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Abstract

Thermal processing is an effective technique for recycling waste plastics in a susta
way. The pyrolysis of waste plastics, follove¢orroing reactions of the pyrolysis
products generates syngas (hydrogen and carbon monoxide) that has a vast arr
applications. To date, the steam reforming process has been the most resear
technology for syngas production from waste plasties. tHewgocess produces a

large amount of carbon dioxide. Due to the concern related to global warming associ
with the emissions of carbon dioxide into the atmosphere, the recycling of carbon dio:
through the pyrolyss$orming of waste pladiity reforming) is environmentally
attractive. The dry reforming process was the focus of this research.

A preliminary thermogravimetric and kinetic analysis was conducted in order to hav
general werstandingithe effect of GG a waste plaspgsolysisThe results show

that most plastics required lower activationvétiertipe presence of ,G® the
pyrolysis atmosph@ieCO, ratio of 7:3)A twastag@yrolysisatalytic dry reforming
reactor was used to investigate various quodeEsmsand types of catalyst to
maximise syngas produclioa.twestage fixed bed reaction systems increaged the H
in botraN, or CQ atmosphere. Ni/&); based catalysts with different metal promoters
(Mg, Cu and Co) were selected for the atvoestf pyrolysisy eforming of waste
plasticsAmong the catalysts tedteziNi-Co/Al,O; catalyst presented the highest
catalyst activity resulting in a syngas production of 149,48Ymmolith 586

carbon dioxide conversion, also exalde carbon formation on the catalyst surface
was observedhe dry reforming reaction alasfavouredvith theNi-Co/Al,O;

catalyst with high cobalt content. Various paca@etessich as catalyst preparation
method, reforming temperature, f€€d input rate and catalyglasiic ratio were
tested. It was found that the addition of steam in thelrgatafgiiming process
manipulated the/EO molar ratio, based on the type of catalyst used and the
COJ/steam feed ratio. Better cataliygityaa relation to,hroduction was observed

for the NMg/AlLO; catalyst and -Nb/Al,O; catalyst favoured CO production.
Different typeof plastics; individual and mixed plastics from different waste treatmen
plants weralsgorocessed throughdatlytidry reforming process to determine the
syngas production and catalyst activigCofAMD; catalystThis researdmas
suggested that the use of carbon dioxide as thgagémimrihe dry reforming
process of waste plastics was aloiipahe currenteforming technology vatin
optimum syngas production of 148.6 famol g
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Chapter 1
INTRODUCTION

1.1 Climate Change

The climate of the earth is generadlyddap on the temperature from solar
energy. Seinfeld and Pddfidescribed the influence of the gases in the
at mosphere and cloud cover I n rel af
cools the Earth by reflecting solar energy back into spacs tedearth by
trapping energy near the surface. In additionye¢fleatioig energy from solar
energy I s absorbed by the earth su
emits energy from the energy oOoadi at
energy is absorbed by greenhouse gases. This concept is known as the gree
effect. Over time, the change in global heat of the earth in related to the hun
activities has intensified climate change, hence affecting this cycle.

Climate change imrseased the global average of surface temperature, global ¢
temperature, ocean temperature and the change in snow or ice extent and sea
[2,3] For example, Doney ef3kites several research papers on the effect of
rising temperature towardsine ecosystems over time as illustrated in Figure
1.1. The trend of the changes over the years has suggested that due to cli
change, there has been an increase of sea level, rise in ocean stratificatit
decrease of se@ extent, and alteretigpas of ocean circulation, precipitation,

and freshwater input. Poloczanska [é1 rdported that a rise in ocean
temperature also influenced the marine biological species life including fi
seabirds, plankton and others. Warming of the clenmatbasysiso caused
climate disasters in many parts of the world such as floods, storms, and troj
cyclones.

Issues affecting climate change are becoming increasingly important. Ther
widespread debate on the potential to reduce climate chaogethmpact
environment; forest, wildlife, polar region and5+gt&or example,dluse

of natural gas, hybrid and elémtrautomobile insteadj@soline, addition of
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rooftop solar panels for generating energy and even as simple as carpooling h
improving better air quality [6].
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Figure 11 Changes M global mean sea level (teal line: Jevrejeva et al.),
Y summer Arctgedce area (yellow line: Walsh & Chagmaij0em
ocean heat content (orange line; LevitusYetsaurface temperature
(brown line; Rayner et Zl)mean oceanrface pH (blue line; Natl. Res.
Counc) ard atmospher€O, (red line;Petit et HI3]

1.1.1 Greenhouse gases and gé&mission

Table 1.1 summarizes the details of
main constituents and the greenhoug$8]géisesdata obtained excluded the
amount of water vapour in the atmospheresndoasistency of data that
depended on | ocation and season. C
significantly changed compared to the concentratiod T&fhthaeis assumed

to be unaffected by human activities. It can be said that tle¢ oising lev
greenhouse gases particularly, ozone, carbon dioxide, methan
chlorofluorocarbons (CFCs) and nitrous oxide are related to human activities ¢
as farming, combustion of fossil fuels and deforestation. These gases also con
to the increasegiiobal warming temperatéreincreas®ncentration of carbon
dioxide may be due to the combustion of fossil fuels while agricultural and w:
management activities may contribute to the high amount of methane. T
emission from oil and natural gasflleaced methane concentration in the
atmosphere. In addition, the use of fossil fuels in the industrial and automo
sectors plays an important role,ian@€sions to the atmosphere.



-3-

Table 11 The comparison between recent composition of the atmosphere as
2016 and glotsmale tragms concentrations from prior to[8]750

Gas Prel750 Recen
tropospheri tropospheri
concentratio concentratio

in parts per million (pp

Carbon dioxid€0,) ~280 399.5

in parts per billion (py
Methane (CH 722 1834
Nitrous oxide ¢N) 270 328
Tropospheric ozong)(O 237 337

in parts per trillion (pj
Chlorofluorocarboi@&HG) zero 820
Hydrochlorofluorocarb@i€FCs) zero 279
Halons zero 6.9
Hafnium carbide (HFC) zero 84
Carbon tetrachloride ({£Cl zero 82
Sulfur hexafluorideg{SF zero 8.6

The mitigation strategies to reduca€@e carbon capture. High volumes of
carbon dioxide are predicted to be produced from future carbon capture proce:
because of the concern over climate change. In addition, the high amount of
capture opens opportunities feutili®ation.

1.2 Waste and Energy Recovery

1.2.1 Municipal solid waste generation

Thee has been a significantasen waste generation as a result of population
rise and increased economic gidveiefore, waste management is a critical
issue in many countries due to the increasiogtingpacvironment.

Themunicipal soldaste can be classified into three differentrgmawpaste,
hazardous waste andhagardous waste. Inert wass dot consist of
hazardous materials and does not undergo any significant physical, chemic
biological traiesmations when disposed of. The hazardous waste is the waste tl
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IS ignitable, corrosive, reactive and contains certain amountmafaig@ic che
In contrast, ndrazardous waste is not inert whichinwembe transformed

physically, chemically or biologically when disposed. Mosttudzirel o

waste coes fronmunicipal solid wg4di@]

The waste generation distributidre ibhitedKingdoms shown in Figure 1.2
[11] In 2012, bitedKingdonhas generated approximately 200.0 million tonnes

of total wast&he Construction sector has shown to contribute half amount o
total waste followed by Commercial & Industrial €€GR30 Bnd 47,

567 thousand tonnes
from OAgriculture,

activitiedrigure 1.3 show that the major contributioteajemasated in United

respect.i
forestry

v el
and

y .

f

T

<

Kingdom are mineral wastes (mostly from Construction and Mining & Quarryin

and Soils [11].
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The management of waste in England for Local Authority collected waste is sh
in Figure 4[12]. Local Authority collected waste (LACW) is defined as all type of
waste including municipal waste such as household wastenastiebikiohss

Is similar in nature and composition, as wellmamioipal fractions such as
construction and demolition waste where collected by the local authority. There
an increasing trend from the recycled/composted method and the amount of w:
landfilled has decreased rapidly since 2003/04. In 2014/15, the local authorit
recycled almost 43 % of all waste collected. There was a small increase
Incineration which might be due to a change froninlardéht years, it is
shown from the dig that the interest on generating energy from waste
(incineration) is increasing than landfilling.

Table 12 Carbon impact of Local Authority waste management in England in tl
year of 2011/123]

Treatment method (tonmaste,  Total CQ

save/emitte

Material managec Recycling Energy Landfill Tonnes CC
reuse/  recover) eq (positive

compostin values al

saving

Glass 1, 139,67 298, 02z
Paper & card 2, 587, 65: 2,201, 09:
Metal 581, 14: 1, 655, 25¢
Plastics 354, 27¢ 420, 44t
Organic 4, 108, 25! 1, 011, 26:
Wood 661, 72¢ 759, 612
WEEE 257, 59¢ 207, 222
Batteries 8, 003 4, 505
Tyres 9, 378 18, 057
Furniture 22, 71¢ 20, 92t
Rubble 1,433, 51: 13, 00¢&
Soll 35, 437 10
Plasterboard 49,885 6,695
Oll 6, 372 4,147
Other 126, 364 0
Composite 12, 767 -8, 757
Paint 2,091 5, 498
Textile 113, 73¢ 302, 17:
Residual 0 4,876, 25 9,804,12° -2,660, 93

Total waste treate

11,510 59 4, 876, 25! 9, 804, 12

4, 258, 23




-7-

Table 1.213] showshe carbon impact of Local Authority waste management in
England in 2011/12, in £&Quivalent terms. Taken as a whole, the management
of waste by Local Authorities saved 4.3 million tonnggquiiva@lént in
emissions. Recyclingsireg or composting materials instead of landfilling them
prevented an estimated 6.9 million tonypegud@lent. Incineration and landfill

of resi dual (6bl ack bagd) wast e pr
emissions in €&yuivalent.

1.2.2 Rstics production

The plastic fraction of waste represents a considerable proportion of the total w
stream.Plasticproduce productsr fa wide range of applications and will
eventually end up as waste. Therdasts ponsumptiols one of the
contributors towards the increasmgnt of wasfehe reason for this is based

on high demands for plastics production by the fgihsMioeover, plastics

can produce lightweight objects with varieties of shape due to their low density
easy mdaed properties. Plasticab@ good insulatsa result of their low
thermal and electric conductivity.

Figure B.[15] describes the plastics demand in the world that has gradually ris:
since 2004 (225 Mtonnes) to 311 Mtonnes in 2014. However, tfie demand
plastics iBuropavasquite stable from within these¢@ansThe major plastics
demand in Europe comes fromaBgrwith 25%, followey Italy (14%),

France (10%), United Kingd®8%) and Spain (7%). Plastics are also widely
needed for the packaging market as well as for the building & construction sect
the European countries.

There are two main gsxipphstic; thermosets and thermoplastics. The three
dimensional structures of thermosets are thermally decomposed while heat
Thermosetsegenerallysedn the automobile, furniture and comtihugsries

In comparison to thermosets, there isawlitite bonding between individual
molecular chain in thermoplastitewsoften when heated and harden again
when cooled. Examples of thermoplastigh aedhiow density polyethylene
(HDPE and LDPE), polystyrene (PS), polypropylend (@Bl chlade

(PVC). They are typicalled in containers, packaging and trash bags production
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Therefore, thermoplastice generalbund in the mof municipal solid waste
of plastic in Europe rather than ther[i@sets

2004 2007 2009 2011 2012 2013 2014

Plastics production
in million tonnes

0000000

2004 2007 2000 2011 2012 2013 2014

Figure B World plastigroductiofil5]

Packaging 39.5%

Building &

. 20.0%
Construction

Automotive

9 - ._ B6%

Electrical &
Electronic |

Others 1

_._“_._._._ 26.1%

5 @@v P
A

Figure 16 European plastic demand by applications and polymgdfype 2014
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Global plastics usage continues to increase due to high indusuisleand
demandl7]. In 2012, 65.41 million tonnes of polyethylene (PE), 52.75 million
tonnes of polypropylene (PP), 37.98 million tonnes of polyvinyl chloride (PVC
19.8 million tonnes of polyethylene terephthalate (PET), and 10.55 million tonn
of poystyrene (PS) were produced worlddfdeThe dominant plastics
produced worldwide are reported as polyethylene (29.6%), polypropylen
(18.9 %), polyvinyl chloride (10.4%), polystyrene (7.1%), polyethylene
terephthalate (6.9%), polyuretlfad%and many other types of plastic which
represent about 19.7% of the plastics pfpguced

Figure B [19 indicatethe plastics production in Europe by application sectors
and type of plastics used. The highest contributor is the pack@difg sect
represented pplyethylen@olypropylenend plyethylene terephthales@ge.
Polyvinyl chloridesages in the building and construction sector also contribute
largely to the type of plastic demanded in the Europe. It can be concluded that
highest type of plastic used in Europe are polyethylene which include high, low
linear low density (29%), polypropylene (19%) and polyvinyl chloride (12%
which comprise more than half of the total productionTthensanatture of
individual plass$i thatretypically found in municipal solid waste is shown in
Figure 1.7.
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Plastic structure
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1.2.3Energy recovery from waste plastics

The European Union's approach to waste management is based on three princ
waste prevention, recycling and reuse as well as improving final disposal
monitoring[2Q. The general management of waste is eitdnedfiling,
incineration and recycling or composting. Each of these management method
their own advantages and disadvantages. For instance, the only energy rec
collected from landfilling is the landfill gas. The landfill gas mainigidpnsists of
and C@Q therefore can contribute to climate change unless properly controlle
[2]]. Incineration also releasest@@e atmosphere and both landfilling and
incineration attract public concern especially on the greenhouse gases, dioxin:
fly ashawatters. Landfilling regaimore land space and in the United Kingdom
the cost is normally high considering the gate fees to the owner of the land as
as the government landfi[P@x

In Europe, 33.6% of total plastic waste generationeved escenergy in 2011

as depicted kigure B[23. Itis believed that the growing use -ebpesmer

plastic waste as a complementary fuel in power plants and cement kilns is
reason for the amount of plastic waste used in energy reca&s/.tdhe w
energy conversion from waste plastic are not only beneficial to the minimizatiol
landfill utilization but also significantly improving the energy saving.

25 Mtonne . ‘_ Z }_ . il - 43

20 Mtonne

: Total Waste Generation
15 Mtonne s M Disposal / Landfill

7 S A Recovery

@ Energy Recovery

@ Recycling
10 Mtonne

5 Mtonne

o Mtonne T T T T ] year
2006 2007 2008 2000 2010

Figure 18 Total plastic waste recyclingeanderg6201023
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Waste plastic is also considered as a hazardous waste for the environment
additives in the plastics used for improving and modifying the plastic properties
In some cases generate harm to the environment. Thus accordingrid Tamaddo
HoglangR4, cadmium pigments have been used in plastic all over the world anc
Is determined that the most cadmium in municipal solid waste is from the we
plastic. Although there has been reduction of cadmium usage in plastic, the i
Is stillof concern. In addition, the slow degradation of waste plastic causes it to
less suitable for landfilling hence affecting the landfill capacity.

Waste plastics can be recovered from the waste stream and processed, for exea
through mechanical ¢ckoy to produce new plastic products, used for energy
recovery via incineration, pyrolyzed to produce oils, gasified to syngas,
landfilled[25,26]. Accordingo Plastics Europe, the leading European trade
association for the plastics industry in EGrdpeillion tonnes of waste plastic

are generated annually, of which ~26% is [@8yClé@ vast majority of the
recycling of the waste plastics is through mechanical processes, however, the
growing interest in thermal recytf&#y].

Energy conversion from waste generation by thermal recycling is considered a:
of the most beneficial processes. The waste can be treated and recycled to pre
energy sources. Waste plastic is well known as a potential fuel replacement ¢
chemicatomposition contains high calorific value. The calorific value of mos
plastics is higher compared to some coals and is equivalenid. fuel oils
Pyrolysis process can be applied to recycle the waste plastics thermally, in w
plastic is heated nnireert atmosphere to produce oil, gas d88,28The

oil produced from pyrolysis of plasticlikdweith the calorific value similar to

fuel oil and applicable in petrochemical in@Okt@zdalytic steam reforming

of waste plasticsnether promising way for energy recovery for the production
of hydrogen, carbon monoxide andue#fal produdf3l]. Various types of
catalysts such as nickel based[82}ahzste been extensivelyestimt plastic

catalytic steasforming.
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1.3 Research Obijectives

This research concerns the processing of waste plastics through advanced tt
treatment technologies via pyrolysis ifindtighgformingfor synthesis gas
(syngas) producti@yngas can be produced commerciallefiyntbgon of
methane by carbon dioxidereflisoed talry reforming of methane (DRM)
Since plastics are rich in hydrocarbons, it is interesting to pyrolyse the plastic
produce a suite of hydrocarbons which can then be directly catalytically reforr
using carbon dioxide. This process would represent a novel option for tt
management of waste plastics, but also provide a route for the utilisation of cal
dioxide. Compared with steam reforming, studies on carbon dioxide reforming
wastes are limitespecially on waste plastics.

