3-methyt 14.56 2.34
2,4-dimethylstyrene 25.59 1.12
benzene, 1,2,4;etramethw 24.41 1.01
benzene, 1,2;&rimethyt 18.56 0.99
naphthalene, 1;8ihydro 25.70 0.90
1H-indene, 2,3ihydro-4-methyt 25.24 0.87
benzene, &thyt1,4-dimethyt 21.22 0.81
benzene, 1,2:#&rimethyk 15.13 0.75
naphthalene, 1;dimethy} 34.46 0.73
naphthalene, 1;dimethy} 34.10 0.72
indane 19.42 0.71
pentane2,2,3,4tetramethw 10.91 0.68
benzene, (Anethyt2-cyclopropenrl-yl)- 25.93 0.66
1lh-indene, 1ethylidene 31.35 0.59
benzene, Jpropynyt 20.08 0.54
Total 84.48
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Table 5.10 Composition of oil obtained from thpyrolysiscatalysis of tire/low

density polyethylene.

Tire/low density polye

Compound

benzene 2

pxyl ene 9
9
1

.72 14.15
. 04 13. 86

oxyl ene 12 13. 4
mxyl ene 0. 2 5.48
ethyl benzene 8. 56 5.12
benzen¢yriime2 hyl 16. 7 4. 60
benzeentedynidt hy | 14.5 2.73
benzemet hyHlet hyl) 14. 7 1.59
benzen¢eyrime2 hyl 18.5 1.25
benzkmet,Afydnet hytl et 22. 3 1.24
benzenetetl, @2m8t Ayl 24 . 4 1.22
2, -#4i met hyl styrene 25. 6 1.21
benzeentelly-t2 me-t hyl 21. 2 1.12
1A nde-met-h@gl 25. 7 1.07
i ndane 19. 4 0. 82
lpdentadi ¢me me2 hy | 6. 17 0.79
1,4y cl ohe xeatdhi ebnpg2l , me 23 . 6 0.71
benzeentelynidt hy | 15. 6 0. 68
napht hatl emet hyl 7 34. 4 0. 64
benzepmregp-ylnyl 20. 1 0.60
OH |l uor ene 41. 3 0.53
napht hal-ternieme t2hy3l, 6 3 7. 3 0.50
lAinddeehyl-idene 31. 3 0.50
Tot al 101. 7
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Figure 5.7 Oil compositionobtained from the thermal and catalyticpgolysis of
Tire/HDPE and Tire/LDPE.

Tire/polypropyleneTable 5.11 represents the GC/MS analysis results obtained from
the pyrolysiscatalytic processing of Tire/PP. The identified compounds were
distributed to high aromatics production and relatively low aliphatic compounds.
Mixing tire with PP during cgyroysis and the use of catalyst improves the
production of the valuable chemicals. According to the results the thermal pyrolysis
of PP produced unsaturated hydrocarbons without any aromatic products, whilst the
co-pyrolysis of PP with tire enhanced theaimposition and produced more aromatic
compounds. Thus, the oil composition of the Tire/PP mixture with -BSidtalyst
revealed a significant decrease in the heavy molecular weight compounds in the
product oil, and the catalytic degradation of this mixtoasisted of mainly BTEX
compounds. Toluene was the dominant compound, and it observed in high
concentration at 23.78 wt.%, benzene, xylene, and ethylbenzene were also shown to
be in significant concentrations at 9.80, 15.14 and 1.90 wt.%, respectivelgs |

found that the thermal pyrolysis of Tire/PP produced the concentrations of BTEX at
35.80 wt.%, which was lower than that produced by the pyrebgalysis of Tire/PP

at 50.58 wt.%. The main influence of mixing tire with PP was the production lof hig
aromatic content which would be expected as the degradation of PP promoted by the
presence of the aromatic fragments of tire degradation. Additionally, it has been

suggested that the strong acid sites of the Z3Mdtalyst involves the cracking of the
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Tire/PP mixture, resulting in carbenium ions which can undergadsion followed

by a hydrogen transfer to produce the aromatic compounds. Polystyrene produces a
similar aromatic product slate compared to tire pyrolysis. For example, similar results
havebeen reportethy Kim et al?** in relation to the mixing of PS with PP on the
catalytic degradation, which comes from the intermolecular transfer of carbenium ion
between the degraded fragments of PP and PS. This may suggest that the carbenium

ion from PS degradation may offer hydroderolefinic fragments of PP.

Table 5.11 Composition of oil obtained from the pyrolysiatalysis of

tire/polypropylene
Tire/polypropylene

Compound RT (min) Mass (wt.%)
toluene 4.76 23.78
benzenel,3-dimethyt 9.05 10.48
o-xylene 9.13 10.13
benzene 2.72 9.8
m-xylene 10.25 414
benzene, 1,3;Fimethyt 16.79 4.14
cyclohexane, 1,1;8imethyt 7.26 2.67
benzene, Ethyl3-methyt 14.59 2.04
ethylbenzene 8.42 1.9
decane, 4methyt 18.07 1.36
benzene, 4thyt1,2-dimethy} 22.72 1.36
decane, 4methyt 18.37 1.32
benzene, thyt4-methyt 14.79 1.30
benzene, 1,2;:#&imethyk 18.59 1.25
benzene, 1,2 4;tetramethyl 24.42 1.25
2,4-dimethyt1-heptene 7.65 1.17
benzenel,3,5trimethyk 15.16 1.17
benzene, &thyt1,4-dimethyt 21.24 1.09
2,4-dimethylstyrene 25.6 0.95
cyclopentane, 1,1,3;tetramethy, cis 6.33 0.92
benzene, 1,2,4;etramethw 25.74 0.91
p-xylene 8.57 0.88
1hrindene2,3-dihydro-4-methyt 25.25 0.69
benzene, 1;2iethy} 23.64 0.68
indane 19.45 0.61
1,4-pentadiene, 2,3;&imethyt 6.18 0.52
benzene, thyl4-methyt 15.69 0.50
benzenel-methyt2-(1-methyt2-propenyl 27.23 0.50
Total 87.43
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Tire/polystyreneTable 5.12 shows most of the compounds identified by GC/MS in
the product oil obtained from the pyrolysiatalysis of Tire/PS. The oil composition
contains aromatic compounds without any aliphatic content than would be expected,
as the thermal pyrolysisf éire and polystyrene mixture mainly produced aromatic
compounds. Moreover, the addition of the ZSMatalyst promotes the cracking of

the hydrocarbons chain as well as the interaction between tire and PS to produce more
aromatics at the expense of stygeAs a result, the BTEX compounalere identified

in high concentration at 46.84 wt.%. Whereas, in thepgmlysis of Tire/PS the
BTEX content was produced in low concentration at 9.90 wt.%. This suggests that the
influence of ZSM5 increased the cracking reaction of the polycyclic aromatic
hydrocarbons as ihewed a reduction in concentration due to the small pore size that
sterically hindered these large compounds to pass through the pore cavities. This will
increase the selectivity toward the liglimpounds®. Consequently, ZShs favored

the production of &€Cs gases and the high content of the BTEX in the oil.