In this work, the following objectivet® becarried out in relation to syngas
production from dry reforming of waste plastics:

1. Investigation of the thermogravimetric characteristics and kinetic pyrolysis
waste plass using thermogravimetric analysis in regards to the influence «
carbon dioxide. The degradation temperature of each sample, the rate of we
loss of the samplith temperature and the kinetic analysis under both nitroger
and carbon dioxidee to beleterminedThese parametarsuld give an
indication for timeinfluence on the pyrolysis process in each type of waste
plasticsThisobjective is discuseedhapter 4 of this thesis

2. Investigation of the influence of reaction atmosphersoatdhgic
pyrolysis of waste plastics. The effects of reactor type bstagen one
pyrolysis and tstage pyrolysis gasification of waste plastics are also to k
investigated’he gasification stagghigher temperatwil further reform
the pyrtyzed products from the pyrolysis furnace, hence the amount o
hydrogen and carbon monoxide in the syngas is assumed to be incres
Discussiadn achievirtbis objective is presented in CBapter

3. Investigation of the influence of catalyst typdrioragfeeming of waste
plastics possessing with the aim of producing catalysts with high catal
activity and stability in relation to syngas production and reduced carb
formation The catalyst activity Nibased catalystith different metal
promoérs is compared to maximise hydrogen and carbon monoxide
production. In addition, different catalyst molar ratios are alsdl' descussed.
ddails of this objectived®scribed in Chapter 5 of this thesis.
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. Investigation on the dependence of the ggtesffpt syngas production.
Different tymeof individual plastics may behave diftlwantiythe process
depending on their structliteediscussion of this objectiveesemed in
Chapter 6.

. Investigation of the optimum process parametensite maliogen and
carbon monoxide in fyagas productivam the dry reforming process
including gasification temperature, catalyst preparation method, catal
ratio and CQOnput rateThis objectivis investigated and discussed
Chapter 7.

. Investigate the influence of inputting steam to improve syngas quality
regards to }CO molar ratio for the reforming process. Discussion of this
objective is also presented in Chapter 7.

. Investigatioof realWworld waste plastics to determine thendoeflwf
different realorld waste plastics obtained from different waste treatment
plants for syngas produdiferent waste streams will have different types
of plastics and different plastics compositions; hence this study wol
investigate the babar of each type of-reailld waste plastic during the
process. This objective is studied and exIdiaptein8f this thesis.
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Chapter?2
LITERATURE REVIEW

2.1 Reforming Processes of Waste Plastics for Synthesis
Gas Production

Depending on the @isé of the plastic product at stage during the lifetime

of the plastic, the plastic will end up as waste in various, commexcaidindustri
household waste secfijraNaste plastics may be separated from the various
waste streams for subsequent recycling, recovepyoeessge The vast
majority of plastic recycling is through mechanical recycling. However, alternat
methods for producing fuels and petrochemical feedstocks fasticsvaste p
being investigat&l [

Anticipating growing interest in alternative methods of obtaining syngas from w:
materials and particular from waste plasg¢, [the thermal treatment
technologies have become more popular. The rkiostvrvetchnologies
including conventiocambustion technologies, waste gasification, plasma arc an
pyrolysis technologies, thermal cracking, thermal oxidation-tafidelaste
technology have been repdited |

Since plastics are mainly composed of hydrocarbons, thermal recycling of w
plastics to reform plastics into chemical products, monomer or synthesis ga
which are mainly composed of a mixture of hydrogen and carbon monoxide.
reforming of plastics into new materials is another alternative method for t
synthesis gas produdiwh represents a low cost feedstock. There have been
many reports into the production of hydrogen and synthesis gases from w.
plastics by pyysis and gasification prdgédk The addition of steam, catalyst

and partial oxidation enhancing thectiwaodof gases through a cattlam

reforming type procdsxsl].
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2.1.1 Pyrolysis

Pyrolysis, also known as thermolysis is the chemical and thermal degradatic
waste material in an inert atmosphere. In this scenario, the processthtakes place
an absence of oxygen. In pyrolysis, the organic waste material decomposes
synthesis gas, liquid as well as solid product yields, and are often endothe
which requires a heat supply. The product yields are dependent on t
experimental parametérs temperature, reaction times, pressures, the presence
or absence of reactive gases, liquids or catalyst.

Pyrolysis of plastic waste is normally conducted at low (<400 °C) medium (4C
600 °C) and high temperature (>600 °C). Various researclysssaf pyrgle

plastic and mixed waste plastic have been carried out to understand
characteristics of the process along with the yields produced.

Pyrolysis is proven as one of the environmentally sustainable methods of man
the plastic waste @wgared to landfilling or waste sent to incinerators. Several
researches have described the applicability of pyrolysis as a thermocher
technique for managing waste plastic either individually, wexed nelalsti

world plastic wasi&P3.

Table2.1 P4 shows the thermal decomposition products of waste plastics whic
are converted into gases, a liquid hydrocarbon fraction (the pyrolytic oil) anc
solid residue (char). The absence of oxygen during the process affects the mole
weight and boig fraction. Normally, high molecular weight and high boiling
fractions are obtained, and are then processed and refined to prodL
petrochemical feedstock such as naphtha.
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Table2.1 Thermal decomposition prodiumtspyrolysef polymes{24]

Resin Lowtemperature products Hightemperature products
PolyethylenBE Waxes, paraffins, biblefins Gases, light oils
PolypropyleneP Vaseline, olefins Gases, light oils
PolyvinythloridePVC HCI, benzene Toluene

Polystyren®S Syrene Syrene

Polymethyl methacryl&ieMA Methyl Methacrylate(MMA)

PolytetrafluoroethyleR&FE Monomer Tetrafluoroethylene (TFE)
Polyethylene terephthalRiEd] Benzoic acid, vinyl terephthalate

PolycaprolactaR6 Caprolactam
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Adrados et af] have compared the pyrolysis of plastics from material recoven
facilities and simulated plastic waste ushsgireedagemi batch reactor. The
pyrolysis of reabrld plastiwaste produced higher solid and gas yields and lower
liquid yields compared to the simulated municipal solid waste mixture. Howev
the gases appeared to have a lower HHV (higher heating value) levels as con
to the simulated sample due to their ¢caghen dioxide content, which was
derive from the cellulose materials (e.g., paper and wood) of the real sample.
high amount of inorganics material in the real sample also effect the solid yi
production as a result of unable to fraction&tks timtosgaseous or liquids.

A study on pyrolysis oftevemsvdensity polyethylenelieen made Park et

al. [25] and also by Bagri and WillZGh® recover oil. In terms of oil
production, they were both agreed that at 500 °C with thef abtagse o
pyrolysis of LDPE produced about 95 wt.% oil. Park et al. showed that when us
10% NiO/8icaaluminaatalyst, the amount of light oil (belpvwinCeased

when the flow rate of thermally decomposed gas was decreased. Bagri and Wil
investigated the reaction of LDPE vzboliYe ad ZShb catalyst, found that

using both typef catalyst the oil production decreased while the gas productiol
increased due to the conversion of liquid hydrocarbon tohth2Sjas.

catalyst gawehigler concentration of gases ttieaM-zeolite but -Xeolite

catalyst was proved to produce much higher concentration of aromatic compot
in the derived oil.

Other than normal or conventional pyrolysis, stepwise pyrolysis has also b
investigated hppedJrionabarrenechea ef8ato reduce the chlorine content

in theproducbil from packaging plastic waste. In stepwise pyrolysis, the first ste
Is to decompose the low temperature material (dechlorination step) which in t
case is PVC (betwegh ahd 320 °C) within the prescribed time then continuing
with conventional pyrolysis by raising the temperature to further complete tt
pyrolysis process. The study proved that by introducing the dechlorination st
there was a 75% reduction (1.2 vat.963 of chlorine content of the liquids with
respect to the conventional catalytic pyrolysis liquids dsablef:fdh
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Table2.2 Chlorine in the pyrolysis fractions (&b steqpyrolysis [8]

Method Clinliquids Clingase Clin solid
Conventional thermal pyrolysi 0.2 5.3 <0.1
Conventional catalytic pyrolys 1.2 1.0 0.4
Catalytic stepwise pyrolysis 0.3 3.0 0.4
Noncatalytic dechlorination 0.3 2.2 0.4

+ catalytic process

Calculateddifference taking into account that there is 1.1 wt.% chlorine in the original

2.1.1.1 Product yield distribution from pyrolysis of waste
plastics

The product yield distribution from pyrolysis of waste plastic is normally affect
by the pyrolgsioperating condis@uch athe type of plastic usmagrating
temperature, heating rate, pressure, type of reactor and the use of catalyst.
product yield from pyrolysis of waste plastic can be classified into solid wh
contains char, carlg@mposition or residue, liquid which are oil or vdater a
pyrolysis gases which are mainly composed of hydrogen, carbon monoxide, cé
dioxide, oxygen, methane, and other hydrocBabtn.3ummarisehe

product yield distribution from pyrolysmssté plasfrom several researchers

The influences of temperatutieeoprodudtield distribution from the pyrolysis

of high density polyethylgéti2PE)and low density polyethy{&idEwere

studied by Mastral et[2F] andOnwudili et al[28] while Lopez et al. [29]
investigated the influence of temperature on pyrolysis of plastitn mixtures
general, it has been demonstrated by several authors that the temperature |
significant effect on the production of liquid and gases. Love terojacatdir

a liquid with high content of long hydrocarbon chains while with the increase
temperature, the hydrocarbons cracked to form gases.

Mastral et al.[27] reported thiigh temperature, the gas production for HDPE
was steadily increased thé@hincreasing of temperature from 650 °C up to
780 °Cwhereaabove 780 °C, the gas production decreased rapidly to 65.1 wt.%
from the maximum value of 86.4 wt.%. The cberwesddue to the
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cyclisation reactions that form aromaticrpti®cBhe increased amount of gas
productiomas been reported fopthelysis of LDPEagéémperature of 425 °C

and 450 °Qyhereas the gas yield increasetDfwondso to 25 wt.§28].Char

present at 450 °C was believiEnimasa secondary reacatproducof the oil

vapours. The significant increases in gas production suggest that by increasir
temperature results in cracking of the wax to oil, and to gas at higher temperat
Methane and ethylene were found as the highest volumercanteatgss
productionOn the other hand, Lopez et al.[29] suggested that the optimun
temperature for high yield of the liquid is at 500 °C from pyrolysis of plasti
mixture that contad® wt.% of polyethylene (PE), 35 wt.% of polypropylene
(PP), 18 w26 of polystyrene (PS), 4 wt.% polyethylene terephthalate (PET) ant
3 wt.% of polyvinyl chlorid®\(G, while an extremely viscous liquid was
produced at more lower temperature.

Pyrolysis of LDPE, HDPE and PP at 450 °C with tlanhahb fbiid callytic

cracking (FCC) catalyst by Achiliaf38{@oved that different types of plastic
waste gave different yields of solid, liquid and gas. LD@h@redigred,

HDPE more solid and PP more gas. The authors found that the oil and gas
fractons recovered were mainly aliphatic in composition consisting of a series
alkanes and alkenes of different carbon number with great potential to be recy
back into the petrochemical industry as a feedstock for the production of n
plastics or redid fuels. It was also found that the pyrolysis of plastic bags ma
from LDPE, kere the liquid fraction consistégdrocarbons in the range of
commercial gasoline.

The effectsf pyrolysinglifferent tymeof plastic waste were also shown by
Encinarrel Gonzal¢21] Each type of plastic pratdifierent product yields.

At 500 °C and catalyst, LDPE and PP produced nearly no solid and more
compared to the experiment by Achilial3@f BET produced more gas that
mostly consisted of carbowrid#i and carbon monoxide due to its chemical
structure that contain oxygen. It can be concluded that even though each plasti
a different behaviour, ldrgerfractionvascomposed of liquid/waxd3®0)

and secondly were the gas#&¥4b5Howevea significant yield sélid may

occur depending on the@use use of catalyst

Another interesting factor on the pyrolysis process is the type of reactor choset
the reforming activities. Summarized in Table 2.3, the vacuum type react
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produced thewest gas yield from the pyrolysis of HDPE and PP at 500 °C an
most of the liquid produced was mainly wax [32].

The product yield distribution from pyrolysis of waste plastics was also shown t
influenced by the type of catalyst used during$e $eocet al. [33] reported

that the use of ZSMatalyst in a stirred reactor produced high gas yield compare
to experiments without a catalyst (thermal cracking) and ewaoliwath Y
catalyst. They suggested thab £&Mlyst promoted the argak liquid with

higher hydrocarbons+af to nC,, to the lighter hydrocarbons,db @,

therefore reducing the liquid yield.

A cketaiéd investigation on the effect of g?&dentn a realworld municipal
wastlasticand PP/PE/PS/PM@ixture owards the quality of liquid yields was
investigated by Sakata [8d&IThey concluded that the addition of PET reduced
the production of liquid while increasing the production of gases and char. T
liquid yields from pyrolysis of the plastics mixitutbe addition of PET
contained more chlorinated hydrocarbons (addition of chlorine containing ester
benzoic acid, chloroalkyl esters) but less inorganic chlorine content. In th
subsequent studies on pyrolysis of PP/PE/PS/PRBCH#3%cs raid with

PET, the yield of chlorinated branched alkenes is also increased in the preser
PET [35]. Kulesza and German [36] reported that the additional chlorinat
hydrocarbons were formed due to the reaction between HCL (evolved from P\
and PET be#oits degradation since PVC was degraded about 100 °C lower th:
in the case of PET.
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Table2.3(a) Product yield distribution from pyrolysis of wasse plastic

Reactor Feedstock Temerature Heatingate| Solid Liquid Gas Reérence
(°C) (°C/min) | (wt.%)| (wt.%)| (wt.%)

Fluidised bed | HDPE 650, Not stateq 0.0 68.5| 31.5 [27]
685 0.0/ 39.6) 59.9
730 0.0 13.5| 76.1
780 0.0 13.4| 86.4
850 0.0 15.4| 65.1

Batch reactor | LDPE 425 10 - 89.5 10 [28]
450 10 1.75| 724 25

Fixed bed (wii LDPE 450/ Notstate( 19.4| 72.1 8.5 [30]
acid FC( HDPE 450 52.5| 44.2 3.3
catalyst) PP 450 20.00 64.7] 153

Fixed bed LDPE 500 20 0| 61.24 38.76 [31]
PP 0.1/ 68.06 31.84
PET 5.63| 29.16 65.21
PS 1.04 92.65 6.31

Vacuum HDPE 500 10, 0.80] 97.7] 0.95 [32]
PP 500 0.01] 95.0 3.5

Table 2.3 contirdienn e X t

page
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Table2.3b) Product yield distribution from pyrolysis of wasse plaséc d foom tprieviousgage)

Reactor Feedstock Temerature Heatingrat Solid Liquid Gas Reérence
(°C) (°C/min) | (wt.%)| (wt.%)| (wt.%)
Sembatch | plastic mixture [29]
reactor ] 460 20 1.1 72.0f 26.9
(40wWt%PE/35wt%PP8Wt%PS/  4wt%PE 500 0.8 65.2 34.0
3wt%PVC) 600 09| 4294 56.2
Stirred reacto HDPE [33]
Thermal 450 8 3 84 13
ZSMb catalyst 1.5 35.00 635
Y-Zeolite catalyst 1.5 715 27.0
Glass reactor | Plastic mixtufenodel) [34]
(30%PP/ 30%PE/30%PS/10%PVC) 430 15 5 70 25
Plastic mixtufenodel)
(27.3%PP/ 27.3%PE/ 27.3%PS/ 9.1%H 13 53 34
9.1%PET)
Municipal waste plastics from treatment pl
(24.1%PS/5.1%PVCI7%PVCD/ 8.9%PET] 16 59 25

0.3%ABS/ 42.2%PE/ 17.6%PP)
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2.1.2 Gasification

Gasification or partial oxidation was originally developed to transform coal ir
usable producksowevergasificatiosf polymeric wastan be consideredras
efficient technique to degrade and convert tHehaasbeen reported that the
pyrolysis process of waste plasticspamuggeld of hydrog@7], hence the
gasification process, particularly gasifafavaste plastics may improve gas
production

The gasification prooesg alsmvolve the addition of oxygen or steam into the
system at 70600 °C temperatusngeo react and oxidise the hydrocarbon
feedstock in a controlled manner.pfidusss yields hydrogen and carbon
monoxide known as synthegsyggas) which can be used as a fuel or feedstock
for the chemical industry.

In addition, there are several other rethaionapccur during the gasification

of a carbonaceous nadtencluding waste plasiicsthe presence of oxygen
and/or steamsdiscussdry Aguado and Serf8B8h Thermal decomposition of

the raw material migbtcurprior to the oxygen, carbon dioxide or steam
involvement through reacBidn Reaction2.2 to reaction 2.6ccur through
exothermic transformations which releases heat from the system while react
2.7to 2.11occur through endothermic transformations. Rexstiamown as

the water gas shift reaction that allows the cotiieoHAEO ratio. The
Boudouard reaction occurs between carbon and carbon dioxide to increase
yield of carbon monoxide as shown in 24&6tibhe methanation reactions by
hydrogenation of carbon oxide in réadamd2.13may lead to a significant
decrese in the Hconcentration of the final synthesis gas. The appropriate
combination of exothermic and endothermic reactiamthesbl$ance tbie

overall energy requirement of gasification, mainly by adjystis@ theddn

the reaction mediuiithe gasifier temperature between 1300 and 1500 °C is
needed to process these equilibrium reactions. Equilibrium can be approache
the temperature below 900 °C with the presence of catalysts or with long
residence timghe list of possible reacignussed above asdollows [38]:
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Raw material decomposition

CxHy=xC +y/2 H, Reactiof.1
Reactions with oxygen

C+%Q=CO Reactiod.2
CO+v»LQ=C0O, Reactiod.3
H,+ v O,= H,O ReactioB.4
CxHy+ (x +y/4) O,=xCO, + y/2 H,0 Reactio.5
CxHy+ (x/2 +y/4) O,=xCO +y/2 HO ReactioB.6
Reactions with water

C+HO=CO+H ReactioB.7
CO + HO=CO+H, Reactiod.8
CxHy + xH,O = xCO + (y/2 + x) H Reactio.9
Reactions with carbon dioxide

C+CQ=2CO Reactiod.10
CxHy+ xCO,=2xCO +y/2 H Reactio.11
Methanation reactions

CO+3H=CH,+ H,0O Reactio.12
CO,+ 4H,= CH,+ 2H,0 Reactiod.13

The gasification proeggsied tdow density polyethylene wsfhgdized bed
reactowas reported by Zheng Jiao and38pngigure 2.1 shows schematic
diagram used for their experimental studies. They reported that there we
significant improvementstha syngas production with the increasing of
temperaturancreasing fro8.75 wt.% syngas vyield from the experiatent

550 °C to 93.30 wt.%fyngas yield produced during the experif@®ntCGat
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They also suggestedtlieahigher heating rate, the long residence time and the
effect of oxygen are the possible reasfingmarindecomposition.

The combinatiarf an integrated p#otile moviygate gasification and power
generan process by Lee eff4l]] showed significant improveimnetite
hydrogen production from refused plastic waste (RPW) f&eldstbck.
percentage of hydrogen and methanmeforthed gas was obtained, resulting in

a higher caloric vatfiecleamproducegasvhich mainly consisted of hydrogen,
carbon monoxide, carbon dioxide and mEhiegnalso tested the performance

of syngas produced from the experiment using a 3e@ngve gaggenerate
power. Approximately 22% efficiency of power generation and more than 20 kV
output power generation were achieved during the Figldrée2t2lustrates

the movingrate gasification and utilization system.

Gasification expeenmishave been conducted usthgplafluidised bed steam
gasifier pilot plail] The feedstock inserted into the reactor was gasified to
producedour possible products; tars, prodsicthga@har or charhe basic
principle of this gasificatiomtdoby is shownFigure 2.3Resarch by Wilk

and Hofbauddl] using the improved reactor producing different carbon
distributiorpercentage thedifferent polymer feedss@sk depicted kgure

2.4 In terms of gas concentration, it was fouhne tdesentration of methane

and etbne increased with an increasing proportion of PE. The hydrogen ai
carbon monoxide was highePE+PP and PE+PS. The addition of PET
produce more carbon dioxide (28 %) due to higm @oygposition in the
material.
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2.13 Pyrolysis-gasification of waste plastics

The combined pyrolysis and gasification process is an alternative for ther
treatment for the decomposition of waste plastics. Pyrolysis and gasificatior
waste plastics is a promising route to produce high yields efiehsydgzgen

The process involves combining the thermal degradation of waste plastics ir
first stage pyrolysis step followed by gasification/ reforming in a second sta
usually in the presence of catalysts which has the potential to genevhte high yie
hydrogerj4244. The gasification process produces reactions of the volatile
products that are released from the pyrolysis process and recombines ther
produce synthesis gas.

Toshiro Tsuji et alg[stated that the concept of two stage pyasifistion

started with the conversion of plastic into liquid products at moderately lo
temperature in the first stage. The hydrocarbon liquid is then gasified at h
temperature in the second stage. Based on their study of polyethylene, polysty
ard polypropylene feedstock using a quartz tube reactor heated by an elec
heater, the coke formation was reduced as compared {stdlge simytept. It

also produced high calorific value gas products which were mainly comprise
methane and gasesikenes such as ethene and propene. However, the gas yie
for the polystyrene feedstock showed lower gas yield value compared to others

2.1.3.1 Effect of steam injection on the pyrolysigasification
system: steam reforming process

Introduction of ater or steam into the pyredgsgication of waste plastic is
recognised to be effective for hydrogen production through ptbenatadero

gas shift reactiefg| However this will depend on other factors such as the
gasification temperatur@nst@jection rate and use of catalyst.

Thermal decomposition of waste plastics using a microscale pyrolysis/reformn
reactor with molecular beam mass spectrometer (MBMS) by CiEdnik et al.
showed that many common plastics could be efficiently converted to hydrogen
carbon oxides by a pyrolysis and catalytic steam reforming process. It was ft
that polyethylene was completely converted to gas yielding hydrogen at 80% o
stoichiometr theoretical potential.
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The different amount of steam injection rate into the system also affects
product yield Wu and Williang[ investigated four different steam injection
rate namely 1.90, 4.74, 9.49 and 142With waste plastic with §.of a

Ni-MgAIl catalyst at 800 °C gasification temperature. The gas compositic
produces are as illustrated in Figure 2.5. It was shown that the hydrog
concentration was stable; however there were large differences in the tc
hydrogen pduction as well as the carbon monoxide concentration when the stes:
Injection was increased. The coke formation was also reduced with the additio
steam injection to the system due to the steam reaction with the carbon depos

(carbon gasification).
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2.2 Synthesis Gas Production ($and CO) from
Reforming of Waste Plastics

Synthesis gas (syngas) mainly consisiohgpgein and carbon monoxide is
viewed as one of the major alternative energy sources. The uses of synga
including producing methanol, ammonia and synthetic fuel threugh Fisch
Tropsch synthesis. ThEC® molar ratio selection is considered catical
complement with the @is@ pduct processing requiremdB#si]] Waste

plastics are among the potential sources for synthesis gas prodietion due to
high hydrocarbon conte®6f]. Many researchers have reported on the thermal
and catalytaracking of waste plastics fas Wi as synthesis gas production
[5558.

2.2.1 Influence of temperature

Hydrogen production from the thermal treatment of waste plastic is normal
depending on the treatment type such as the reactor usert, tbegigmgtu

rate and the process involved. In the case of pyrolysis of high density polyethy
an experiment using a fluidised bed reagterfaraned by Ahmed and Gupta
[59. The results showed that the hydrogen production increased as the pyrol
temperature increased as shown in Figure 2.6. The difference characteris
between pyrolysis and steam gasification of PSbatch seattor at three
different temperatures; 700°C, 800°C and 900°C was investigated. At both 700
and 800°C, the hygkea yield was low as compared to the pyrolysis process due t
the competing reaction of polystyrene with steam that forms condensal
hydrocarbons (liquid and suspended wax). It was suggested that the gasific
temperature of more than 800°C is repuioeder to get higher hydrogen
production as well as better energy yield from the polystyrene feedstock.

The influence of temperature on the steam gasification of polystyrene in a be
scale dowstream fixed bed reactor was investigated by [ki] &ased on

the Hand CO resultsesenteith Table 2.4it was shown that the hydrogen and
carbon monoxide was increased with theimtredasenperature. Th¢GO

molar ratio of 0.8335wasachieved in their investigamh this value was
corsidereddeal for Fisch€ropsch synthesis.
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Table 24 Effect of temperature on hydrogen and carbon mpmothxtien
fromsteam gasificatadplastic wagteE) in bench scale fixed bed reactor
with a heating rate of 10 °CG min

Temperature H, coO
(°C) (mol%) (mol%)
700 16.92 20.33
750 21.31 21.53
800 28.94 22.83
850 34.96 25.87
900 36.98 27.37

Wu and Willian{g42] presentedesults from thyrolysigasification of waste
plastics in a tvgtage fixed bed reactor with the help of catalyst addition to the
system. Thaddition of steam in the syisieeedthe hydrogenelddue to the
carboniziain reactions which were limited by the introduction of steam and
generated more-@ gases, CO and LAddition of &li-MgAlI catalyst has
proved to enhance the hydrogen production as $hguve 71t was
suggested that reduction of hydrocarbon.ga¥esa&Cdue to their reaction

with the NMgAl catalyst hence decomposed to hydrogen.
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2.2.2 Influence of catalysts

Perego and Vi[g0]have classified catalyst types depending on the preparatio
method; bulk catalysts and supports which mainly aoasisteofubstance,
mixedagglomerated catalysts and impregnated catalysts from the preformr
support. There are twelve unit operations that can be chosen for catal
preparation as shomwmable 2.5For supported catalysts, the selection is made
based dhe inertness, desirable mechanical properties, stability under reaction ¢
regeneration conditions, surface area porosity and the cost. Normally, f
supported catalysts the preparation method chosen is precipitation or impregnz
depending on thedurct of catalyst that want to be achieved.

It has been shawat the preparation method does influence the yield production.
Ni/CeO/ZSM5 catalyst with Ni loading of 10 wt.% andob@eé@g of 5 wt.%

were used in the pyrolyasfication of polyptepg using a tstage fixed bed
reactof61] Two different cahation temperatures were naeakly 500°C and
750°C. Overall, the potential hydrogen production concentration were decreas
when the temperature was increased from 500 °C to 750 °@ &ggah®wn

2.8. Larger metal particle swwese also fourly SEMEDXS analysis of the
reactd Ni/CeQZSM5 catalyst with ratiol®5-750reported to berobably

caused by more serious sintering for the catalyst prepared in 750 °C. It v
proposed that the activity of the NYZ8M5 catalyst was reduced at high
calcination temperaturehagid CeQcontent.

Table25Unit operations in catalyst prepgGfion

1. Precipitation 7. Calcination

2. Gelation 8. Forming operation

3. Hydrothermal transformation 9. Impregnation

4. Decantation, filtration, 10.Crushing and grinding
centrifugation 11.Mixing

5. Washing 12 Activation

6. Drying
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Figure 2.8 Concentration of product gases at different calcination temperature ar
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Nickelbased catalysts are-kmelvn catalysts for hydrogen production and are
cost effective as compared to othebasethlcatalysts. Researchebasedl
catalysts has suggested that various compositions of metal combinations as \
preparatiortechnique and different gasification temperature can affect the
performance of each catalyst in term of catalytic efficiency and4f&2ivation

64. For example, the addition of Mg inté\labEsed catalyst has increased the
reducible NiO phased &e strength of catalyst thus enhancing the hydrogen
production.

Hydrogen production is affected by the catalyst type as pres€alde &

[64] Based on the results shown, the |gl&3tratio is NMgAIl with2.15

and the highestNgCeO, with 12.17.It has been shotvat Ni/Al and
Ni/Mg/Al catalystsontain high catahdittivityfor hydrogen production for
polypropylene feedstock (potential: 53.1 and 51.7 wt.%) as well as produci
considerably low coke formd6dh By addind/lg into the NAl catalyst
structure, the filamentous carbon disappeared in the scanning electron micros:
(SEM) results. In term of catalyst preparation tesholgaasipient wetness,
coimpregnation and-precipitationthe preparation methoan influence
hydrogen yield.
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Table2.6 Gas composition in the product gases (nitrogen f{é4d] vol%)

Catalyst Gas LHV
H, CO CO, CH, CC, (MIm)

Sand (Without water) 67.3 0.0 00 221 106 16.1

Sand 258 6.7 0.2 220 453 175
Ni/CeGJ/Al ,0O; 63.8 229 8.1 36 1.6 115
Ni/ZSM5 63.6 20.3 11.8 2.8 1.5 10.9
Ni/Al O3 56.3 200 93 6.1 8.3 13.1
Ni/CeG, 755 6.2 7.5 55 5.3 11.9
Ni/MgO 326 7.9 0.8 206 381 16.8
Ni-Al 64.0 25.7 6.4 3.3 0.6 115
Ni-MgAl 61.8 28.7 65 2.2 0.8 11.4

The addition of Cu into theANcatalyst structure for hydrpgeduction of
polypropylene using stage fixed bed readtas been reported .[6Hje

addition of Cu into-Ni catalyst structure yields lower hydrogen production as
illustrated iRigure 2.9t may be due to the teportedBET surface afeathe
catalysandit has been suggesteih& not suitaliebe the actimeetalite

during the gasification process. The different metal ratio on each catalyst also
different results for the potential hydrogen production. It was concluded that t
use of Cu indl catalyst structure might not be suitable to improve the hydroger
production from the pyrolgsisification of polypropylene.
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Figure 2.9 Potential Hproduction from pyrolygasification of polypropylene
with different catalyst (2AN{1:4); (b) NAI (1:2); (c) NAI (1:1); (d)
Ni-MgAI (1:1:4); (e) N\MgAl (1:1:2); () NMgAI (1:1:1); (g) NCUuAl
(1:1:2) and (h) "u-MgAl (1:1:1:3);((alh) are calcined at 750[66)
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Research on Ni82ALO; as catalyst for steam gasification of waste polyethylene ir
bench scale fixed bed reactor was examined by He ef4dl]. @9G8)gen
production frorne catalytic gasification showed high nmeptoas illustrated

in Figure 20 Although the carbon dioxide production was also increased, in th
presence of stedangNiO/2-AlLO; catalyst enriched the quality of the gas yield
due to the steam refornmydrocarbon reactions as well as the svataft ga
reaction. At the temperature of 900°C and with the help of steam, carbc
deposited on the catalyst was easily removed by the steam reacteoh and prev
the fast deactivation by carbon deposition. Therefore, nearly no deactivat
occurred on tlwatalyst and proved the good catalytic performance af the NiO/
ALO; catalyst.
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Figure 210 Gascomposition in stegasificatioand pyrolysis for rmatalytic
and catalytic prodd€s

Theeffect 0b-Al,O; as well as MgO and Cai@lyst supports together with Ni
and Ce loadimgs been investigatedhforsteam reforming of metf@tie
Based on the data showigume A1, 2-AlL,O; support contributed remarkably
higher hydrogen production due to mgtieane conversion. It was confirmed
that the fresh 5Ni/3CeOf&{ catalyst displayed higher crystallingyhiid
proportion of NiO phase, increasing the ratio of Ni in the cptalyst et
increasm hydrogen production compared to dthbmigh MgO and CaO had
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a larger surface area comparedliD;, CaO tended toe influenced by
moisture and high temperature catalyst deteriorations therefore it was propo
that CaO is not appropriate as a catalyst support for methane steam reforming

Park et al[67] hasinvestigated hydrogen production themeaction of
ruthenium (Ru) catalyst with polypropylene in a' 68algh continuous
experimental apparatus that consisted of a tank reactor for pyrolysis and a pa
bed catalytic reactor for steam reforming. It was reported that Ru catalyst |
higher activity and lower coke formation tbasebtlicatalyst. Howevertdu

their higher cost, theneless popular to be used as a catalyst for the steam
reforming process. The experimental results with 0.5 wt.% of Ru content show
slightly lower hydrogen production than with 5.0 wt.% of Ru content, 66.6 vol.%
and 70.6 v6b respectively. It was also determined that the optimum temperatur
for pyrolyzer was 673K and optimum temperature for steam reformer was 903K
achieve lower coke formation with sufficient carbon conversion to gasec
products.
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Figure 211 CH, conversion and ptoduction of steam reforming of methane at
800°(66]
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2.3 Dry Reforming Technology

Recently, many efforts have been made to reduce carbon dioxide emissions t
atmosphere because of the projected logimentat impact related to climate
change. In addition, the concerns around the increasing levels of carbon dioxi
the atmosphere particularly arising from anthropogenic activities has resulte
research into carbon capture schemes and stomgeéhiplo@es likely to
generate large quantities of carbon dioxide which has the pst¢ematidor u

than sequestrati6f].[ The prediction of the expansion of such carbon capture
processes are expected to mitigate against climate change.

Thereforedhe use of carbon dioxide for hydrocarbon reformation would be o
economic and environmental benefit because carbon dioxide is known to be a
effective, recyclable and a-fir@dccarbon source. One such process is dry
reforming, where the utilisadiovarbon dioxide instead of steam or air is applied
for the catalytic reforming of high molecular weight hydrocarbons for th
production of synthesis gases (syngas). Even though the dry reforming still reg
optimization of the process techniquerdibess is particularly suitable for
oilfield gas which contains high concentrations of carbon dioxide gas that coul
simply converted to synthesis gas without the requirepsapabGan Y.

The most wekhown feedstock used for studibedmny reforming process is
methan&-77. However thereirgreasing recent interest for the dry reforming
process with other feedstocksssbidyas, ethanol and glye&rof[

2.3.1 Thermodynamic reactions of methane dry reforming

Methane dngforming is thermodynamically favourable when Gibbs free energy
less than ze3 < 0). Gibbs free energy minimization technigue was normally
applied durg thermodynamic analysi§. [Methane reforming is
thermodynamically favoured above 913k &sstwstudied by Fischer and
Tropsch in 1928. Dry methane reforming of methane is an endothermic proc
because both the carbon dioxide and hydrocarbon is a stable compound with
potential energy, therefore high temperatures are required.
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Theprimary chemical reaction during the dry reforming of methane is the reacti
between methane and carbon dioxide to produce syngas; hydrogen and ca
monoxide as shown in Reaction 2.14. The dry reforming reaction is favoured
low pressure but requimgsh temperature. Bulushev [77] also suggested that the
dry reforming process has to be performed at high temperature and low pressu
achieve maximum conversion because of the highly endothermic nature of
reaction.