Table 5.12 Composition of oil obtained from the pyrolysiatalysis of

tire/polystyrene.
Tire/polystyrene
Compound RT (min) Mass (wt.%)
benzene 2.72 25.09
styrene 10.29 19.20
toluene 4.77 14.09
benzene, ‘propynyt 20.15 6.55
p-xylene 8.60 4.76
alphamethylstyrene 16.01 4.18
benzene, 1;8imethy} 9.06 3.67
o-xylene 9.13 2.91
indane 19.47 2.73
benzenel-butyny} 25.93 1.58
benzene, 1,2;&imethyk 16.8 1.37
benzene, 1,4(1,3-propanediyl)bis 40.25 1.07
benzene, thyl3-methyt 14.600 1.00
naphthalene 27.06 0.85
2,4-dimethylstyrene 22.44 0.76
benzene, (Anethylethyl} 12.17 0.75
naphthalene, 1;8ihydro 25.71 0.62
2 methylnaphthalene 30.92 0.58
betamethylstyrene 19.12 0.55
2,4-dimethylstyrene 22.67 0.50
Total 92.78
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Tire/polyethylene terephthalat&able 5.13 represents the highest concentration of
identified compounds that were obtained from the pyrolgatalysis of the
tire/polyethylene terephthalate mixture. The oil composition of the Tire/PET mixture
consists mainly of BTEX, aromatic and PAHngpounds at 55.08, 19.75 and 2.51
wt.%, respectively. Benzene is the dominate compound produced from the pyrolysis
catalysis of Tire/PET, which was expected as the pyrolysis of individual tire and PET
produced a significant amount of benzene in the oiltheamore, the selectively of
ZSM-5 can promote the decarboxylation of the oxygenated compounds, particularly
benzoic acid to produdeenzené&®. The PAHs content was in low concentration, and
this has been suggested that inside the small pores of the catalyst where is the cavities
may act as an inverse template for the formation of the accumulated aromatics such
as PAHs, and ultimately that caantrol the activity, selectivity and deactivation of

the catalyst$*®.

Table 5.13 Composition of oil obtained from the pyrolysiatalysis of

tire/polyethylene terephthalate

Tire/polyethylene terephthalate

Compound RT (min) Mass (wt.%)
benzene 2.72 29.27
toluene 4.76 12.06
benzene, 1;8imethyt 9.05 8.99
o-xylene 9.13 7.07
m-xylene 10.25 4.41
benzene, 1,3;&imethyk 16.8 2.34
p-xylene 8.57 2.26
benzene, thyl2-methyt 14.60 1.56
indane 19.47 1.15
benzenel,2,3trimethyk 18.6 1.10
biphenyl 33.4 1.06
benzene, 1,2:#&rimethyk 15.17 0.70
naphthalene, 1;dimethy} 34.59 0.47
Total 72.44

5.4 Tire -plastic copyrolysis-catalysis interaction effects

The synergistic impact of mixing waste tire wdkfferent plastics may be seen by
comparing the cyrolysis product yields to the theoretical value predicted using the
additive rule from the yields of the separate compon&htssynergistic effect occurs

during coepyrolysis when the experimental value exceeds (positive) or is less than
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(negative) the theoreticahlue®®. The synergistic results indicated that the influence

of the tire and ZSMb catalyst resulted in an increase in the cracking of the high
molecular weight compounds which leads to the production of high concentrations of
BTEX compounds that were around 70%tlee oil composition, particularly for
Tire/HDPE and Tire/LDPE.

The main investigated gases in thepywolysis-catalysis of tires and plastics were

H2, CHs, CiHm, CO, and C@ Figure 58 shows the synergetic interaction results,
which observed negative values of the CO and @Dall the mixtures. The Eim

gases showed a positive synergetic effect for Tire/HDPE, Tire/LDPE, Tire/PP, and
Tire/PET, while Tire/PS showed a negative effect compared to the other mixtures.
The synergistic interaction in relation te Bhd CH showed very low values which
make it difficult to assess their synergetic effects. Overall, the gas composition shows
high yields of hydrocarbons values that were generated by the pyralstsysis of
individual tires and plastics. Increasing the vidatiompounds during the pyrolysis
catal/sis should be addressed as the main influence of the high gas yields regarding
the high level of cracking compared to the thermal pyrolysis with low gas yields for

all the mixtures.

0 - o = - [ E— o -
X Tire/HI'E TireILtE Tiro/t Tiret Tire/PE

-6

wt.%
N

-10
-12
-14

-16
= Hp mCHy CnHm uCO ECOp

Figure 58 Synergistic effect of mixing tire/plastic on gas composition from
pyrolysiscatalysis of Tire/HDPE, Tire/LDPE, Tire/PP, Tire/PS, and Tire/PET.
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The mixtures of Tire/HDPE, Tire/LDPE, Tire/PP, Tire/PS, and Tire/PET were
classified according to the main oil components, as showigure 59.BTE X, r ef er
t o benzene, tol uene, ethyl benzene and
derivatives, bi phenyl s, Il i monene, terphe
naphthal ene, ant hracene, phenant hrene,
Al i phartsi ct or ecfaer bong n Ainbewys |l akocvempPpounds

to cyclopentane and cyclohexane etc.,

BTEX compounds obtained positive synergistic values for thgycolysiscatalysis

of all the mixtures at 18.80, 31.50, 12.71, and 17.55 wt.% for Tire/HDPE, Tire/LDPE,
Tire/PP, and Tire/PS, respectively. However, for Tire/PET revealed a slight negative
value at-3 wt.% due to the low concentration. The positive values indicate that
positive interaction may occur between tire and plastics according to the reaction
mechanism of the hydrocarbon radicals produced from the tire rubber with the radicals
producedfrom the thermal decomposition of the polyalkene plastics to form the
aliphatic portion as the principal products. Then the catalytic process promotes the
cracking of the aliphatic content of the pyrolysis products to produce more aromatic
compounds suchsaBTEX. As a result, the negative values of the aliphatic portion
were reported for Tire/HDPE, Tire/LDPE, and Tire/PF8a40,-7.61, and2.18 wt.%,
respectivelyFigure5.9 also shows that the composition of the oil for thggolysis
catalysis of Tie/PP, Tire/PS, and Tire/PET revealed positive values for aromatic
compounds compared to the Tire/HDPE and Tire/LDPE mixtures. It may be
suggested that and the pyrolysegtalysis of the individual PP, PS, and PET produced
high aromatic content compared HDPE and LDPE. For example, the interaction
between tire and PP as a part of the reaction mechanism of natural rubber in the tire,
which increased the decomposition of PP For Tire/PS cepyrolysiscatalysis
obtained positive interaction as PS can pranbe decomposition of natural rubber
and butadiene rubber, as reported by Li et®lresulting in positive values for both
aromatic and BTEX contents. Furthermore, the influence of the catalyst indicated high
selectivity toward the production of the light aromatic compounds, such as BTEX.
The negative values for PAHs were observed fothal mixtures and that would be
expected due to the high level of cracking, which are mainly based on the secondary

reactions for the formation of hydrocarbons in the rand€6€10) 24".
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Figure 5.9 Synergistic effect of mixing tire/plastic on oil composition from pyrolysis
catalysis of Tire/[HDPE, Tire/LDPE, Tire/PP, Tire/PS, and Tire/PET.