Furthermore due to the highdeatyre, other side reactions apart from the dry
reforming reaction can occur, especially those that could increase the carbon
formation on the catalyst such as methane cracking (Reaction 2.15), Boudo
reaction (Reaction 2.16) and reverse waldt geaction (Reaction 2.17). The
methane decomposition (Reaction 2.15) is an important source of carb
deposition and is reduced with increasing temperature making this react
thermodynamically more complimentary. The increased in temperature al
dfected the reverse water gas shift reaction (Reaction 2.17), ¥hen less H
produced when the temperatures increased. In opposite, the Boudouard Reax
(Reaction 2.16) is favorable with temperature increase.

CH,+ CO,=2H,+ 2CO Reaction 2.14
CH,=C+2H Reaction 2.15
2CO0=C+C0Q Reaction 2.16
CO,+H,=CO +HO Reaction 2.17

In general, tlibermodynamic reactiotheflry reforming process is affected by
temperature, pressure and reactant ratio. Tsang et al. [78jatefhertddyt
reforming of methane is more endothermic than steam reforming because |
thermodynamically favoured above 913 K.

2.3.2 Syngas production from dry reforming process

Widespread studies have been made specifically on methane réfi@sisng to syn
gas. The reforming of methane wjtfd@eforminghvoles cracking of the
methane molecule for the production afdHCO rich syngas and has been
reported to be promising by some resd@g;86f©ne of the reasons for such
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interest isdzause methane reforming with carbon dioxide produces synthesis
with a ratio close to unity, i.dCB = 1 which has been suggested to be
beneficial for the production of FdSecbpsch liquid hydrocarbon and oxygenate
[81-83]

A recent review [8Zdncluded that dry reforming of methane was reliable for
hydrogen production due to the carbon dioxide consumption during the proc:
thereby encouraging the reduction of greenhouse gases emissions. However, (
its highly endothermic characterigtid)igh energy consumption in order to
complete the process needs to be taken into consideration. Nevertheless, this
temperature condition will help in the reduction of carbon formation while
avoiding the catalyst deactivation, resulting in highiecoagersion and high
product yield.

The syngas production from the dry reforming process is affected by temperat
CH/CO, input ratio, mass to flow ratio, catalyst selection and reaction mixtures
Serrantotina et al. [85] investigated the influence of temperature in the dn
reforming of methane using a tubular fixed bed reactor. They reported that, 1
CGO, and CHconvelisn was increased with the increase in temperature from
450 °C to 800 °C. This result is in agreement with the perspective fron
thermodynamic analysis which stated that reaction of carbon dioxide reformin
endothermic. The increase in tdaomeesdso showing an improvement in the
syngas, tind CO production. Fakeeha et al. [86] and Adollahifasds@l. [87]
supported that the increase in temperature producegyigteister H

Zanganeh et al. [88] studied the effect of feed Jald, GO CHand CQ®
conversion as well @g€@ molar ratio over NMg o catalyst in a fixed bed
guartz reactor at 700 °C. They found that with the incre&3d jie€Dratio

from 1:1 to 4:1, the €Enversion and®O molar ratio decreased vite
conversion was increased. They have suggested that these phenomena occurr
to the water gas shift reaction that was carried out simultaneously in the reform

In addition, the effect of increasing HwW@te in dry reforming process was
sudied by Wang et al [89]. In their study, they reported that the Boudouatr
reaction is more favoured with the increagélow C&de into the system. Apart



-45-

from that, the syngas with a lower heating value is also produced with t
increasing of GCfibwrate.

Several studies on dry reforming of methane suggested that the additions of <
and/or oxygen were helpful in controlling,AB® Imolar ratio [994]. The
combination of steam reforming with dry reforming of methane reduced the cart
dioxide mission compared to the reference steam reforming process. Hydrog
production from this combination also increased as compared to only dry reforn
due to the reaction with steam. Lim et al. [95] showed that less amount of r
material was needed if marbon dioxide was fed into the system. They also
concluded that the reasons for the decrease in net emission of carbon dioxide |
combined process were as follows:

1) In the dry methane reformer, i€@lso consumed by the reverse water

gas shift reaction which has a lower heat of reaction.

2) Dry methane reforming requires relatively lower heat to produce carbo
monoxide compared with steam reforming. Therefore, dry methane
reforming produces lessaadCQ emissions from a heating source than

steam reforming does.

3) The reduced amount of B&ore COcapture process by dry methane
reforming can also abate the required regeneration energy required in 1

CGO, capture process.

In the dry reforming pess, carbon dioxide also reacts with coal/char via the
Boudouard reaction and produces carbon monoxide that can enhance the tof
syngas yield. However, in the pyrolysis of lignite by Reuther [@6dtJeskins

been shown that the Bourdourdoreatunimportant in rapid pyrolysis. The
presence of carbon dioxide hypothetically stabilized the reactive site of the
surface which in turn prevents cracking of volatiles, and/or to cap reactive vola
species much as hydrogen is believeding dydhopyrolysis.

Jianguo et §97] discussed in detail the carbon formation during the methane dr
reforming process that may deactivate the catalyst, hence reducing the amou
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syngas produced from the reforming process. They suggestedbtmt the
formation occurs when the formation rate of carbon species is higher than
removal rate through reforming reaction; either the reaction 2.18 is more rag
than reaction 2.19 or/and reaction 2.20 is retarded. M is the active metal site
the catgst while S is the surface of the catalyst support. They also discussed
two types of carbon formed on the catalyst during the dry reforming process. -
filamentous type carbon (whisker like) is formed by the adsorbed carbon at
derived mainly fronettlmane decomposition while encapsulated hydrocarbon films
type carbon is fornmdthe polymerization pro@&sHigure 2.12 shows the
proposed principal reaction pathway of the caobaiondémpm methane
reformingdg.

CH+M=MoC+2H (Reaction 2.18)
CO,+S=9CO (Reaction 2.19)
S0CO,+MaC->2CO+M+S (Reaction 2.20)
Homogeneous gas-phase reactions o
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2.3.3The use of catalyst for syngas production from dry
reforming process

Studies on the catalytic reaction of hydrocarbons with carbon dioxide are foct
on increasing the potential of catalyst activity and ability to resist catal
deactivation due to coke formation during the dry reforming process. Furtherma
the additioof catalysts in the reforming process has a beneficial influence ¢
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syngas production. It is known that the use of suitable catalysts further enhance
reforming process and might alsovéntpen coke resistance al®8tyOp.

Tsang et allg revewed the conversion of methane to synthesis gas by methar
reforming reactions and also suggested that the different catalysts used in th:
reforming press affected the yield results.

The type of metal catalyst also impacts the selectjvtyGi,COnversion.

Studies of dry reforming of methane over a 20%Cg),&@slyst which

were seen to be more active towards the conversitranfCEdue to side
reactions such as water gas shift reaction which is more prone to the productio
CO from partly consumedild3].

Noble metals group based catalysts have showed high catalyst activity tov
carbon resistance as reported by Rbsisap et al. [104]. The carbon
morphology of each catalyst used are presented in Table @y7rgdttedh

that less carbon formation and no carbon whiskers were observed on the n
metals particularly for ruthenium (Ru), rhodium (Rh) and irridium (Ir). They hav
also suggested that ruthenium as a suitable applicant for the carbon dio
reformig process is due to its lower cost compared to rhodium. The order ¢
reactivity of catalysts for dry reforming of methane over transition metal cataly
was concluded as Ru>Rh>Ni &alr>Pt >Pd.

Table 27 Carbon morphology [104]

Catalyst Temp. Carbor Metal crystal si Whisker Metal in
(°C) (wt.%) (nm) diameter (nm  whiskel
Ni-1 500 35 5-20 5-20 Ni
650 2.0 5-20 5-20 Ni
Ru 500 0.3 1.57 No whiske
650 1.8 1.57 No whiske
Rh 500 1.1 1-10 No whiske
650 2.5 3-100 1030  Fe/Rh
Pd 500 0
650 2.8 1025 1025 Pd
Ir 500 0.5 <4 No whiske
650 273 <4 No whiske
Pt 500 0.2 <3-4 1015 Fe

650 2.6 <3-4 1015 Fe
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In contrast, Sakai et al. [105] suggested that Rh with the gdisoppafriAl

gave a better catalyst performance than Ru. They showed that a |
(1 wt.%)/ALO; catalyst was suitable for reactions of carbon dioxide with variou
hydrocarbons such as toluene, heptane, cyclohexane, neatayé @mtbh
methaneBased on their findings, methane was noticeably high in reactivit
compared to othefhiey have ranked the noble metal catalyst activity based ol
their studies was decreased in the order of Rh>Pd>Pt>>Ru.

Yamada et §L.06] investigatethe carbon dioxide reforming of polyethylene
with a Pd/AD; catalystFigure A3 shows the results of carbon dioxide
reforming of polyethylene with catalyst, nitrogen and carbon dioxide. It we
concluded that polyethylene was completely reformiesie gas at the
catalyst temperature of 1120K. High polyethylene reaction temperature resulte
a high thermal decomposition ratatatydt could noforen all reactants to CO

and H while low polyethylene temperature slowed thedbgragation rate

and completely reformed the polyethylene to hydrogen and carbon monoxit
However, the reaction time was found to be longer in order to consume all t
polyethylene.

Effect of PE temperature

o]
(=]
(=]

e L O A S B R e

g

700

Temperature [K]

Effect of catalyst temperature
. ; : : .

100

--- Catalyst temp,
Polyethylene temp.

wn
(=]
(=1

g
——

[X107]2 ot S f

Yield [%]

+

0
QI
a3

Flow rate [mol/s]

C F 1 L L
900 1000 1100
Temperature [K]

Time [min]

Figure 213CQO, reformingf polyethylenwith Pd/AD; catalyqtL06]

Apart from noble metals catalysts, the most widely used catalysts tend to be ni
based and have been used to enhance steam reforming, partial oxidat
hydrogenation and dry reforming. Recent reviews on the ysis of dayal
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reforming suggest thab&$ied catalysts are the most suitable option due to their
low cost and relatively high catalytic activity compared to noble metal catalysts
the reasons that they are preferred for the reforming processg@8yéq7]. H
nickel catalysts are known to be prone to deactivation due to coke formation on
catalyst and nickel sintering [104, 108, 109]. Studies have reported that f
addition of a metal promoter, adjusting the support and suitable cataly
preparatiomethods for Mased catalysts can further improve the production of
syngas from the dry reforming process by improving the structure and uniforn
of the catalyst particles, resulting in bettafispetaiod]10113. Table 2.8 is

a summary of theqghuct yield distribution from various researchers for the dry
reforming process.

Lv et al. [114] investigated th&rgaament of a silica supported nickel catalyst
with ethylene glycol for the dry reforming.ofti&y reported that the ethylene
glycol préreatment modified the surface properties of the silica support, resultin
in lower deposition of carbon on the catalyst and a lower degree of sinteril
Furthermore, a study on dry reforming of methane/ ov&kL@;Natalyst in a

fixed bed continuous flow quartz reactor and direct current corona discharge fo
an increase in selectivity for CO and decreased carbon formation on the cat
surface [121].

Table 28(a) Research @noduct yield distributions from dry reforming process
over Nibased catalysts

Catalyst H, CcO CO CH, HJ/CO Carbon Ref

yield vyield conv. conv. formation

(%) (%) (%) (%) (%)
Ni/SiO; 49 33 0.79 [114]
Ni/SIO2EG 83 72 0.82
Ni/Al 41.3 585 765 675 0.7 12.6 [115]
Ni/SIAl 295 489 670 518 0.6 18.3
Ni/MgAl 465 66.3 812 753 0.7 Nd*
Ni/ZrAl 426 59.3 787 66.8 0.7 51

Nd = not detected
Table 2.8ontinuéon next pag:
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Table 28(b) Research on product yield distributions fr@focimng process
overNbased cat adfyosaprevioysaggont i nue

Catalyst H, CO CO CH H,/CO Carbon Ref
yield vyield conv. conv. formation
(%) () (%) (%) (%)

Co/SiQ 515 47.8 Nc# Nd? [116]

Ni/SiO, 6.37 7.74 1.07 6.18

Ni-Co/SiQ 6.95 395 099 0.39

Co (7.6%) 82 72 0.53 [117]

Co (4.3%) 52 40 <0.01

Co (2.0%) 43 30 <0.01

Co (1%) 0 0 <0.01

Ni (7.7%) 66 54 0.10

Ni (4.4%) 52 40 <0.01

Ni (2.5%) 50 38 <0.01

Ni (1.3%) 40 29 <0.01

NA (650°C) 28 42 50 48 [118]

NCUA (650°C’ 26 42 48 48
NCOA (650°C 34 48 58 52
NA (750°C) 62 77 79 78
NCuA(750°C) 60 80 80 79
NCoA (750°C' 68 82 82 81
NA(B50°C) 84 98 95 96
NCuA (850°C! 82 97 95 95
NCOA(850°C) 90 100 97 98

7Ni3Co/LaAl 949 97.8 940 93.7 097 0.0946 [119]

Ni-Cu <16 0.96 0.00222 [120]
Ni-Fe (stable) 0.90  0.02104
Ni-Mn 5318 0.94  0.00543
Ni-Co 8563 0.98  0.00204
Ni-Co (L)* 87.0 914 Nc?
87.1 (stable)

83.8

83.9
Co/CeQ 94 90 098 6 [82]
Ni/CeG, 89 90 1.0 25
CoNi/CeG, 90 97 1.03 6

ANd = not detectelectivitynit in mg.gh?, dunit in gg..ch *Lower Mo content

The addition of metal promotersNibased catalysids shown to produce
catalysts which inhibit carbon depositisimoahyh catalyst activity towards
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syngas productiopom the dry reforming of methane. However, it is uncertain
whether such metal promoted catalysts would be effective for the dry reforming
the wide range of hydrocadenved from the pyrolysis of waste plastics.

Different nicketatalysts suppdrten various suppodg-ALO;, MgAJO,,

SiQOALO; and Zr@AlLO;) were also investigated by Damyanova et al. for
inhibition of carbon formation for dry reforming, [if16HThey found that

there was a strong interaction between nickel oxide specigd.avitiddgAl
retarded the sintering of the nickel and also reduced the formation of col
Ni/MgAl yielded a maximum value of hydrogen production (46.5%) due to hig
methanend carbon dioxide conversion as shbateir® [115] In contrast,

Ni/SIAl catalyst resulted in a lower hydrogen yield. In terms of the coke formatic
it was suggested that Ni catalyst supported .an hagal very strong
interaction that affectegl $imaller size of Ni particles hdhmncedarbon
deposition. The absence of filamentous carbon was reported for the Ni cate
supported on Mgd\.

Table 29 Catalytic properties of Ni catalysts in reforming ofvmtati®at
90 min (T=923K; m=0.5qg; $E0,=1) [115]

CH,conv(%) CO,conv(%) H,yield CO yield

Sample (%) (%) H,/CO
Ni/Al 67.5 76.5 41.3 58.5 0.7
Ni/SiAl 51.8 67.0 29.5 48.9 0.6
Ni/MgAl 75.3 81.2 46.5 66.3 0.7
Ni/ZrAl 66.8 78.7 42.6 59.3 0.7

A good catalytic activity according to long term experiments was reported f
bimetallic NPt/Al,O; during a 6500 min reaction time for the dry reforming of
methane; since lesser carbon deposition and high stability of catalyst was obs
compared withetluse of monometallic BBAland Ni/AD;, suggested to be
caused by the homogenous surface distribution of nickel particles in the c
proximity of Hi.22]

Most studies recently have concentrated on the addition of a cobalt (Co) prom:
on Nibaed catalysts for the dry reforming process due to their promising resul
of enhancing catalyst activity and at the same time supressing carbon form
[118]. It is believed that Co metal has the ability to control the size of active s
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[118]. Xu etla[119] and Zhang et al. [120] have also suggested that the hic
catalytic activity and excellent carbon resistaxie ctélysts was due to the
synergetic effect between Co and Ni metal; i.e. high dispersion of metals, h
metallic surface, stromgtalsupport interaction (SMSI) and uniform distribution

of pore diameter. The metal content influenced the stakilaybohétallic
catalysts has also been investigated by Zhang et al. [123]. The catalyst with |
Ni-Co content showed highertahtk satalytic activity than catalyst with higher
Ni-Co content as a result of large surface area, smaller metal particle and be
metal dispersion on the low€d\iontent catalyst.

Adollahifar et al. [87] also investigated the effect of metalarobitmetallic
Ni-Co/Al,O;-MgO nanocatalyst towards hydrogen production ffom CO
reforming of methane. They have reported that with the addition of more cob
content, the surface area of the catalyst was reduced which was related to the
fillingof the support. In term of syngas production, the increase in cobalt conte
up to 3 wt.% was shown to increase the syngas yield, but was reduced afterw
due to the low active surface area.

Apart from the type of catalyst chosen for the refornasgtipeocatalyst
preparation method has also been showed to influence the performance of
catalyst. For example, a study on dry reforming of methane over cer
nanopowders prepared by a micrasgsted hydrothermal method suggested an
improvement e catalyst resistance towards thermal sintering compared to th
catalyst without microwave irradiation [124].

In additiomAdollahifar et al. [87] investigated the effect of ultrasound irradiation &
different temperatures over bimetallo/Ni,O-MgO nanocatalyst from the

CQO, reforming of methane. They reportetig¢batalyst prepareduliyasound
irradiation incredsbe surface are¢hefcatalyahd consequently the number of
active sites per unit rmasgpared to the impregnation mditieck increasing

the conversion of methane to form syngas, hydrogen and carbon monoxide
shown in Figure 2.14.
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Figure 214 CH, effect of catalyst prepared by ultrasound irradiation (U)
compared to impregnation méthod product yield produced at different
temperaturg87]

2.4 Summary

From the reviewtbkliterature discussedhis chaptemethane dry reforming
hasshown promising restdisproducing synthesis gases. The use of carbon
dioxide in the pesgises a process gas that is problematic-asasgrgas in

the atmosphereedrcing the level of carbon dioxide emission in the atmospher:
hadecmeaconcear and ethods are being developed to capture carbon dioxide
from various industrial psees. Using carbon dioxide may therefore create a
useful product, i.e. syngas, waifietontributing towards mitigation against
climate changdn addition, waste plastics could be a potential source of methar
and other hydrocarbons required neftimming process. This research is an
attempt to fill that gap by introducing carbon dioxide asitigagefotrim the
gasification stage of pyrggsication/reforming of waste plasticeséhech

will befocused on producing optimum sgrghgseld and compositioom

the dry reforming process of waste plastics. Various pamnmebes
investigated such as reactor configuration and experimental process conditi
Based on Ni/A&d; catalystfor steam reforming of waste plasticdryand
reforming of methane, copper, cobalt and magnesium metal are worth conside
for further research due to their high catalytic activity reported in the process.
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Chapter 3
EXPERIMENTAL METHODOLOGY

3.1 Introduction

This chapter describes in detail the experimental methodology that is used for
entire research. The first sectiombdeshe type of raw materials and catalysts
prepared in the studies. The experimental reactor systems are also discu
including the reproducibility of the systems. The characterization of chos
materials, fresh anllecbcatalysts &@een analysduwrioughly. The activation
energy calculation of the thermal decomposition of waste plastics is also disct
in detail. Finally, the mass balance calculation for determining product yields fr
the pyrolysis/reforming process are presented.

3.2 Materiab

In this section, the types of raw feedstock used in the research, together with
metals used in catalyst development are discussed.

3.2.1 Individual plastics composition of municipal solid
waste

Individual plastics compositions from municipal solid waste were used as
material for pyrolysegorming process. As mentioned in Chapter 2, plastics from
municipal solid waste mainly consists of high density polyethylene (HDPE), |
density polyeteyle (LDPE), polystyrene (PS), polypropylene (PP) and
polyethylene terephthalate (PHiErefore, these five individual plastics were
chosen in this research.
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The HDPE, PS and PP were obtainednasaste polymer pellets provided by
Regain Polymers Ltbthited Kingdom The PET and LDPE were obtained as

2 mm virgin polymer pellets provided byAhigicia Company Ltdnitéd

Kingdom Figure 3.1 shows the pelletized plastic samples that were used for t
experiments.

PP sampie| px <

| JupLzA g

Jurjz4

Figure 31 Photograph of pelletized plastic samples

A mixture of LDPE, HDPE, PS, PET and PP was also prepared to simulate the
plastic wastes generated by countless areas of human activities. The composi
the simulated mise¢uof waste plastics sample isobasedport by Delgado et

al. i, which mostly plastics used for packaging, for diverse houseware a
disposable items and cases of electronics. As shown in Table 3.1, the compo
of plastics used in this stugytéssimilar to those of the real plastics found in the
municipal solid waste. The plastics mixture has been investigated in Chapter
and 8 and is known as simulated waste plastic (SWP).

Table 31 Composition of plasacsording to plastics fraction in the residual
municipal solid waste and simulated samples [1]

Material Real plastic Simulated sam,

mixturé wt.% (SWP)/ wt.%
Low density polyethylebhBPE 4338 42
High density polyethyleH&PE 2015 20
Polystyrend?S 1712 16
Polyethylene terephthalRteT 127 12

Polypropylend?P 105 10
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3.2.2 Mixed waste plastics from various waste treatment
plants

The realvorld and pesbnsumer waste plastics used in Chapter 8 were collectec
from severaiunicipal waste treatment plants. The plastic waste samples include
mixed plastics from household waste packagingnid¢e plastics from a
building construction site wastg)(MRixed plastics from agricultural waste
(MP.R, mixed plastics frolactrical and electronic equipment (refrigerator and
freezer (MJ, old style television sets and moMtks) @nd mixture plastics
(MRyveed and refuse derive fuel containing waste nplastics avaste materials
(RDF).These selections of mixastigdavere chosen in this research as they were
normally found in municipal wastemenplans as well asdustrial waste
treatment plant§he list of mixed waste plastics from various waste treatment
plants used in this research is shown ir2Table 3.

Table 32 List of mixed waste plastics from various waste treatment plants

No Mixed plastic sample

Mixed plastics from household waste packaging/ MP
Mixed plastics from building construction site waste/ MF
Mixed plastics from agricultural wasigkMP

Mixed plastics from electrical and electronic equipmeat
Mixed plastics from old style television sets and moggto!
Mixed plastics from refrigerators and freezers/ MP
Refuse derivReel/ RDF

Virgin acrylonitrieutadienstyrene/ ABS

© 00 N O o B~ W DN P

Virgin high impact polystyrene/ HIPS

The mixed plastics from household packaginga8/ébtained from Fost Plus
in Belgium and mainly consist of HDPE and PET. 5.0 mm sized flass of MP
obtained from a low density fraction through the air separation process.

Both real mixed plastic from building constructi@rafidPeal mixed plastic
from agriculture (W were supplied from University of Pannonia, Hungary.
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The agriculturabils (MRsp consist of high/low density polyethylene and
polypropylene, while mixed plastic waste from building constrg@tion (MP
contains mainly polystyrene, polyurethane, polyethylene and polypropylene.

Plastics from electrical and electronic etjweneerecycled from a commercial
waste treatment plant that specifically recovered the plastics from this type
waste. Three different types of plastic waste were collected from this treatm
plant; plastics from wastegesfitor and freezer equuprfdR,), waste from
cathode ray tube casings from old style television sets and computer moni
(MP:ry and a mixture of general electrical and electronic equipment plastic was
(MPyeea. MR- was obtained by shredding the refrigerator and fie@est.equi

The compressor of the equipment was removed prior to the shredding process
blowing was used to separate the foam insulation from the equipment, wr
electromagnets were used to trap the ferrous metals. Finally, cyclones were us
separatehe nosrierrous metal as well as plastics. Though all processes wer
carried out, some of thefeomus mdtaieces still remained irMRe MP:g+

was obtained by grinding the plastic fractionhtmmMGCsized pieces. The
circuit board, plastic esutasing and the glass monitor of the equipment were
removed before the grinding prodggs=8&mples were carefully taken from a
large mixed batch of waste plastics of electrical and electronic equipment. Mult
grab procedure was used in ordesume éhe mixture of the sample was a
representative of the waste plastics of electrical and electronic equipment.

In addition, virgin acrylonHpilgadienstyrene (ABS) and virgin high impact
polystyrene (HIPS) were also investigated as repragentimgponents of

waste from electrical and electronic equipment. Both ABS and HIPS were obta
from Vamptech and Atofina UK respectively. The product yields from these t\
feedstocks may perhaps be compared with the results obtained from the real p
waste from the electrical and electronic equipment recycling plant.

Furthermore, refused derived fuel (RDF) was also been investigated simulating
municipal solid waste that contains mixtures of plastics and other waste matel
RDF was mainlyngmosed of plastics, paper, board, wood and other textile

materials. The RDF sample was collected in pellet shape form from a comme
municipal solid waste treatment in United Kingdom. The RDF sample was furtl
shredded and ground to a particle sizedtdf.0 mm.
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3.2.3 Catalyst development

Several Miased alumina catalysts; YAN-Mg/AlLO;, Ni-Cu/AlL,O; and Ni

Co/AlLO,;, were used in this study. The catalysts were prepared kytthe rising
technique according to the method reported byeiGatcig2002)2]
Mg(NQ),.6H0O, Cu(NQ.2.5HO or Co(N@.6HO was added to
Ni(NG;),6H,0 and AI(Ng:9H,O and dissolved in 200 ml deionised water with
moderate stirring at 40 °C. 1 M ammonium solution, as the precipitant was th
added to the aqueous solutions until the PH value of 8.3 was reached. °
precipitates were filtered, dried overnight at 1@5caiaed at a temperature

of 750 °C with a heating rate of 10 “€Caméhheld at 750 °C for 3 hours. The
molar ratios of 1:1 were prepared for,Q4/&td 1:1:1 for the other caglyst

All the catalysts were crushed using a mortar and pediyesancbdirusing a
50-212em particle sieve. In this research;lblasexi catalysts were not reduced
prior to the experiment.

3.2.3.2 NCo/Al ,O; catalyst prepared by impregnation method

For the impregnation method, N)(ME,O was first stirreddeionised water

at 80 °C until dissolved. Then CH){RBO was added with continued stirring

for another 30 minutes. Last\,0; was added to the aqueous solution and left
to mix until it formed a slurry. The precipitates were filtered, digéd atverni

105 °C and calcined at a temperature of 750 °C with a heating ratetof 10 °C nr
and held at 750 °C for 3 hours. The molar ratiodéd isi 1:1:1. The catalysts

were crushed using a mortar and pestle and finally sievee21@emm a 50
partite sieve. In this research, HioMil,O; catalysts were not reduced prior

to the experiment.

3.2.33 Ni-Co/Al ,O; catalyst by different Co metal loading

Three different cobalt metal loadings-@a/ALO; catalysts were prepared.

The catalysts wgnepared by using the r@lihgechnique as mentioned in
3.2.3.1. The ratios of the catalysts were namely 1:0.5:1, 1:1:1 and 1:2:1. In tf
research, the catalysts were not reduced prior to the experiment.
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List of catalysts used in this reseastionvin Table 3.3

Table 33 List of catalysts

Catalyst Molar ratic

Catalyst prepared by Hgldechnigue

Ni-AlL,O3 11
Ni-Mg/ ALO, 1:1:1
Ni-Cu/ AlL,O; 1:1:1
Ni-Co/ AlLO; 1:1:1
Ni-Co/ AlLO; 1:0.5:1
Ni-Co/ AlLO; 1:2:1
Catalyst prepared by impregnation met

Ni-Co/ ALO; 1:1:1

3.3 Experimental Reaction System

In this section, two types of fixed bed reactors used in this research are discuss
onestage fixed bed pyrolysis reactor was used in initialustdelistaia the
behaviour of the thermal degradation of waste plastics. For the rest of the studi
two-stage fixed bed pyrohgdfisrming reactor was used. Both reactors were
designed by former PhD students of Professor Paul T. Williams.

3.3.1 Operation description of fixed bed pyrolysis reactor

The preliminary investigation in Chapter 5 started with pyrolysis experiments of
individual plastic samples namely HDPE, LDPE, PP, PS, PET and real mi
plastics using a-stage fixed bed reactoroaansim Figure 3.2.

These sets of experiments were set up to investigate the difference in proc
yields from the pyrolysis of plastics in nitrogen or carbon dioxide atmosphe
without any influence from the second catalytic reforming stage.ic2 g of pla:
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sample for each type was used. The sample was placed in the sample holder &
reactor was heated by electrical furnace from ambient temperature to 500 °C v
heating rate of 10 °C-Iifihe pyrolysis temperature was kept at 500 °C for
30 minutes. Nitrogen or carbon dioxide was used as the carrier gas with a flow
of 200 ml mih After the experiment had finished, the oil yields from the three
stage condenser were collected and the gases in the sample bag were analyse
summar of experimental parameter set up is shown id. Table 3.

Nitrogen/Carbon Dioxic

Thermocouple

/

Furnace

Plastic Samg.

Gas Sample E

Condense
System

Figure 32 Schematic diagram ofstegfixed bed reactor for preliminary
investigation
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Table 34 Pyrolysis experimental parameter set up

Feedstockweight HDPE, LDPE, PP, PS, PET / 2g
Pyrolysis temperature 500 °C

Heating rate 10 °C mit

Hold time 30 min

Carrier gas / flow rate  N,, CO,/ 200 ml min

3.3.2 Operation description of twestage pyrolysis/
catalytic-reforming fixed bed reactor

A two-stage pyrolyseforming reactor as shown in the schematic diagram in
Figure 3.3 and Figure 3.4 was used for further investigation as discussed in Ch
5, 6, 7 and 8. The size of the reactor was 60 cm in length with 2.5 cm inn
diameter and coosted of Inconel. The pyrolysis furnace was placed on top of
the second stage reforming furnace and each furnace had its own heating cc
system and thermocouple to measure the temperature. The feedstocks w
pyrolysed in the top furnace under tredf fidvogen that acts as the carrier gas.
The generated gaseous products were then passed through to the second
reactor. The steam, carbon dioxide or combination of both was introduced into
second reactor to reform the generated gaseousywodhetsatalyst bed
supported by quartz wool. Sand which is mainly composed of sil@)n oxide (S
was used as a substitute for the catalyst when the experiment was carried
without the catalyst. It should be noted that sand might contenlistrace mete
however an experiment was performed to investigate the influence of sand (wit
without sand on the catalyst bed). The result (not shown here) proved that s
does not give significant effect towards the produat yiEldmn, the early
inveggation using a tat@age pyrolysisy reforming reactor in Chapter 5 (5.2

and 5.3), the G@vas introduced into tls¢stage of the reactor system. An
experimenwvith high density polyethyleee conducted to compare between
CO introduced into thststage arfthd stage reactor system (result not shown
here). Both of the settings show similar product yields, proved that there were
reaction occurs in isestage furnace due to the dry reforming reaction required
high temperature (endothermic).

The gaseous products from the hot reactor zone were swept by the carrier gas
the three stages of the condenser system to collect the liquid products. The
condenser was held at room temperature while the second and third conden
were encloseadacooled by dry ice. An additional glass wool filled third
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condenser was used to further trap any remaining oil particles and prevent tt
from flowing through into the gas sample bag. -Ghedemsed gaseous
products were then entrapped in the Bsdantgple bag to be analysed using gas
chromatographyhe total reaction time was 80 mins; with an additional of
20 mins collection time after each experiment (system turned off) to ensure all
gases were collectdte twestage pynysisreforming experiments started with

the same investigation as the first set of experimental setup butsisigg the two
pyrolysiseforming reactor. Therefore, the difference was at the reforming stage
The reforming reactor was first heated wgiréd deforming temperature at

40 °C mih heating rate. When the second stage temperature stabilized, th
pyrolysis reactor was heated up to 500 °C at £0 °C min

Nitrogen

v

Water \LCarbon Dioxide

>
(""" 1| Thermocouple

Syringe Pumr

Plastic Sam$§
Catalyst

SN

1ststage Furnace

2ndstage Furnace

%

Gas Sample Bac

Thermocouple
Condenser

System

Figure 33 Schematic diagram of thestagsixed bed reactor
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Temperature display  Temperaturs display
for stage 1 for stage 2

Temperature control
for Furnace 2

Temperature control
for Furnace 1

CO: supply

Gas collection bag

Figure 34 Photograph of the stage fixed bed reactor

3.3.3 Carbon dioxide feed composdan for reforming
process

For this study, carbon dioxide was used in the reforming sssagedixemd

bed reactor améaspurchased from BOC, United Kingdom. The feed gas flow
rates were controlled by Omegad2MBeSS madlew controllers. methane

dry reforming, the typical feed of carbon dioxide introduced into the system w
measured in GOH, molar ratig3, 4] Since thevolutiorof pyrolysis gases
released from the pyrolysis of pdemstitiseir interaction with carbon dioxide are
canplicated, the carbon dioxide feed was measuredrFor gnbst of the
experiments, the ratio of;@lAsticased in this studss 4:1lexcept in Chapter

6 where the influence of process parameters were8dgolssetion dioxide

(6 g R) with aflow rate of 5@ ml mint was injected in the system and 2 g of
plastics were placed in the sample Tb&lgeneral process conditiainy
reforming of waste plastiespresented in Tabbe RBurtler discussion on the
reactionra discussed Clapter 5jn whichthe theoretical calculationdof
reformingeactiog between hydrocarbons and carbon dioxide were compared
with the experimendala
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Table 35General process condition of dry reforming of waste plastics

Time collecting gases (min) 100
Plastic sample weight (g) 2

CO injectedq) 8

CQO, injected time (min) 80

CO, flow rate (ghhml min?) 6/ 50.9
CO.:plastic ratio 4:1
Pyrolysis temperature 500 °C
Gasification/reforming temperature 800 °C

An example ohé CQflow ratecalculatiom m mint used in this stuamps
obtained using the following formula

CQflow rate = Total volume /ofi@©
and
1 moles 0f,€@4.0095 g (mass) = 22400 ml (volume)

The mass of &€an be converted to volume as followed:
8 gof GO =8/44.0095

=0.1818 moles
and,
0.1818 moles of C©0.1818 x 22400
= 4072.32nl

Thereforehe flow rate for 8 g of 2080 min reaction time is:
CQflow rate for 8 g of C6 4072.32 ml / 8@in
=50.9 ml min

It should also be noted that the starting temperature of pyrolysis reactor (1st s
furnace) was normally at around QU to heat transfer from the
gasification/reforming reactr this rate, the gasification/reforminciore

(2nd stage furnace) was already heated up to 800 °C. The pyrolysis reactor
then heated up to 5G0with a heating rate of@@nint. The decomposition of
plastic was normally started to degrade at ard@rfdrdi@dividual plastic and
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around 25%C for mixed plastics (as discussed in Chapter 4), in which no reactic
of pyrolysis gaseg#h carbon dioxide should happéore reaicty this
temperaturéneoreticallyApproximately 18 mins is required to reach. 250 °C
Thereforeat least.& g of unreacted carbon dioxideassat the gas sample
bagluring the pyrolysis heaimg

3.3.4 Start up and validation

The reactor system was initially validated and optimized. Several experiments \
carried out. During the whole resesaedral repetitions of most experiments
were also made to ensure accuracy of the data.