5.5 Summary

In this chapter, pyrolysisatalysis of waste plastic, waste tire, and mixtures of the tire
and plastics has been conducted using astage fixeebed reactor. ZSM was used

as a catalyst to investigate the influence on the products distribution and the
composition of the produced gases and oils. Pyrolyatalysis of tire over ZSNb

had an effect on reducing gileld form 54.83 wt.% in the nenatalysis pyrolysiso

37.30 wt.%in pyrolysiscatalysis over ZSMb, with a corresponding increase in the
gasyield at 24.65 wt.%. Pyrolysisatalysis of HDPE, LDPE, PP, and PS showed also
an increase in the gas yields that consisted mainly of hydrocarboi)(Gvhile
decreasing in oil production at 53.67, 51.31, 58.70, and 84.32 wt.% respectively. PS
produced the lowest gas yield, while PET produced the highest gas yield, and the main
gases generated from PET were CO and E@olysiscatalysis of individual tire and
plastic over ZSMb5 produced a significant amount of valuable chemicals such as
benzene, toluee, ethyl benzene, xylenes, and styrene. The efficiency of-Z3M
minimize the heavy aliphatic fraction, which were the main product in the pyrolysis
of HDPE and LDPE, on the other hand, the ZSMith low deactivation by coke
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deposition and a high selectivity for the production of light olefins. The pyrolysis of
PP over the ZSM produced hydrocarbons distribution in the ranges€G. PET
produced oil with a significant aromatic content for thermal pyrolysis; there was a

marked increase when the catalyst was used, particularly the BTEX compounds.

Pyrolysis-catalysisof the tire and plastic mixtures over ZSBkevealedhigher gas
yields. Tire/HDPE, Tire/LDPE, and T/PP produced higher concentrations of
hydrocarbon gases and methane, while fhiee/PS mixture showed lower
concentrations of these gases. The Tire/PET mixture gave high gas yields of mainly
CO and hydrocarbons. The mixtures of Tire/HDPE and Tire/LDPE observed a
significantreduction in the aliphatic compounds when it waspgmlysed with tire

and the presence of ZSBH catalyst promoted the high production of the aromatic
content, particularly BTEX compounds on expense of aliphatic content. The oll
composition of the Tire mixture with ZSM5 catalyst showed a significant
reductionin the heavy molecular weight compounds and oil obtained from the
catalytic pyrolysis of this mixture consisted of mainly BTEX compounds. The mixture
of Tire/PS mainly produced aromatic compounds, and the addition of the5ZSM
catalyst promotes the crackirof the hydrocarbons chain as well as the interaction
between tire and PS to produce more aromatics at the expense of styrene. The oll
composition of the Tire/PET mixture produced BTEX and aromatic compounds due
to the selectively of ZSMb that promoteshie decarboxylation of the oxygenated
compoundsThe positive interaction may occur between tire and plastics, and that
promotes the cracking of the long chain hydrocarbons to produce more aromatic, and
the addition of catalyst indicated high selectivity toward the production of the light

aromatic.
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Chapter 6: Pyrolysis-catalysis of waste tire and plastic over MCM
41/ZSM-5 catalyst

6.1 Introduction

Improving the product quality, particularly the oil yield is the main objective of this
chapter. In this workpyrolysis-catalysis of tire, HPDE, LDPE, PP, PS, and PET was
carried out in the fixed bed, two stage reactor for the production of upgraded pyrolysis
oils, using MCM41 and ZSM5 catalysts used in two layers in series of M@M
followed by Zeolite ZSM5. Ratnasari et all® reported thatapplying MCM-41
catalyst alone in twstage pyrolysisatalysis of high density polyethylene led to high
molecular weight hydrocarbons zCand the oil produced was mainly aliphafibe
purpose of using two catalysts staged one after the other in layers was fturstly
enhance the preracking of the large molecules of produced from the pyrolysis of the
plastic/tire into smaller molecules via the larger mesopores of the MChkatalyst;
secondly, the smaller fractions produced from the M&Mcatalyst layer then et

the smaller micropores of the ZSMcatalyst for further crackif®. It should also be
mentioned that the acidity of the catalyst has a significant impact on its activity in
converting plastic pyrolysis gases, with higher catalyst acidity contributing to higher
catalytic activity. Zeolite ZSMo and MCM41 are aluminosilicas that have a
silica:alumina ratio that can be modified to produce Si:Al ratios in which different
amounts of Al replace the Si in the structure of the crystals, resulting in lower Si:Al

ratios with higher surface acidity and thus increased catalygityct®

6.2 Pyrolysiscatalysis of waste tires and plastics

The pycat glsysis of individual tire, pl as
staged cat-4lysol bbdbwhHdcMbtyalZyssM s was -i nves
stage fixed bedwirtehatcitoo ro f( tCihndaapdt seter ¢; adh) ¢, s t

t he r at i-dol /oAd% MW@ MThelprodess involved the use of a tatage

reactor system (Chapter 3). The influence of the pyrolgsimlysist eo |l i t e cat a
i n a st agrecdss tndahe pradects fomposition, particularly, the gas and oll
yields were investigated in this chapter. Furthermore, the data collected from the co
pyrolysis-catalysis was also investigated to detect any interactions between waste tires

and plastics.
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6.2.1 Product yield and gazompositionfrom the pyrolysis-catalysis

of waste tires and plastics

The product yield from the pyrolys@atalysis of individual waste plastics and tire
over the MCM41/ZSM5 catalyst layer in series is presented in Table 6.1. The results
show that as the oil yield decreased the gas yield increased. The oil yields were
produced over a staged catalyst (M&NI/ZSM-5) for tire, HDPE and LDPE at 39.50,
57.25, 53.50 wt.%, respectively. Table 6.1 shows an increase in the gas yield produced
from the PS pyrolysisatalysis over MCM41/ZSM5 at 11 wt.% compared to the
thermal pyrolgis. That may be attributed to the combining of M@Mwith ZSM5,

which increased the cracking and maximised the conversion of plastics to produce the
lower molecular weight hydrocarbons. Furthermore, the gas yield produced from the
pyrolysis-catalysis ofPET at 42 wt.%, while the oil yield was lower over MEM
41/ZSM5 at 36.75 wt.%. It can be concluded that for the most catalytic process, the
impact of catalyst favours the gas yield while reducing the amount of oil ggld
shown in Figure 6,1thus incrasingthe light oil fraction with no significant change

in char yield”114248.243 Using two catalysts in series has also been investidggted
several researchers, for example, Escola ét%lSerrano et alk®, and Ratnasari et

al. 193 proposed combining the microporous and mesoporous of catalysts to optimise
the conversion of plastic pyrolysis products to low molecular weight hydrocarbon
fuels and chemicals. Aguado et'&@found that the oil yield was the mainoduct
produced from the pyrolysisatalysis of HDPE over MCM1 at 52.6 wt.%; however,
cracking of HDPE over ZSMb resulted in a low oil yield at 46.3 wt.%, while the gas
yield was above 50 wt.%. Ratnasari et®atreported that oil and gas yields produced

by catalytic pyrolysis of HDPE depends on the M@itZSM5 catalyst ratios, which

demonstrated only minor changes in gas and oil yields.
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Table 6.1Product yieldrom the pyrolysiscatalysis of individual waste plastics and
tires over MCM41/ZSM5.

Feedstock sampl e
Tir HDPE LDPE PP PS PET

(wt .
Gas yi 17. ¢26. 31.729.:11.C42.:
Oi | y i 39.t57. 53.£858.77.(036."°
Char vy 37.7:3.7 0.0 0.5 0.2 13.(
Mass b 94. 787. 85.288.:88.(91. ¢
(a) Pyrolysis-catalysis over ZSM-5
120
100
100.63 101.1
80 90.59 90.35 91.21 91.34
m Gas yield
S w0 Oil yield
= B Char yield
40 Mass balance
Tire HDPE LDPE PP PS PET
(b) Pyrolysis-catalysis over MCM-41/ZSM-5
100
90 94.73
80 87.6 852 88.29 88.03 o
70
60 m Gas yield
3 50 Oil yield
= 20 u Char yield
Mass balance
30
! I I I I
10
3 | B} Sl
Tire HDPE LDPE PP PS PET

Figure 6.1Product yield distrbutiofrom the pyrolysiscatalysis of individual waste
plastics and waste tire over ZS8/Aa) and over a staged catalyst (MCM
41/ZSM5)(b).

Figure 6.2 showsthe gas composition (wt.% of the mass of gases (Table 6.1))
produced from the pyrolysisatalysis of the individual tire and plastics over

MCMA41/ZSM-5 catalyst layer. The main gases produced were hydrogen, methane,
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ethane, ethene, propane, propene, butane, butene, butadiene, and for PET, carbon
dioxide, and carbon monoxide. PET produced the highest gas yield over all the other
plastics, which due to its structure that tends to produce more CO andlic€)

HDPE, LDPE, PP, and PS produced the highest quantity of hydrocarbon gases
compared to PET. Ratnasari et ‘4 found that the main gases obtained from the
staged pyrolysiscatalysis process of HDPE over MGAL/ZSM5 were ethene,
propene, butene and butadiene. An increase in the production of gases during catalytic
pyrolysis, particularly with acid catalysts. Fuetmore, it has been demonstrated that
using a zeolite catalyst reduces the concentrations of carbon monoxide and carbon

dioxide, while hydrogen, ethane, ethene, and butane increased signiftéantly
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Figure 6.2 Gascomposition of the pyrolysisatalysis of individuatire and plastics
over MCM41/ZSM5.

6.2.2 Composition of oil obtained fromthe pyrolysis-catalysis of
waste tires and plastics over MCM41/ZSM-5

Theproduct oil from the pyrolysisatalysisof waste tirg and plasticdetermined by
GCMS.The maj or compoaundst hper etsSaemiteesdd o ove
the compoumhaelxpdessiefli ad w-t abtadifgdiEXKe pyr
refers to benzene, toluene, ethyl benzen

derivatives, biphenyls, |limonene
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naphthal ene, ant hracene, phenant hrene,

Aliphatic refers tgo Alairdyonl inw mbempo bbby e

to cyclopentane and cyclohexane etc.,

Tire: The main advantage of applying the MEM/ZSM5 in the two staged
pyrolysiscatalysis of waste tire is to control the product distribution, which promotes
the production of lower molecular weight hydrocarbons compared to thermal
pyrolysis. Figure6.3 demonstrates the main oil composition obtained from the
pyrolysiscatalysis of tire over MCMI1/ZSM5 and ZSM5 alone (results from
Chapter 5), which were mainly BTEX, aromatic compounds, PAH, and alicyclic
compounds. For example, BTEX, and aromatic caimpswere 46.13 wt.% and
40.36 wt.%, respectively. The pyrolysiatalysis of tire over MCMI1/ZSM5
revealed more selectively toward producing lower molecular weight compounds. In
comparison to the pyrolysisatalysis of tire over ZSNb alone which was 40.69% W0,

and 32.86, wt.% for BTEX and aromatic compounds, respectively. This indicated a
variation between MCMI1/ZSM-5 and ZSM5 alone, and that may be associated
with the hydrogenation reaction and cracking of higher hydrocarbons, which increases
the formaton of lighter aromatic hydrocarbons; however, the cracking activity also
leads to the reduction of the oil yields while increasing the gas ¥/iel&imilarly,
Olazar et ak*?also investigated the influence of HY and HZSMeolite catalysts on

oil composition, and they reported that the catalysts increased the concentration of
singlering aromatic compounds from 20.17 wt.% in the absent of catalyst to 32.49
wt.% and 40.49 w¥% for HZSM5 and HY, respectively. Consequently, using the
MCM-41/ZSM5 promoted the aromatisation reactions, as the primary cracking
occurred in the first layer of MCMJ1 catalyst and then passing into ZSNpores for

further cracking and rearrangemé?it

MCM-41 has high surface area at 734 grt, and large pore volume. These
characteristics can improve hydrogen transfer, which leads to the formation of more
aromatic hydrocarbons. PAH such as naphthalene, and its derivatives (methyl and
trimethyl naphthalene) increased from 11.11wt.% with ZSk 13.23 wt.% over
MCM-41/ZSM5 due to the Diel\lder dehydrogenation of alkenes to form the
polyaromatic hydrocarbon content by cyclisation and aromatisation, which is
enhanced by the catalysts' steric and acidic capabiiedoreover, MCM41 has

large pores that would allow the large molecular hydrocarbons to pass into their pores,
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some of these large molecular get involved through the cracking to form the lighter

aromatic hydrocarbor's®.

50 Tire oil composition
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Figure 6.3 Oil compositionobtained from the pyrolysisatalysis of tire over MCM
41/ZSM5 and ZSM5.