The temperature for both reactors; one stage and two stage reactor, we
monitored by thermocouples as earlier desedbghowin Figure 3.2 and

Figure 3.3. Thmrrangement was to control the temperature required for the
processhencdo ensure the accuracy of the output products from the reactors
Sevetaexperiments were conduidezhsure the stabihd reproducibilioy

both systems and the resultsoane i Tab&6and3.7.

For both reactors, the heating rate of the pyrolysis reactor (1st stage furnace ir
case of twstage reactor) was kept at 10 °€ Asndescribed earlier the
temperature of the 2nd stage furnace for-si@geveeactaras préeated

prior to the experiment at 800 °C, and the temperature was maintained through
the experiment (monitored by a separate thermocouple at 2nd furnace). Base:
the results, it is shown that the temperature of both reactors werdistable for en
experiments, hence reflect the reactor system stability and accuracy.
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Table 36 Reproducibility of thermocouple temperature for pyrolysis of LDPE alt
500 °C using one stage fixed bed reactor

Time | Thermocouptemperature (°C) *AVG | *STDV| *RSTDV
(min) | #1 #2 #3 #4 #5 (°C) (°C) | (%)

0 24 23 22 23 24 23.2 0.75 |3.23

5 73 72 73 72 75 73.0 1.10 |1.50

10 122 | 125 |123 |124 |122 |123.2 |1.17 |0.95

15 176 |177 |1/6 |17/5 |17/5 |175.8 |0.75 |0.43

20 220 222 |221 |223 |222 [2216 |1.02 |0.46

25 265 266 |265 |262 (264 |2644 136 |0.51

30 332 |331 |333 |330 |[332 |3316 |1.02 |0.31

35 378 |380 |376 |380 |377 |378.2 [1.60 |0.42

40 433 435 |430 |432 |434 |4328 |1.72 |0.40

45 475 478 |476 |475 |476 |476.0 |[1.10 |0.23

50 501 |500 |[499 |500 |501 |500.2 |0.75 |0.15

55 500 |500 |500 |500 |500 |500.0 [0.00 |0.00

60 500 |500 |500 |500 |500 |500.0 [0.00 |0.00

65 500 |500 |500 |500 |500 |500.0 [0.00 |0.00

70 500 |500 |500 |500 |500 |500.0 [0.00 |0.00

75 500 |500 |500 |500 |500 |500.0 [0.00 |0.00

80 500 |500 |500 |500 |500 |500.0 [0.00 |0.00
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Table 37 Reproducibility of thermocouple temperature at 1st stage furnace fc
pyrolysigjasification/reforming of HDPE using two stage fixed bed reactor, 2nt
stage furnace washa&ted at 800 °C.

Time Thermocouple temperature fatdgy *AVG| *STDV| *RSTDV
furnace (°C
(min) #1 #2 #3 #4 #5 °C)| (°C) (%)
0 54 56 53 52 55 54| 1.41 2.62
5 71 70 77 71 76 73 2.90 3.97
10 118 119 105 112 120, 114.8 5.64 4,91
15 149 145 140{ 147) 145/ 145.20 2.99 2.06
20 194 192 191 192 189 191.6f 1.62 0.85
25 243| 226 232 231 237 233.8 5.78 2.47
30 276| 266/ 270/ 278 281 274.2 5.46 1.99
35 339 323 324/ 320 333 327.8 7.08 2.16
40 383 393 386| 389 383 386.8 3.82 0.99
45 412) 411] 416| 417 420, 415.21 3.31 0.80
50 489 488| 485 483 489 486.8 2.40 0.49
55 500 500, 500 500 500 500, 0.00 0.00
60 500 500, 500{ 500[{ 500 500, 0.00 0.00
65 500 500, 500{ 500[{ 500 500, 0.00 0.00
70 500 500, 500{ 500[{ 500 500, 0.00 0.00
75 500 500, 500{ 500[{ 500 500, 0.00 0.00
80 500 500, 500{ 500[{ 500 500, 0.00 0.00
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Apart from that, the reproducibility of the output products were also observe:
The results presentetaible 8 showed that the initial set of experiments using a
fixed bed pglysis reactor is reproducilble.repeatability data from pyrolysis of
low-density polyethylene in nitroggnatihosphere are presented to show the
stability and repeatability of the reactor system as well as the consistency o
results. Based on the resulfs/e@kperiments showed consistency of the mass
balance result

Table 38 Initial experiments with the one stage fixed bed reactor (LDPE)

1 2 3 4 5 *AVG *STDV *RSTDV

(%)
General condition: 2 g of LDPE, 200 ml fmhN,
Gas (wt.%) 13.4 135 13.7 13.7 136 136 0.11 0.79
Liquid(wt.%) 83.5 85.0 82,5 85,5 850 84.3 112 1.33

Massalance (wt.% 96.9 98,5 96.2 98.0 986 976 0. 0.%

*AVG = averag®l DV = standard deviation, *RSTDV = relative standard devie

The repeatability of the-stage fixed bed reactor systealseanvestigated.

Table 3 shows the repeatability data of the product yields from the catalytic d
reforming of high density polyethylene using-stegéwpyrolyseforming

fixed bed reactor.
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Table 39 Validation of the twtage fixed bed reactor (HDPE)

1 2 3 4 5 *AVG *STDV  *RSTDV (%
General conditions
Sample/ weight HDPE/ 2 g
Pyrolysis temperature 500 °C
Reforming temperature 800 °C
Catalyst Ni-CoAl
Carrier gas/ flow rate N,/ 200 mimirt
Reformegas/ flow rate CO,/ 6 ght
Mass balance
Sample conversion rate (wt. %) 1000 99.9 1000 100.0 99.9 99.96 0.05 0.05
Gas yield (wt. %) 102.4 92.2 94.8 94.8 94.8 95.8 3.44 3.59
Maséalance (%) 102.9 93.9 97.2 97.2 97.3 97.7 2.89 2.96
H,+CO (mmol 9 1646 1442 1491 148.9 149.0 151.1 6.98 4.62
CQO, conversion (%) 559 587 57.6 57.5 57.6 57.5 0.90 1.56

*AVG = averag®El DV = standard deviation, *RSTDV = relatdesthodard
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3.4 Analytical Techniques

In this section, the analytical techniques used to determine the characteristics
behaviour of the waste plastics, also the catalysts along with the product yields
pyrolysis and refornohgvaste plastics are discussed.

3.4.1 Material analysis

3.4.1.1 Proximate and ultimate analysis

The composition of individual type of waste feedstock contribute substantial r
on the syngas, @hd CO) production. The ultimate analysis was carried out to
obtain the composition of nitrogen (N), carbon (C), hydrogen (H) and sulphur (
weight fraction in each raw material while the oxygen (O) value was obtained
the difference of the weightidracFurthermore, the proximate analysis was
carried out to measure the moisture, ash and volatile content of each raw mat
while the fixed carbon was determined by the different of the weight fraction. T
ultimate and proximate analyses of the gdasple used in this study are shown

in Table 30and Table BL

The ultimate analysis of individual plastics; HDPE, LDPE, PP, PS and P
(received basis) was carried out using a CHNS/O elemental analyser (
Instruments Wigan, UK, FLASH EA2000-CHIN&yser). This analysis was
performed at Energy Research Institute, University of Leeds.

In addition, the ultimate analysis of HIPS, ABS and different types of wa
obtained from several waste treatment plaps MRIEy MR. MR,
MP:rsMRyveee RDF) along with proximate analysis for all raw materials were
performed by the thesis authioe &boratorgtHuazhong University of Science

& Technology, China during a two month research secondment. This analysis
part of the FLERVROCAT EBISE project. The ultimate analysis of waste
samples (dry basis) was carried out in two separate machine; a CHNO elem:e
analyser (Vario Micro cube, Germany) in which the oxygen content was obtai
by difference and a specific sulphur analyser (Rapéd Efendntar
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Analysensyteme GmbH, Germany). The proximate analysis of plastic samples
measured using three different methods. The plastic samples (received basis)
were dried in an oven at 110 °C overnight in order to measure the moistu
conteh Then, the dried plastic samples (dry basis) were heated in a horizon
tube furnace from room temperature to 900 °C, with a heating rate &f 10 °C mil
and 20 minutes hold timgwhls used as a carrier gas with a heating rate of
200 mimint. This was to measure the volatile content of the sample. Anothe
horizontal tube furnace was used to measure the ash content of the plastic sa
(received basis). The furnace was heated from room temperature to 925 °C wi
heating rate of 10 #@h%, 20 minutes hold time and under air atmosphere. The
moisture, volatile and ash content were obtained by difference of sample we
before and after the experiment.



-85-

Table 310(a) Ultimate analysis ohaagv materials analgseahiversity of LeddboratoryUnited Kingdo(CE Instrument Wigan, UK,
FLASH EA2000CHR&nalyser)

Sample N WE%) C (WL%) H(Wto%) O WL%) S (WL9%) (Kcawg) (Kca'l-/Eg) t';tcfo
High density polyethylene/ HDPE 0.94 80.58 18.48 nd nd 12401.9¢ 11393.8C 0.23
Low density polyethylene/ LDPE 0.94 81.01 18.06 nd nd 12415.7¢ 11421.9: 0.22
Polypropylene/ PP 0.95 80.58 10.42 8.89 nd 11900.3: 10954.1¢ 0.13
Polystyrene/ PS 0.86 86.19 12.43 0.52 nd 10797.3z 10132.7¢ 0.14
Polyethylene terephthalate/ PET 0.57 61.0 11.30 27.13 nd 83925z 7788.34 0.19

received basis= not detectg, bas
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Table 310(b) Ultimate analysis ohegagv materials analysed at Huazhong University of Science atab®eationp|@yina

Sample N (WL%) C (Wt.%) H (wt.%) (Wt_(% S (Wt o
Mixed plastic from household packagipg/ MP 0.16 82.90 13.37 3.57 0.23 0.161
Mixed plastics from agriculturaf;MP 0.89 79.08 12.91 7.12 0.26 0.163
Mixed plastics from building constructiga/ MP 0.14 80.91 12.22 6.74 0.22 0.151
Mixed plastics from cathode ray tubg{ MP 4.82 85.10 7.80 2.29 0.26 0.092
High impact polystyrgdéPS 0.03 80.76 7.31 11.89 0.16 0.091
Acrylonitrildoutadienstyrene/ABS 3.42 72.89 6.77 16.91 0.23 0.093
Mixed plastics from freezer and refrigerator equipment/MP 1.15 71.95 6.86 20.05 0.22 0.095
Mixed plastics from electrical and electronic equipmenpt/ MP 0.70 75.17 5.87 18.26 0.22 0.078
Refuse derived fuel/ RDF 0.58 44.78 6.23 48.41 0.29 0.139

received basis= not detectg, bas
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Table 311Proximate analysis of each raw raatdyiséd at Huazhong University of Science and Technology laboratory, China

Sample Ash (Wt.%) Volatilé (wt.%) M?ﬁg/[g F'Xed(\‘;,";‘_ro%"
High density polyethylene/ HDPE 0.38 99.27 0.72 nd
Low density polyethylene/ LDPE 0.08 99.95 0.01 nd
Polypropylene/ PP 0.39 95.00 5.68 nd
Polystyrene/ PS 5.23 98.25 1.72 nd
Polyethylene terephthalate/ PET 1.20 85.64 0.06 13.10
Mixed plastic from household packagipg/ MP 1.74 99.15 0.90 nd
Mixed plastics from agricultural wastgk MP 0.99 99.06 1.26 nd
Mixed plastics from building construction wagte/ MP 0.81 99.02 0.49 nd
Mixed plastics from cathode ray tubg{ MP 3.71 93.88 1.40 1.02
High impact polystyreddP S 2.48 95.71 0.08 1.73
Acrylonitrildoutadienstyrene/ABS 7.93 89.81 0.85 1.41
Mixed plastics from freezer and refrigerator equipment/MP 0.80 81.99 20.10 nd
Mixed plastics from electrical and electronic equipmept/ MF 0.28 81.04 2.89 15.79
Refuse derived fuel/ RDF 4.47 70.74 11.32 13.48

receiced bédig,bastad = not detected
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3.4.1.2Thermogravimetric analysigTGA)

The thermogravimetric analysis was carried out as discussed in Chapter 4 in
to generate the weightdossleof raw materiatsrelation to temperature

The first study is to investigate the influence of nitrogen or carbon dioxic
atmosipere in pyrolysis of individual component of waste plastics; HDPE, LDPI
PS, PP and PET. Two different analysers were use in this stbdy; a TGA
Shimadzu and a TI81A0 analysépproximately® mg of each raw material in

a flake size approximately lwasplaced in the alumina pan. The sample was
kept at 500 °C for 30 min with heating rate of 10. “Thenmitrogen or carbon
dioxide flow rate used was 50 ml Titiis study was carried duhiversityf
Leed$aboratory, United Kingdom

The seond study was carried out to investigate the influence of nitrogen ar
carbon dioxide mixture in the pyrolysis pfbeessiisothermal degradation of

each raw material was performed in a thermogravimetric analyser (STA449
NETZSCH). Approximatel§ g of sample in powder form was placed in an
alumina sample pan, and heated from room temperature to 900 °Ctat 10 °C m
Three different flow gases were used, either with 1.00%086 Rf CQor

ratio of NCO, (70/30%, 50/50% or 30/70%) for HDREGO, ratio of 1:0,

0:1, 7:3, 1.1 and 3:7). While for the rest of the plastic samples, only two differe
flow gases were used, 100 %@a0ofiN'0/30% JNCO, (N,/CO, ratio of 1:0 and

7:3). The total flow rate of gas for each analysis was10islamahysis was

part of the FLERVYROCAT ERISE project and the work was carried out by
the thesis author at Huazhong University of Science & Taddmatbggy

China during a two month research secondment.

3.4.1.3 Kinetic analysis calculation

A modified Cod®edfern technigé was used to obtain the values of activation
energy of decomposition of each plastic samples. The technique has been ref
anddiscussed by many resea®@BgrAl[ kinetic studies presented here utilized
the bsic rate equation of convefdifor the thermal degradation under a
nitrogen or carbon dioxide atmosphere and are presented as the following:
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The basic decomposition kinetic equation is given by:
da

o kf(a) (Equation 3.4)

The raction rate constant, k is given by the Arrhenius equation:

E

k=A@ ~" (Equation 3.5)

where A is pexponential factor (MjrE is apparent activation energy (kJ mol
Y; T is reaction temperature (K); R is universal gasiceqgstatto 8.314 x
103 (KJ motK?).

Both equations are simplified as:
da

E
o A@ R f(a) (Equation 3.6)

If f(a) is presented as:
fa=1-a)" (Equation 3.7)

where n is the reaction order.

The waste plastics are pyrolyzed with a constant heatisglefteed as the
following:
p=dT

— E ' :
p (Equation 3.8)

The time dependency of Equation 3.6 is removed by substituting dt with dT &
Equation 3.7ssbstituted into the equation:

da_A Sy -

T € " 1- a) (Equation 3.9)
Rearranging the equation:

1
- a)

A () .
da =, en dT (Equation 3.10)
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Taking integration on both side of Equation 3.10:

da = fjo—e'ﬁ dT (Equation 3.11)

The left handide (LHS) of the Equation 3.11 is solved by integration by
substitution method as following:

ﬁ(l-la)da

letu=(3) in order to séi,anq)ﬁ%duﬁsyhenatuml i nt
logarithm of u, In (u).