High and low density polyethylen€he pyrolysiscatalysis of HDPE and LDPE over
MCM-41/ZSM5 produced high yields of BTEX at 62.39 wt.% and 67.27 wt.%,
respectively as shown igure 64a and &b. Toluenewas the dominant compound

in the oil composition of both HDPE and LDPE. The high BTEX conteas
increasedby a significant decreased in the aliphatic and PAH contents. This behaviour
was noticed as the fact of the second cracking of the MIAMSM5 through the
pyrolysis-catalysis procesg hesehighly valuablechemicalsare produced as a result

of the primary cracking of the larger compounds through the wider MCpbres

and then followed by the smaller pores of ZSNbr further cracking. In coparison

to the results of the pyrolysatalysis of HDPE and LDPE over ZSB/alone (Figure
6.4a and &4b (data from Chapter 5)), the highest yields of the BTEX and aromatic
were achieved over MCM1/ZSM-5. Ratnasari et al®¥eported the yield of gasoline

in the range of &€Ci2, which was the highest yield produced from the pyrolysis
catalysis of HDPE over the MCM1/ZSM:5 catalyst instead of applying each catalyst
individually. This particularly supports the main objective of this chapter in terms of

upgrading the produced oil and reducing the heavier molecular weight compounds.
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For example, Tian et at° found that for pyrolysizatalysis of LDPE with MCM

41the BTEX content was lgvandthe high BTEX content was reported over ZSM

Chen et al.?®? researched the pyrolysis of LDPE over M@Nland produced
compounds such as, methyl pentene and hexene throughtlteh a i n  a&st¢he s s i on
primary products. These primary products can pass through the large pores ef MCM

41 as well as the low concentration of acid sites that limited the cracking process. As

a result, it produced alkenes (pentene and hexene), which are less liketietgaun

the secondary reactions such as oligomerization and aromatfz&tfdrin contrast,

the use of ZSMb generated BTEX compounds, which can be assigned to its strong
acidic sites that promote the light aromatic formation and its small pores that allow

entrance to singleng aromatic¥>.

Liu et al. 2>conducted the pyrolysisatalysis of LDPE over ZSMs and MCM
41catalysts. They reported that the pyrohmasalysis of LDPE over MCM1
improves macromolecule accessibility and inhibits the secondary reatffoiiie
mesoporous structure of MGMIL with a large pore size allows for unlimited
movement of larger LDPE pyrolysis hydrocarbons. Consequently, MGM
promoted oil fractions that were less favourable for cracking and aromatisation
processes, leading to aghier G>-Cisconcentratioh'®. For the pyrolysiscatalysis of
LDPE with ZSM5, they reported high aromatic content due to Zskigh acidity

and shape selectivity. The suggested mechanism, suggested that the acid sites favour
the hydrogen transfer reactions and Diglder reactions, lading to the synthesis of
aromatics2®’. Aromatic compounds are mostly produced by hydrogen transfer
reactions. Dehydrogenation active sites can facilitate {2ikler reactions and
cyclisation intermediates. Heavy aromatic hydrocarbons were more easily converted
into light aromatic hydrocarbaerby hydrogenation.
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Figure 6.4 Oil composition obtained from the pyrolysiatalysis of (a) HDPE and
(b) LDPE over MCM41/ZSM5 and ZSM5.

Polypropylene:Figure 65 shows the oil composition obtained from the pyrolysis
catalysis of PRvith theMCM-41/ZSM:5 catalystlayers compared with using ZSM

5 catalyst alone (Chapter 9he product oitonsisted of BTEX, aromat@ompounds
PAH, aliphaticcompoundsnd alicycliccompoundswhich were the main identified
compounds. The highest yields of BTEX and aromatic were reported over-MCM

41/ZSM5 at 44 wt.% and at 27wt.%, respectively. That was expected as a result of
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the MCM41 and ZSM5 combination, with acidic sites that enhanced the
oligomerization, aromatization and deoxygenation mechanism that increased the
production of aromatic contef?f. However, PAH showed a negligible amount which

can be explained through the two layers of M@MZSM5 that promotes more
singlering compounds and can limit the secondary reactions for PAH prodéttion

The acid sites on the catalyst surface initiate the carbocationic process, leading to the
decomposition of polypropylen&8260.261 The accessibility of bulky polymeric
molecules to the solids' internal catalytic acid sites is largely determined by porosity,
and surface area properties. Applying the two stages MCMSM5 has the
advantage as the ZSBlpresents higher reactivity thCM-41 in the cracking of

HDPE, LDPE, and PP at the decomposition of the large molecules, and the
transformation is almost the same as that of thermal cracking, due to theextiss

of the polymer which is very large enabling entry to the catalysits'opores?®2
Furthermore,théd@i gh BET sur f slcle i amrca®@ acfedM@CMe <co
reactants and the catalyst surface, whi

formation of '$mall compounds
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Figure 6.5 Oil compositionobtained from the pyrolysisatalysis of PP over MCM
41/ZSM5 and ZSMb.

PolystyreneThe pyrolysiscatalysis of polystyrene with the layered ME&N/ZSM-
5 catalyst system produced an oil rich in aromatic content as shdwguire 66. The

process produced a high BTEX content at 48.54 wt.% compared to the thermal
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pyrolysis and pyrolysiscatalysis of PS over ZSM alone, which were reported at
4.27 wt.% and 17.91 wt.%, respectively. The content of the aromatic compounds,
consisting of styrene, methyl styrene, indene, and benzene derivatives was reported at
52.09 wt% with ZSM5 (Chapter 5), while with MCMI1/ZSM5 these aromatic
compounds was observed at 30.50 wt.%. The low aromatic compound content may
be attributed to the further cracking that occurred when both MCMnd ZSM5
catalysts were used. For examples styrene content decreased from 32.40 wt.% with
ZSM-5 to 23.02 with MCM41/ZSM5. As it was reported that BTEX was increased

at the expense of styrefigé and that would be explained via the degradation
mechanism of polystyrene. For example, therpyablysis of polystyrene occurred

by a freeradical chain reactiothrough theandomscission and erd h a isaissidn

for styreneas the primary product, which incluttee monomers, dimers, and trimers

264 However, when catalystsere applied, theroduction of styrene significantly
decreasedvhereasthe formation of benzene, toluenesylene, and ethylbenzene
increased. Figures.7 shows the reactionpathwaysto produce monoaromatics
(benzene, toluene, and ethylbenenad styree dimers?®3. It demonstratethat the
formationof these compounds dependsioa availability and accessibility of protons

as well as thactive acid sitethat control thgroduct distributionThe results show
notable levels oPAH over the MCM41/ZSM5 catalystsat 10.61 wt.%, which can

be attributed to the higBrgnsted and Lewis acid sites as well as the high external
surface area which tends pooduce high BTEX and PAH compounds through the
free proton exchange on surface active sifesOn the other handPAH was
predominantly produced dheexternalcatalyst surfacarea rather thanwithin pores

263 7ZSM-5 with its small pore size can limit the PAH production, and that may explain
the low amount of PAH produced over ZS\V(Chapter 5) at 4.56 wt.¢Figure 6.5).
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Figure 6.6 Oil composition obtained from the pyrolysiatalysis of PS over MCM
41/ZSM5 and ZSMb.
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Figure 6.7 Reactionpathway for the production of high value compounds (benzene,
toluene, and ethylbenzene over catalysts during the pyrolysis of polyst§rene