If duzg—;da

And so with u =) andg—::-l

It follows thaﬂu:g—:da - - 1da

The integral become:

ﬁ%( Ddu = (- 1)650'“ = (- YW} = - Int- a)

The right hand side (RHS) of the Equation 3.11 is solved by integration
substitution method as following:

E

%ﬁe"m)dT

Let u =(- %) in order to simplify the integrand ¢, and ﬁe“du is the
exponential of g,

If du:%dT

daT
du_ E
dT RT?

It follows thatu= a7 =_E_
dT RT

And so with u & E) and
RT

daT
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The integral become

uRTzdu: ART® v du = [”] = é,-RT-  RTy <
€ e W€ e BT T 76Ty

c:)l:

A
b

0

By approximation @'fR% ~0, the combinationleft hand sidd4S andright
hand sid®H3 equatiorsan be simplified to:

M = '2—::e'RET (Equation 3.12)

Taking natural logarithm on both side of Equation 3.12, it becomes:

- nd-a) _ AR o
T2 SbEe H
A E
Sincen$ 'ES:- E
Se U RT

Therefore, the equation can be reduced to:

-In@-a) _ AR E

In 5 —
T bE RT

(Equation 3.13)

The left side of Equation 3.13 was plotted against 1/T by considesing
conversion of the waste plastics.

a isdefined as the following:

m,-m

m, - my
where s the initial sample weight, m is the sample weight at timest, and m
the final sample weight.

a=

The slope of the resultant straight line from the plotted data represents t
activation energ¥/R) of the thermal degradation of the waste Iplabigs.
work, a reaction order of n=1.0 was used to calculate the kinetic parameters.
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3.4.2 Catalyst analysis (fresh/ reacted)

3.4.2.1 Temperature programmed reduction (TPR)

Temperature programmed reductiehP@®) of the prepared catalysts used a
SantodRedcroft thermogravimetric analyser (T@ARTPR was conducted

to investigate the adsorption of hydrogen on all actitiee ditesloaitalyst

also thereducibilitgharacteristiburing the HTPR analysis, each fresh catalyst
sample2Q mg) was first heated from room temperature to 150 °C at 20 °C min
and held for 30 minutes to remove the moisture, then heated atth0a°C min
final temperature of 900 °C. The feed gas used was hydydgdsmnEed With

N,).

3.4.2.2 Brunauer=mmet and Teller (BET) surface area analysis

BET method is one of the commonly used methods for analysing the surface a
the porous solid materials. The general BET equation is shown in Equation 3.1;

_ (Eguation 3.1)

where W is the weight of gas adsorbed at a relativé® fftemsdvénis the

weight of adsorbate constituting a monolayer of surfaceCoovestage.is

related to the energy adsorption in the first adsorbed layer and consequentl
value is an indication of the magnitude of the adsorbent/adsorbate interaction.
linear graph of the left side of the Equation 3.2 is plotteiPdgairshg the
pointby-point adsorption data from the multipoint analysis. Teanslope
intercet i can be obtained from the BET plot, wh@E)/WmChand
I=(1/WmGQ)thus weight of the monolajien=1/(s+i)The total surface &Bea

of the sample can be expressed as:

Yo

(Equation-3)

whereNi s Av 0 g a da.08 8 ¥ malacutels/mal)yl i the molecular
weight of the adsorbate and thesectispal area of nitrogess 16.2 A10).
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A Nova 2200e surface area and pore analyser as shown in Figure 3.5 was u:
obtain the Brunauer, Emmet and Teller (BET) surface area of each catalyst
the nitrogen adsorption technigue. NovaWin software was used to gather d
information from thenalyser. Powdered catalyst samples were placed in the
sample holder. Prior to the analysis, the samples were outgasses for 5 hou
110 °C. About 100 mg of sample is used for every run. Figure 3.6 showed

example of the plotted npdtit linear graph and the BET surface area of fresh

Ni-Al catalyst generated by the NovaWin software.

Figure 35 Photograph of N@200esurface area and pore analyser
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Multi-Point BET Plot
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Multi-Point BET

Relative|Pressure  Volume @ STP 1/ [ W((Po/P) - 1) ] Relative|Pressure  Volume @ STP 1/[W({(Po/P)-1)]
[PIPo] [cclg] [PiPo] [ccig]
5.30120e-02 26.7085 1.6770e+00 2.00878=-01 36.6099 5.4938e+00
1.01031e-01 30.4620 2.9519e+00 2.45237e-01 39.0391 6.6593e+00
1.50727e-01 336321 4.2222e+00 2.98445e-01 421373 8.0777e+00
MBET summary:
Slope = 25.965
Intercept = 3.061e-01
Correlation coefficient, r = 0.999964
C constant= 85.833
Surface Area = 132.563 m*¥g

Figure 36 Multipoint BET plot fineshNi-Al catalyst

3.4.2.3 Xay diffraction (XRD)

A Bruker BB diffractometer was used to record-rthe dfffraction (XRD)
patterns of the fresh and coked catalysts dlrpdigtion Xay source with

a Vantec positionssire detector. The range wé&3®@vith a scanning step of
0.05°. The data was recorder by DIFFRACplus software and the patte
identification was obtained using HighScore Plus Huftwaystallographic
structurphaseof the fresh/coked catapmiders could be obtained through
XRD analysis by comparing diffraction data with a standard database. XRD an
can also be used to determimaihehemical compoumnatalyst particle.

The principle of XRD aimaplewnsshosnintee b a
following equation:

qele):] (Equation 3.3)
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The plotted peak was matched up with the software library database to identify
crystalline phases. This is becausaytltfikaction pattern corresponded solely
for eachrystalline solid. An example of an XRD pattern generated by the softwe
Is shown in Figure 3.7. The raw generated pattern is including the noise ¢
background signal.

NiAI_L5minscan

8000 —

6000 —

4000 —

2000 —

Figure 37 Example of diffractipatternfrom XRD raalysis on fresh-Ali
catalyst

3.4.2.4 Scanning electron microscopy (SEM)

The fresh catalysts wemalysed using a high resolution scanning electron
microscope (LEO 1530) coupled to an energy dispaysisgec{rometer
(EDXS)The image tfefresh/coked catalyst surface is obtained by scanning the
surface sample usiehigh energy beam of electrons. The morphtilegy of
catalyst surface images before and after exgegetbet, with other
information from different characterisationqueclare used to give better
understanding on the coke formation on the catalykamédeeaf a SEM

EDXS image captured by the microscope is presented in Figure 3.8.
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Map Data 2

Spedtrum
+ i

Figure BSEMEDXS of fresh-Mg-Al catalyst

In addition,he cokérbactedcatalysts from the pyrdagsiesrming of waste
plastics were analysed using a Hitachi SU8230 SEM high performance cold
emission, CFE as shown in Figure 3.9.

Figure 39 Photograph of akhiSU823@EM equipment
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Small amounts of the coked catalysts were placed on a sample stub. An air s
was blown to remove any excess cartienstniol was placed in the Bl
characteristics of carbon deposited on the reacted catalystedvasidexam
analyzed. Figure 3.10 shows an example of SEM morphology of a coked ca
sample captured by the SEM at different magnifications.

Figure 310 SEM morphologies of cokeMgWl,O; catalyst in different
magnificeons from pyrolygjasification process of waste high density
polyethylene without £&@dition at gasification temperature of 800 °C

3.4.2.5 Temperature programmedoxidation (TGATPO)

The temperature programmed oxidationTA@As a common technique used

to determine the characteristics of carbon deposited on the reacted catalyst su
[11-14. Normally, three different weight loss peaks of coked catalyst could &
identified reprexsting three different stages of decomposition. The water
vaporization is identified at low temperature around 100 °C while at temperatul
around 350 °C, metal oxidation occurred. Carbon combustion of the deposit
carbon on the catalyst might be &dkatithe temperatures above 400 °C. Figure
3.11 shows an example of aTPTGthermogram of cokeeMiALO;

catalyst.

Temperature programmed oxidation-TIPGA experiments were carried out
using a thermogravimetric analyse50lrStWimadzu) as showfigure 3.12.

About 8mg of reacted catalyst was heated in an atmosphere of air with a he
rate of 15 °C miifrom ambient temperature to a final temperature of 800 °C.
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Figure 311 DTGTPO results for the reacteeM®IAlL,O; catalyst after

pyrolysiseforming of waste high density polyethylene with and without the
addition of carbon dioxide

Figure 32Photograptf TGA50 Shimadzu analyser
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3.4.3 Calculation and analysis of product yields

The product distributions from the thermal treatment of waste plastics are narr
gas, liquid, char and carbon deposition. Jieldgaare collected gaseous
product in the gas sample bag, including unreactede€OEach gas
composition was measured by the gas chromatography analyser (GC). Det
explanation on the gas yield calculation will be discussed in Section 3.4.3.2 be
The liquid yield is defined as the liquid collected in the three stage conder
system. Char is the pyrolysis residue remaining in the sample holder located i
Iststage furnace after the experiment. Carbon deposition is the carbon depos
on the catalyst surface after the experiment. Liquid, char and carbon deposi
were alculated by difference, weight of condensers, weight of sample holder &
weight of reactor tube (together with catalyst) respectively; before and after 1
experiment. The product yield calculations can be expressed by the follow
formulas:

3 @
0GHQEN ®  ——— pTT
W W

0 Q/ OV B ———— PN
W W
OWin QA W ———F— pT1nM
W W
O wi QN ¢ i Q@& Db o o p T

DOIBOAOPOAD & O O

whereV\; is weight of gas produced from the expevifisniyeight of the
threestage condenser sysfns the weight of sample holdeWand the

weight of reactor tube. The annofagpnesdmg the measurement taken after
the experiment while annot&isthe measurement taken before the experiment
beganWis the weight of plastic sampl&%; enthhe weight of reformerd use
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the system. Reformsed in the experiment were ei#i@en scarbon dioxide or
the combination of both. All measurements were in gram.

In this research, the carbon dioxide conversion (as percentage) was calcu
according to the formula reported by several researchers; Albarazi et al., Aser
et al. and yama et dl1517. The C@conversion is used to monitor how much
carbon dioxide wesnsumeduring the experiment. The measurement was
calculated by the difference of the weight @dsE® injected to the reactor
system and the weight after the experiment finished (measured by the ¢
analyser). Apart from that, carbon dioxide convexsighigas also used

e A @LDQE ¢ @IDEOO
wu b pTT
ae o Q¢

d widio Qe & widil € 6 0

Adinai"@EQ®

3.4.3.1Gas chromatogaphy (GC)

The gas chromatography (GC) analyser was used to analyse the gasses colle
the gas samphky as shown in Figure 3.13. There were three different categorie
of analyser set up for the analysis. A Varian 3380 gas chromatography with a
ionisation detector,-B00 mesh HayeSep column and nitrogen carrier gas wa:
used to analyse hydroca@dn)( A Varian 3380 gas chromatography with two
separate columns which were 2m long and 2mm diameter each were uset
analyse the permanent ggs€JHQ, N, and Cg), both in argon carrier gas.
Hydrogen, carbon monoxide, oxygen and nitrogealyseck @ma-80 mesh
molecular sieve column while carbon dioxide was analysed on -40ayeSep 8(
mesh column.
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Figure 313 Photograph and princgoshematidiagram of gas chromatography
analyser

3.4.3.2 Gasoncentration calculation

The gas concentration calculation is dependent on the standard permanent
hydrocarbon gases, both of which were obtained from Scientific & Technical G
Ltd. A typical concentration of the standard permanent and lyakesdrbon

the cylinder used for analysis are as listed it2Table 3.

The concentration of each gas was used as the benchmark for the calculatior
obtained from the injection of 1 ml standard gas from the standard permanent
hydrocarbon cylinder dach GC analyser. The GC analytical software then
calculated the response peak area of each gas in which the values were equivz
the concentration of the standardTdesgsses collected in the sample gas bag
from the experiment were analysé® isatne procedure as for the standard
gases. 1 ml of gas from the sample gas bag was injected to each GC analys¢
GC peak area corresponds to the concentration of the standard gases. An ex:
of the GC results obtained is shown in Talsled3thenjection was made
several times in order to ensure the repeatability and accuracy of the data.
standard gases were also injected regularly to ensure the accuracy of the dat
calculations made. From the data, it can be shown that thepesdiisible r
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Table 312Concentration of standard permanent and hydrocarbon gases

Concentration (vol.¢

Permanent gases

Carbon Monoxide (CO) 0.999
Carbon Dioxide (O 0.992
Hydrogen ( 0.994
Oxygen (&) 1.0
Nitrogen (N 96.015
Alkandnydrocarbon gases

Methane (CH 0.998
Ethane (E) 1.010
Propane () 1.0
Butane (B, 1.0
Alkene hydrocarbon gases

Ethene (E,) 0.991
Propene (8) 0.985
Butene & Butadieng-H{C 2.0

Table 313Example of standard gases GC response peak area and repeatability

Gas Peak area (injectior Peak area (injectiol
CO 0 0

H, 55234 52343
0O, 0 0

N, 340090z 338337¢
CG, 0 0

CH, 80135 78261
CH, 22312z 217692
CHs 16225¢ 15843¢
CHs 31087¢ 303157
CHs 11160¢ 10935(
CHs 16534¢ 184322
CHyo 126407 13837(

The concentration for eachamehtained using Equation 3.14;

A I Fr (Equation 3.14)
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wheref ¥ the sample gas concentratipis the peak area of the sample,

is the peak area from the standard @ass dhd concentration value from the
standard gas. The analysis of sample gases were repeated in the GC analys
calculateid obtain the average values and thereby the gas concentration.

The mole value for each gas was then calculated using Equation 3.15 and Eq
3.16 based on the assumption that the nitrogen flow rate was constant throug
the experiment.

=|] 5 <‘Ti”- O[O ﬂ i it i (il el Bl | B (Equation.15)

o mg+v m>talisr 4'”‘#“- (Equatiof.26)

where the total volume of gases are i liirés,the concentration value of
nitrogen and gas collection time is in minutes. Another parameter used in
calculation was that one mole of gas occupies 22.4 litres at standard temper:
and pressure.

The mass value of each gas in gram was dssanioadhe molecular weight
and number of moles for each gas as shown in Equation 3.17.

Mass of Gas = No. of Moles x Molecular Weight (Equation 3.17)

The calculations were determined using a designed Microsoft Excel spread she
avoid any errorgrohg the repetition as well as to maintain their consistency for
each experimental result. An example of the gas calculations and their repeata
for each gas is shown in Taéle 3.1
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Table 314 Example of gas composition identification and tgpeatabili

Gas data from standard curve]

Gas data from GC analysis:

Gas |Real con. (Vc Peak Area R{Sample 1Con. (Vol%gample 2 Con. (Volpp) STDV*RSTDV (
CO 0.99¢ 48877 4892{ 684332 13.99 686457 14.03 0.02 0.151
H, 0.99¢ 595080 59867| 4513992 7.54 4518495 7.55 0 0.04
0, 1 94350 9435 0 0 0 ol 0 0
N, 96.01f 4654272 48471 3360939  69.33 3379563 69.72 0.19 0.27¢
CGo, 0.99z 12075 1217] 93588 7.69 94186 7.74 0.02 0.31
CH, 0.99¢ 736836 73831 564117 0.76 554374 0.74 0.01 0.87]
CH, 0.991 1401037 141376 56478 0.04 55917 0.04 0 0.49
CHs 1.01 1387131 137339 82980 0.06 82047 0.04 0 0.564
CHs 0.98¢ 2025483 205632 0 0 0 ol 0 0
CHg 1 2053669 205364 5685 0 5649 ol 0 0.31
CiHg 2 5210197 260509 0 0 0 0l 0 0
CHao 1 2725382 272539 0 0 0 ol 0 0

| 99.4? | 99.8

*RSTDV = Relative standard deviation
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Chapter 4
THERMOGRAVIMETRIC ANALYSIS OF WASTE
PLASTICS

Thermogravimetric analysis (TGA) was implemented to determine the thern
degradation charastess of waste plasiEpresented in Research Objective 1
The weight loss profile would give an indication of the degradation temperature
pyrolysis of the waste plastics in their subsequent investigation using the fixec
reactor. The TGA was alsle to identify the moisture content of each individual
waste plastic. The moisture content can be calculated by difference of the ma
waste plastic from thegerature of 0 °C up to 1001JCHowever, in this

study all samples have been doedopthe analysis, hence no detectable
moisture content in the TGA plots was detected on the waste materials betw
the temperature of 0 °C to 100 °C. In addition, a kinetic analysis was carried
mainly to determine the activation energy of thateaalsmn relation to
pyrolysis atmosphere. The activation energy is the energy required for the reac
to begin. Higher activation energy value means that larger amount of energy
required to initiate the reactitpn |

The chapter presents thgravonetric analysis and kptitysis of each
individual plastic normally found in the municipal waste treatment plant; high &
low density polyethylene (HDPE and LDPE), polystyrene (PS), polypropylene (|
and polyethylene terephthalate (PET diffévemt sets of experiment. The first

set of experiment was to investigate the effect of nitrogen or carbon dioxide ¢
carrier gas in the pyrolysis process; from ambient temperature up to 500 °C.
investigation continued with a set of experintegi®ratemperature, from
ambient temperature to 900 °C. This set of experiments was to investigate
effect of mixtures of nitrogen and carbon dioxide; between df@®% N
709%30% of N,/ CO, mixture (NCO, ratio of 1:0 and 7:3) on the thermal
degradain of the plastics. Mixed plastics from household packaging, buildir
construction and agricultural waste treatment plan@dénd MRy were

also analysed in this set of experiments to investigate the thermal degrad:s
characteristics of #ealld waste plastics.
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4.1 Influence of Nitrogen or Carbon Dioxide
Atmosphere in Pyrolysis of Individual Component of
Waste Plastics

4.1.1 Thermogravimetric characteristics

Figure 4.and Figure 4.2 show the weight loss profile and decomposition rate
five different individual plastics; high density and low density polyethylene (HD
and LDPE), polypropylene (PP), polystyrene (PS) and polyethylene terephtha
(PET) with Nor CQ atmospheres using the-3GAhimadzu analyser. The
plastic samples waepared as ~1 mm flake sizgpanokimate89 mgused

in each experimeilihe sample wheated t®00 °C at a heating rate of

10°C min', and then held at the final temperature for 3thenmig.ogear

carbon dioxidow rateused was 50 mint. The TGA curves represent the
weight loss while the dTG curves illustrate the rate of decomposition reaction
temperature of maximum decomposition. Both of the curves were plotted wi
respect to the temperature.