Polyethylene terephthalaté&igure 68 shows the oil obtained from the pyrolysis
catalysis of PET over the layered MGA/ZSM5 catalysts showing that the oil
contains high BTEX yield at 44.06 wt.%. The selectivity of the zeolite catalysts for

upgrading the oil to high BTEX content was achev@mpared to the thermal
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pyrolysis of PET that produceda waxy liquid with a high content of oxygenated
compounds.Both pyrolysiscatalysis of PET over MCM1/ZSM5 and ZSM5

(alone) produced less quantities of oxygenated compounds, and benzene was the
dominantproduct. These results demonstrate that the zeolite catalyst may enhance the
degradation of ether bonds in the pyrolysis vapours produced from the pyrolysis of
PET. As a result, it can be concluded that zeolite could promote the pyrolysis of the
oxygerrcompounds, which incldes carbonyl (C=0), aliphatic-O, and aromatic C

O in the pyrolytic volatile product¥®. The low content of oxygenated compounds
was reported for the pyrolyseatalysis of PET over MCM1/ZSM5 at 5.15 wt.%,

which indicates that some oxygenated compounds remain after the deoxidation of the
volatile products. Similarly, Du et &', reported high yields of benzene and benzene
derivatives over ZSM5, while low oxygen content was observed in the oil obtained
from the catalytic pyrolysis of PET with ZSBlL PAH content increaseith the
presence of MCMA1/ZSM5 at 29.43 wt.%ompared to ZSM at 0.89 wt.%. This
suggested that the external protons can attack C=0 borBiomdted acid sites,
resulting in the production of benzene free radicals and carbon oxides. Thilakaratne
et al’®* proposed that benzene free radicals can react with olefins to form

naphthalenes.
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Figure 6.8 Oil composition obtained from the pyrolysiatalysis of PET over
MCM-41/ZSM5 and ZSMb.
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6.3 Copyrolysis-catalysis of tire and plastic mixtures over MCM

41/ZSM-5
The coepyrolysiscatalysis of tire and plastic mixtures (Tire/HDPE, Tire/LDPE,

Tire/PP, Tire/PS and Tire/PET) was undertaken to determine any interaction that may
influence the yield and composition of the product oil and gases. The tire and plastic
were mxed in a 1:1 ratio and pyrolyzed in the fixed bed reactor system with the
addition of the MCM41/ZSM5 catalysf st aged | a Jyhe preddctysel,st e m)
gas and oil composition were analysed awdluatedto confirm any synergistic
interaction betweethe waste tires and plastics as well as the influence of MCM

41/ZSM5 on the gas and oil composition.

6.3.1 Products yield and gas analysisef the pyrolysis-catalysis of
waste tires and plastics over MCM41/ZSM-5

The copyrolysis of the tire sample with each of the plastics in a 1:1 mixture were
processes in the two stage pyrolysaalysis reactor with the layered MCAL/ZSM-

5 catalyst system. Table 6.2 shows results of thpycolysiscatalysis of tire and
plagics over MCM41/ZSM5, which reveals high gas vyields for all the mixtures
(Tire/HDPE, Tire/LDPE, Tire/PP, Tire/PS, and Tire/PET) compared to the expected
yields based on the additive values from the previous section. This indicates the
interaction betweetire and plastics was responsible for the production of high gas
yields at the expense of the oil yields. The highest gas yield was reported for Tire/PET
at 39 wt.%, while Tire/PS produced the lowest gas yield at 14.31 wt.%. On the other
hand, Tire/PS prtuced the highest oil yield at 58.75 wt.%, whereas the other mixtures
observed less oil yields than would be expected, particularly Tire/PET which
produced the lowest oil yield at 36.50 wt.%. The char yields produced from-the co
pyrolysis of the mixturesid not show much difference as the experimental and
predicted values were quite close, as would be expdeigpate 6.9 indicatethat gas

yields were high for all the mixtures over MCAM/ZSM5 at the expense of the ol
yields compared to the pyrolysis catalysis over ZSMFor example, the pyrolysis
catalysis of Tire/PET over MCM1/ZSM-5 produced high gas yield at 39.05 wt.%
which is attrbutied to the high amount of CO and.@@at produced in gas. The
oxygenated compounds in the oil were reduced compared to the pyateligsis

over ZSM5.
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Table 6.2Product yield from the pyrolysisatalysis of mixtures of the tire and waste
plastics over MCMA1/ZSM4, experimental and additive data (results calculated

based on the additivity data of the individual samples)

Experimental (wt.%)
Tire/HDPE Tire/LDPE Tire/PP Tire/lPS  Tire/PET

Gas yield 30.04 35.40 25.40 14.31 39.05
Oil yield 40.25 41.00 45.50 58.75 36.50
Char yield 20.75 18.50 20.25 19.75 26.75
Mass balance 91.04 94.90 91.15 92.81 102.3

Additive data (wt.%)
Tire/HDPE Tire/LDPE Tire/PP Tire/PS Tire/PET

Gas vyield 22.04 24.59 23.39 14.26 29.80
Oil yield 48.38 46.50 49.00 58.25 38.13
Char yield 20.75 18.88 19.13 19.00 25.38
Mass balance 91.17 89.97 91.52 91.51 93.31
® Pyrolysis-catalysis over ZSM-5
90 94.17 92.36 9336 o123 91.56
80
70
. 0 u Gas yield
3; 50 Oil yield
= Char yied

Mass balance

20
0

Tire/HDPE Tire/LDPE Tire/PP Tire/PS Tire/PET
(b) Pyrolysis-catalysis over MCM-41/ZSM-5
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100 1023
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= Gas yield
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= 60 Oil yield
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Figure 6.9Product yield distribution from the pyrolysistalysis over ZShb (a)
and pyrolysiscatalysis over MCM4A1/ZSM5 (b) of tire and plastic mixtures.
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The gacompositionproduced from the epyrolysisof thetire/plasticmixturesover

the MCM-41/ZSM5 catalystsshowed an increase in thgas yieldcompared to the
individual tire and plastics as shownHigure 610. The main gasegroduced were,
methane, hydrocarbonand hydrogen, while PET produced moegbon monoxide

andcarbon dioxide

45

40

35
30

25

Wt./%

20

15 I
| I
0

Tire/HDPE  Tire/LDPE Tire/PP Tire/PS Tire/PET

o

wh

uCO =H, CO2 uCH4 # CnHm

Figure 6.10 Gas compositioderived from theyrolysiscatalysisof tire/high
density polyethylene (T/HDPE), tire/low density polyethylene (T/LDPE),
tire/polypropylene (T/PP), tire/polystyrene (T/PS) and tire/polyethylene
terephthalate (T/PET) over MGMIL/ZSM-5.

6.3.2 Composition of oil obtained from the cgyrolysis-catalysis of
the tire/plastic mixtures over MCM-41/ZSM-5

Tire/HDPE and Tire/LDPE Table 6.3 shows the odompound groups identified
using GC/MS from the cpyrolysiscatalysis of HDPE and LDPE using the layered
MCM-41/ZSM5 catalyst. The highest BTEX contents were reported for Tire/HDPE
and Tire/LDPE during the catalytic pyrolysis compared to the thermalysysoThe
major influence of the epyrolysis (tire and PE) was the reduction of the paraffin and
olefin compounds, which were found in the product oil for both thermal and catalytic
pyrolysis of tire/PE compared to the individual polyethylene producegd é&hain
hydrocarbons. The oil compositional results revealed the influence of mixing tire with
HDPE and LDPE that eliminated the aliphatic compounds when the MOKSM

5 catalyst was used.
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Table 6.3 Oil composition of the cgyrolysiscatalysis of the tiré/E mixtures over
MCM-41/ZSM5.

Oi | comp Tire/ HDITirel L
BTEX 43. 35 39. 8.
Ar omat i 22.95 27 . 6.
PAH 19. 89 17. 6.
Al i phat 0.00 0.00
Al i cycl 0.00 0.00
Unknowr 0.41 4. 72
Tot al 86.60 89. 8.

Figure 611 compares the composition of the product oil from the thermal pyrolysis
(no catalyst) of HDPE, LDPE and the-pgrolysis of Tire/HDPE and Tire LDPE (no
catalyst, data from chapter 4, Figur&®a)) and also the pyrolysisatalysis of the
plastics using ZSM5 catalyst (alone, data from chapter 5, Figutel@®)), and the
layered MCM41/ZSM5 catalyst (Figure @1 (c)).

Figure 611(a) shows the thermal pyrolysis of HDPE, LDPE, Tire/HDPE, and
Tire/LDPE where high amounts of wax were produced from both HDPE and LDPE,
which were over 95 wt.% of the oil. The mixtures of Tire/plastic showed a slight
reduction of the aliphatic content and slight increase of the BTEX, aromatic, and PAH
compounds. Figure B1(b) represents the significant changes in the oil composition
using ZSM5 compared to the thermal pyrolysis where it can be seen that a reduction
of the aliphatic content was produceceothe ZSM5 catalyst. This would be linked

to the high cracking of the-C bond in HDPE and LDPE th&rmed free radical
fragmentsand then produced more aromatic compounds at the expense of ‘fkenes
.The mixtures of Tire/HDPE and Tire/LDPE enhanced the oil composition as the
BTEX and aromatic were the major compounds reported, and that interpreted the
influence of mixing tire with PEThe pyrolysis of tire would also produce more
hydrogen radicals that can promote the hydrogenation reaction of benzene derivative
radicals to promote the formation of BTE®. Furthermore, the high abundance of
alkenes that were produced during the thermal pyrolysis of HDPE and LDPE,
followed by aromatization via dehydrogenation, was promoted bygatsysts and

delocalization stability of the aromatic rirt§.

Figure 611(c) shows that pyrolysisatalysis over MCM4/ZSM-5 of individual
HDPE and LDPE produced an oil with a composition of aliphatic contelawn
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concentration. Using MCM/ZSM-5 enhanced the oil composition and facilitated the
further carking of HDPE and LDPE, which demonstrated the selectivity to produce
more BTEX. On the other hand, the mixtures (Tire/HDPE and Tire/LDPE) over
MCM-41/ZSM5 catalys$s produced a rich aromatic oilhe size of the pores plays

an essential factor in the selection of which products and reactants can reach the
catalyst's active sités. Thermal cracking occurs on the solid catalyst's outer surface,
while interior pores serve as conduits for the selective compounds that pass and then
breakdown of largehydrocarbon®®. As a result, gases are mostly produced in the
microscopic pores, whereas waxes are formed on the catalyst's outer surface. Above
the catalyst surface, lewmolecularweight hydrocarbons are formed, which are
volatile at the reaction temperature and can petethrough the molten polymer
layer as the end products or react further insideptiteg®. Microporous catalysts
increase the catalytic process by producing gasesramichisingthe liquid yield

while providing higher quality than catalytic pyrolysis with macrop®resThe
secondary reactions depend primarily on cracking, ring rupture, and aromatisation,
which result in the synthesis of hydrocarbons ranging fromQi) and low
molecularweight aromatic compound$’. The literature demonstrates that pyrolysis

of polyolefins can produce oils with high aromatic concentrations, and several
researchers have hypothesised a production process based on t#ddeieteaction

of alkene&268269 The DielsAlder reactions involve dehydrogenation and
unimolecular cyclisation, which is favoured as the high concentration of alkene in

polyolefin catalytic pyrolysis productg®27L
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Figure 6.11 T h @l composition of the individual polyethylene (HDPE, and LDPE),
and mixtures of (Tire/HDPE and Tire/LDPE): (a) thermal pyrolysis, (b)
catalytic pyrolysis over ZSNs, and (c) catalytic pyrolysis over MGM

41/ZSM5.

Tire/polypropylene: The oil composition from the epyrolysiscatalysis of the

Tire/PP mixture over MCMI1/ZSM-5 catalyst produced an aromatic oil as shown in

Figure6.12. BTEX and aromatic contents were the major produced yield in the oil at

44. 28 wt.% and 32.78 wt.%, respectively. The low yield of alicyclic compounds was
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at 0.70 wt.%, and no aliphatic content was produced over the layered (A3 M-

5 catalyst. In comparison to the pyrolysatalysis of Tire/PP over ZS#, which is

also shown in Figure 621 showed oil composition concentrations of 50.58 wt.%,
30.54 wt.%, 3.60 wt.% and 5.34 for BTEX, aromatic, alicyclic, and aliphatic contents,
respectivelyAlthough, Tire/PP produced a considerable aromatic portion through the
thermal pyrolysis®?, the thermal decomposition of the natural rubber in'titeand

that mayallow more interaction to take a place between tire andDeRi et al.2%?
considered that tire char behaves as a catalyst for the cracking of polyalkene polymers
due to the presence of Lewis and Bronsted acid sites that facilitate polymer
degradation. The BTEX for Tire/PP was high, suggesting that utilising high acidity
and shpe selectivity catalysts (MCMlor ZSM5) improved thecracking and
aromatisation processes, reedin oil with a high aromaticontentt4272

Tire/PP oil composition
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Figure 6.12 Oil compositionobtained from the pyrolysisatalysis of Tire/PP over
MCM-41/ZSM5 and ZSM5.
Tire/polystyrene: The oil composition obtained from the pyrolysatalysis of
Tire/PS oveMCM-41/ZSM5 is characterized by a high aromatic compound content
as shown in Figure.63. That is due to the tire and polystyrene chemical structures,
which produced more aromatic compounds in both thermal and catalytic pyrolysis.
Tire/PS produced the highest BTEX vyield at 56.50 wt.% compared to the other
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mixtures. Ethylbenzene was the dominant compound at 28.03 wt.%, while the amount

of styrene showed a reduction at 17.54 wt.% compared to the styrene produced from
the individual PS at 23.02 wt.%. The interaction between tire and PS caused the
production othe high aromatic contenfBhe fragments of the thermal decomposition

of the tire produced alkyl radicals, while PS produced phenyl and benzyl radicals,
which then can react and form the single ring aromatic comp&in@ikisreduction

would be linked to the production of benzene, toluene, xylene, and ethylbenzene,
which were mainly formed by styrene reactions. The reaction pathway through the
styrene monomers and the presence of protons via active acid sites of catalysts show

that styrene initially produced by the tire and PS is converted to BTEX (as shown in
Figure 67). It was found that benzene production increasedvh er eas t hat «c
-met hyl styrene, and dimers decrleia8esl t h
Furthermore, naphthalene derivatives are the condensed fragments that are mainly
formed on the Zeolites' surfaeetive centres. The production of PAH is controlled

by the surface area and the pore volume of the Zeolite catalyst, and the low yield of

PAH might be attributable to these reas@ns

Tire/PS oil composition
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Figure 6.13 Oil composition obtained from the pyrolysiatalysis of Tire/PS over
MCM-41/ZSM5 and ZSM5.

Tire/Polyethylene terephthalatd=igure 614 shows the oil composition of the
Tire/PET copyrolysis in relation to the MCM1/ZSM-5 catalyst and ZSNb catalyst
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alone (Chapter 5). The results show the oil obtained over MCMSMD5, that

revealed the BTEX content produced at 43.85 wt.%, which was lower than with ZSM

5. The pyrolysiscatalysis of Tire/PET over ZSM showed more selectively to

produce more BTEX at®bwt.% at the expense of the oxygenated compounds. That

may be attributed to the differences in the pore size betweerXZ&hi MCM41.

As mentioned previously, the high selectively of ZSMatalyst was associated to its

small pore size, while MCM1 haslarger pores that allow the formation of
compounds such as, naphthalene and benzoic acid to be present in the oil at 5.85 and
1.36 wt.%, respectively. However, benzoic acid showed a low amount compared to

the thermal pyrolysis of PET, and the productiorbefzene increased over ZSM

and MCM-41/ZSM-4 at 29.30, and 14.43 wt.% respectiv@y. et al?*>*examined the

ZSM-5 zeolite and found that pyrolysis of PET produced aromatic hydrocarbons,
particularly benzenea t hi gher temperat ur dley adssod s |
observed that ZSN6 was an efficient catalyst for deoxygenating the PET products.

Xu et alt*3reported that the production of aromatic hydrocarbons was enhanced over
H-ZSM-5 more than the pyrolysis without a catalyst. As aresul,e dec omposi
of i ndividual t i r eanadn da rPoEna tpirco dcuocnepdo uBnTdESX
tire with PET maxi mized the production

oxygenated compounds.
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Figure 6.14 Oil composition obtained from the pyrolysiatalysis of Tire/PET over
MCM-41/ZSM5 and ZSMb.
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6.4 Tire-plastic copyrolysis-catalysis interaction effects

Any synergistic interaction between the pyrolysis compounds produced from co
pyrolysis of tire/plastic over the layered MGM and ZSM5 catalyst was
investigated, and the results ateown in Figure 63 and Figure 6.6. Figure 6.5
shows the results for pyrolystatalysis of tire/high density polyethylene (T/HDPE),
tire/low density polyethylene (T/LDPE) and tire/polypropylene (T/PP) over MCM
41/ZSM5. Figure 6.6 (a and b) shows the results for tire/polystyrene (Tire/PS) and
tire/polyethylene terephthat (Tire/PET) on the oil composition through the
pyrolysis-catalysis over MCMA1/ZSM-5.

Figure 6.5 shows the mixtures of TildDPE, Tire/LDPE, and Tire/PP obtained
negative values of the BTEX contentsH.91,-16.88, and0.83 wt.%, respectively

and that due to the high volatile compounds of the catalytic cracking over two layers
of MCM-41/ZSM-5, even though the high amount®FEX was produced according

to the experimental values. However, the predicted values indicated more
concentrations of BTEX should be observed, which was related to the individual
values of HDPE, LDPE, and PP thabsled relatively low values than would be
expected. The aromatic contents observed negative values for Tire/HDPE and Tire/PP
at-2.43, and 0.96 wt.%, respectively. In the case of tire/LDPE, the aromatic content
was positive at 4.11 wt.%. This may indicatesignificant interaction between tires

and LDPE, considering the branched structure of LDPE that facilitates the
decomposition under degradation temperatures close to tires compared to HDPE. The
PAH content revealed positive values at 13.12 wt.% andl®®.% for Tire/HDPE,

and Tire/LDPE, and that could be attributed to the production of light hydrocarbons
(C1-Cs). The main PAH compound such as naphthalene and its derivatives that are
primarily produced from the thermal degradation of tire compared to HDPE and
LDPE that produced more alkenes. Although, the Tire/PE produced a significant
amount of PAH as the resuf the addition of catalyst with the high Bronsted and
Lewis acid sites as well as the high external surface area of the-8MCMalyst in
particular, which predominantly tends to produce PAH compounds on external area
rather than pores. Aliphatic and alicyclic compound interaction revealed negative
values at3.37,-1.98, and1 wt.% for Tire/HDPE, Tire/LDPE, and Tire/PP and that
would be expectd of the high cracking of the long chapolyolefins, and the

interaction between hydrocarboadicals produced from the tire rubber and the
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radicals produced from the thermal decomposition of PE and PP, which caused the

reduction of both aliphatic and alicyclic contents.
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Figure 6.15 Interaction effect of mixing tire/plastic on oil composition from
pyrolysis-catalysisof tire/high density polyethylene (T/HDPE), tire/low
density polyethylene (T/LDPE) and tire/polypropylene (T/B¥®gr MCM-
41/ZSM5.

Figure 6.5(a) shows the Tire/PS interaction for the product oil produced é@m
pyrolysis-catalysis over MCMA1/ZSM5, which revealed a positive interaction value

of 9.16 wt.% for the BTEX compounds. However, Tire/PET obtained a negative value
of -1.25 for BTEX as shown in Figure &(b). The negative values were reported for
the aromatic contents than would be expected for both mixturés9at and-4.34

wt.%, respectively. PAH also obtained negative values for Tire/P5B0& wt.% and

for Tire/PET at-15.47 wt.%, which indicated a sidicant reduction in PAH
production. This sggested that mixing tire with PS and PET promote the production
of more BTEX than PAH as the experimental values of PAH were less than the
predicted values. Thus, tire enhanced the degradation of PS through the hydrogenation
reaction of benzene derivativadicals to produce BTEX. Furthermore, the influence

of using two stage catalysts of layered M&@WZSM5, which increased the
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selectively for BTEX production. Tire/PET reported negative values of interaction for
the oxygenated compounds as the individual PET produced neghgigent of the
oxygenated compounds through the catalytic pyrolysis, and the converdion t h e

primary products (phthalic naldbe@azoi c ¢

Figure 6.16 Interaction effect of mixing (a)re/polystyrene (Tire/PS) and (b)
tire/polyethylene terephthalate (Tire/PET) on the oil composition through the
pyrolysiscatalysis over MCWA1/ZSM5.
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