From the plotted graphs, the overall shapes of the weight loss and degrad:
graph profiles were similar for each type of plastic. It can be observed that tf
was only one degradation peak for each individual plastic, which started
temperatures heghthan 300 °CThe pyrolysis degradation of polystyrene,
polypropylene and polyethylene terephthalate in, eitl&®,Mitmospheres
occurred with a gentler slope while the pyrolysis degradation of both low and
density polyethylene took place naquddy. Ahmad et al. [3] suggested that,
heating rate is an important parameter affecting the degradation of samples.
have reported that two degradation peaks were observed for the pyrolysis
polystyrene undey d&imosphere with a heating ratetltamet0 °C mipand

only one degradation peak temperature was found at higher heating rate. They
concluded that, there are certain limitations on the degradation of product,
which at some point, the product may not get sufficient timestwitio redens

other. The starting degradation temperature of pure polystyrene in their stud
was observed between 300 °C and 400 °C. They have also cited other resear
which suggested that the degradation of polystyrene producing mainly styr
monomerbenzene, toluene, some dimers and trimers as volatile products ai
crosdinked residue above 400 °C.
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The characterisiid thethermal decomposition ofpthstienaterials should be
known in order to describe puossible reaction kinetics of pyrolysis.
Characteristic data of each raw material is shown in Table 4.1. The init
temperature {Tis defined as the temperature where the plastic started to degrad
while the end temperatureré€presesathe final degradation temperature. The
peak temperature,)Tis related to the chemical structure of the material.
Although there were only small differences in the range of decompositi
temperatures of the plastics in relation to either nitrogem dioxaid purge

gas, these differences were significant. Experiments using the TGA system !
very reproducible, and any changes in decomposition temperature were attribt
to the change in the TGA purge gas.

There is only a slight difference dedhedation temperature rande (or

both N and C@ atmospheres for each plastics typdeddmposition of
polypropylene, polystyrene and polyethylene terephthalate started at low
temperature in both &hd C@atmospheres as compared to bathddwgh

density polyethyleiite lowest initial degradation temperature was observed at
polyethylene terephthalate aimbsphere while in,@®nosphere, polystyrene
started to degrade earlier than other plastics. The highest initial degrada
temmerature was observed at high density polyethylene in both atmospher
According tdHujuri et al.[4] the linear polymers (high and low density
polyethylene) decompose at higher temperaturesatinosidhere than
substituted/branched polymerech as pplppylene or polyethylene
terephthalate. These show that polypropylene, polystyrene and polyethyle
terephthalate were easily degraded into oil product. In comparison, high den
polyethylene in €@mosphere required the highest temperature He start t
degradation process. Atheitlecompositiclemperature difference between
eachindividual plastic was not substantiehn besummarizethat the
degradation of plastics started earliey aambsphere for high density
polyethyleneolyethylenterephthalatendlow density polyethylemeile in

CO, atmosphergolypropylene and polystystaged to decomposed a bit
earlier than in,Mtmospher&he degradation of individual plastics reach their
maximum peaks slightly higher jmt@0sphere for high density polyethylene,
polystyrene and polyethylene terephthalate. In contrast, the temperature at p
maximum was decreased slightly for low density polyethylene and was rema
the same for polypropylene ina@@sphere compared\tatmospherdn
summary, based on the degradation peak temperature, the decomposition ra
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each plastic was in the order of: PET<PS<PP<LDPE<HDPEand®hQ® N
atmospheres.

A study by Chen et al. [5] of pyrolysis and gasification ofc®rdifiestbke

solid wastes, including polystyrene (PS) and polyethylene (PE) summarized
degradation of both plastics reached their maximum peak value at 477 and 41
respectively in g Btmosphere, while in a, @hosphere, the maximum
degradatiademperature decreased slightly to 473 and 413 °C respectively. The
have also reported that the starting and finishing degradation temperature
polyethylene was higher than that in polgstyitarig as reported in this study

Table 41 Characteristic data of each individual plastindi€@atmospheres

Plastic ;I' ! ;I' ! ;I'm
samples (C (°C) (°C)

N, Co, N, CO, N, CO,
HDPE 464 465 497 500 487 490
PP 441 435 483 481 466 466
PS 420 417 452 462 435 440
PET 414 418 456 453 436 441
LDPE 457 462 495 497 480 474

Ti=initial temperature, Tf=final temperature, Tm=temperature at peak max

Table £ presemst the residue obtained after the TGA experiments. It can be
observed that the residue of each individual wastes plagter in thethian

in the Catmosphere. As discussed by Irfan [6] for coalgpgifibgtion in

N,/O ,/CO, atmospheres, these differences may be explained due to the den:s
difference and transport properties of these two gases magsici the €O
molecule is different from that of QVerall, both low and high density
polyethylene was nearly fully decomposed at 500 °C, hence producing a low r
of residue. In contrast, polyethylene terephthalate produced a high residue valt
canpared to other plastics in bahdNC@atmospheres.

Table 4.2 Comparison table of residue left after the experiment patwieen N

CO, atmosphere
Residue (wt.%)
AUTISEPETE LDPE _ HDPE PP PS  PET
N, 1.25 216  11.01 591  19.66
Co, nd* 1.86 5.89 478  18.97

*nd = not detected
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4.12 Kinetic parameters

The activation energies, overall rate constants and other Kkinetic reacti
parameters of material degradation were obtained based on the weight
decomposition curves from thermogravimetric anéysistudy, the kinetic
calculation was fodusea first order parallel reaatioa to the fact that only

one degradation peak was observed in all plastics as mentioned above. The k
analysis whased on tmeodified CoaRedfern technig[, as discussed in
Chapter 3The activation energy @@ prexponential constant are determined
from the logarithmic form of the Arrhenius equation:

E
O(;—‘f = Ag " (1- a) (Equation 4)1

Wherd is the time of pyroly&ss the activation energy degradedhe pre
exponentiatonstantT is temperature aads the conversion or weight loss
fraction.Table 4.3ummarizes the resultant activation eneeypopential
factor and correlation coefficient usmgdifeed CoaRedferrmethod for the
purpose of comparison the results bepaadrCi®atmospheres.

From the kinetics consideration, it was found that slightly higher activation ene
was required for thermal decomposition of the plasticatmas@@re rather

than a\, atmosphere for high and low density polyethylene and polyethylen
terephthalate. In contrast, polystyrene and polypropylene showed marging
higher activation energy in the experiments yatmasphere compared to a

CO, atmosphere. Chen et alalgg] observed a slight decrease in the activation
energy of polystyrene undera@ibsphere compared,@Nosphere by using

the discrete distributed activation energy method (DAEM) kinetic analysis. °
further confirm the results, an experimentolyskty@ne using a FTGHO0

TGA analyser has been carried out (result not shown here). Both of the analy
show that higher activation energy régupelgstyrene the Natmosphere.
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Table 43 Kinetic parameters dfividual plastic sample from Arrhenius
model; activation energy (E}eppenential factor (A) and correlation
coefficients R

Sample Condition Temperatur E A Re
type O (kImoh) (i)
HDPE N, 46494 4459 5.27x16 0.99
CG, 468497 472.1  2.40x1& 0.99
LDPE N, 460492 446.7 7.61x16 0.99
CG, 465494 467.0 1.83x1& 0.99
PP N, 444480 2742 1.47x16 0.99
CG, 438478 264.8 3.44x16 0.99
PET N> 417453 273.2 5.84x16& 0.99
CO 421450 281.2 2.20x18& 0.99
PS N, 423449 283.4 3.47x1® 0.99
CO, 420459 260.3 5.03x16 0.99

Wang et al. [8] described in details on the morphological characteristic
polyethylene and polypropylene pyrolysis progessnospthere. They have
discovered that the decomposition process of polypropylene was started
completed earlier than polyethylene. This result is in agreement with results fr
our studies, which also observed from the activation energy vethglémat poly
required more energy to initiate the reaction than polypropylene; 446 and 274
mol* respectively.

The relationship between activation energy and initial degradation temperat
between Nand C@atmosphere can be concluded as a lowdegraiition
temperature of waste plastics resulted in lower activation energy and vice ve
The activation energy of each individual waste plastic increases in the follow
order LDPE>HDPE>PS>PP>PET in ainosphere and HDPE>LDPE
>PET>PP>PS in G&mosphere.



-114-

Table 44 Summary of kinetic values using various analytical methods in I

atmosphere
Sample typ Method  Temp Heatin¢ N, Flow = Others Ref.
/ °C rate/ ratd  kIJmotl?
°Cmint mimint
HDPE/ Coast 590 20 50 263.4 A=5.3&10" [9]
15.5mg Redfern mint
HDPE/ Horowitz 600 10 50 329.1 NR [10]
1314.3mg -Metzger
PP/ 338.5 NR
1314.3mg
HDPE/ Dynamic ~577 20 50 337.6 n=0.98 [11]
2225mg
LDPE/ 196.4 n=0.64
2225mg
MSW Modified 410 25 NR 277.9 r=0.990 [12]
Plastic/ Coast 500
1520mg  Redfern
(mainly
HDPE &
PET)

NR not reported

Table 4.4 showlse activation energy and other parameters obtained by othe
researchers. It can be concluded that, the calculated kinetic parameters depe
on the mathematical approach of the analysis as well as the various parametel
as heating rate in the TXp&renents. For example, the activation energy of high
density polyethylene compared between the Coats Redfern amethod [9]
Dynamic method [11] at a similar heating rate of 20wW&s r268.4 and
337.6kJ mot respectively. Kim and Q3 feported in detail on the activation
energy of waste polypropylene, waste high density polyethylene and a waste |
obtained from different kinetic models. They suggested that the foest method
their studwas the Dynamic and Friedman methothdwapability to give the
activation energies upon the conversion of waste at any time.
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4.2 Influence of Nitrogen and Carbon Dioxide Mixture
in Pyrolysis of Waste Plastics

This study was carried out using a ditteeembgravimetric analyser
(STA49F3, NETZSCH)y the thesis author at |#imratory at Huazhong
University of Science & Technology, China during a two month resear
secondmenthe plastic samples were in powdereebfoorimately-@ mg

and heated from room teatpee to 900 °& 10 °C mih with 100 ml mih

total gas flow rate

4.2.1 Thermogravimetric characteristics and kinetic
analysis for high density polyethylene at different
N,/CO,ratio

4.2.1.1 Thermogravimetric characteristics

The weight loss and rate of degmadatves of high density polyethylene
(HDPE) over five differegO®, ratios; 1:0, 7:3, 1:1, 3:7 and 0:1 were carried

out and the results are presented in Table 4.5 and Figuf€@,3afoNof

1:1 showed the highest initial degradation temaedatiimal degradation
temperature, starting at 407 °C to 501 °C. Furthermore, only one peal
temperature of plastic degradation was observed in all given ratios as show
Figure 4.3, and the maximum peak degradation temperature was observec
N./CO, raio of 3:7, 480 °C.

The mass decomposition curves #C @l tdtios showed a similar degradation
rate, however, there were slight differences in terms of the residual mass. -
addition of Cncreased the residual mass with the highegCad thatiN of

1:1 at 8.9 wt.%. This result was in disagreement with results tepated by

[13] which observed a decrease of residual mass with the incaeldgeom CO

for the thermal decomposition of municipal solid waste (MSW) due to the ct
gasification at high temperatdosvever, the mass loss percentage from the
residue at 500 °C to 90GshAGwn in Table 4&6énfirmed that char gasification

was occurresince the residual mass was further reduced at high témperature.
the case of thedstihere, the natable residual mass losses in regards to the
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increase of /MO, ratios were may caulgdhecharacterisation of HDPE
decompositiomay also affect the residual Tiees<Q may react with the
surface of the plastics during the pymebtgp. A principal component analysis
(PCA) of waste HDPE plastics reported by Aguado et al. [14] suggested a five |
kinetic scheme for thermal pyrolysis betweer® 850 “C temperature range

as follows:

() waxes, Gt; the primary products deriirem raw polymer cracking

(i) gaseous productsCE the primary or secondary products depending on
the reaction

(i) noraromatic £, hydrocarbons; the primary or secondary products

(iv) aromatic products; the secondary products

(v) char; the tertiary product deffnaed polyaromatic products.

In addition, Abalem and Lettieri [15] summarized the activation energy of eac
primary lumped products from the thermal degradation of high densit
polyethylene as; 26.7, 44.1, 124.3, 98.9 and 282:0ft&d wales (> .,

char, liquids (n@momaticss,y), rich gases.{C,) and aromatics (single ring
structures) respectively.

Based on the residual mass observation, the addition of more than 30% of ce
dioxide in the gas mixture may affect the thermal degmesoof high
density polyethylene; hence high residual mass was obtained.

Table 45 Characteristic data of HDPE in different mixtyasdoC

Residue ¢ Residue ¢ Weight loss .

N/CO. T T Tm 5ooec 900 °C 900 °C
e Q) O CO o) (W) (WL.%)
10 397 500 475 55 44 95.6
7:3 3903 500 475 4.9 4.2 95.8
11 407 501 476 9.6 8.9 01.1
37 402 499 480 7.7 6.8 93.2
01 402 495 476 76 7.2 92.8

Ti=initial temperature, Tf=final temperature, Tm=tepgadratasemum
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Figure 43 TGA and DTG thermographs of HDPE in diffét&dy dtio;
100% N (1:0), 70% M30% CQ (7:3), 50% M60% CQ (1:1),
30%N/70% CQ (3:7)andl00% C¢X0:1)

4.2.12 Kinetic parameters

Figuret.4 and Table 4.6 show the kinetic parameters of the thermal degradatior

high density polyethylene in five diffef€@,Natios;100% M (1:0), 70%

N,/30% CQ (7:3), 50% M50% CQ (1:1), 30%M70% CQ (3:7) and 100%
CGO, (0:1). The data show that the values of activation energy have increased

the increase of GO, ratio, from 317.5 kJ rhat 100% No 345.9 kJ mbht

100% CQ

It can be noted that the addition of carbon dioxide does not produce a signifi
impact on the degradation peak temperature. Based on the comparison obtaine
analysis for HDPE, two different ratig&C@ N\vere chosen for the following

study; 1:0 and 7:3 due to its lowest residual mass and lowest activation ene

range.
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Figure 4.4 Plot of Inf{n(:-U))/T9 versus 1/T of HDPE in differefC®,
ratio; 100% N1:0), 70% M30% CQ (7:3), 50% M50% CQ (1:1),
30%N/70% CQ (3:7) and 100% ¢(O:1)

Table 4.6 Kineticparameters of high density polyethylene at diffe@nt N
ratios from Arrhenius moddiyation enerdi) preexponential factor
(A)and correlation coefficiérs

. Temperatur E A
N,/CO, ratio P ©0) (kdmol?) (min?) R
1:0 4290 490 317.5 1.03x 1® 0.99
7:3 4340 495 320.4 1.66x 13 0.99
1:1 4330491 331.5 9.48x 1® 0.99
3.7 4350 4% 345.2 8.53x 13 0.99

0:1 4330 49 3459 1.06x 16* 0.99
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4.2.2 Thermogravimetric characteristics and kinetic
analysis for individual plasticsand mixed plastics at
N,/CO,ratio of 1:0 and 7:3

4.2.2.1 Thermogravimetric characteristics

The TGA and DTG thermographs of each individual plagicatidNof 1:0

and 7:3 are shown in Figurantihe characteristic data of each raw material |
both conditions is shown in Tabléndgéneral, the degradation peak of each
plastic was higher in the experiments with mixjanmedof flcompare to only

N,. The highest increment of degradation peak temperature from the experim
with only Blcanpared to a mixture gfaNd C@was observed for polyethylene
terephthalate with an increase of 1.15%, followed by polystyrene, polypropylel
low density polyethylene and high density polyethylene. The decomposition rat
both conditions showing a degradation peak temperaturef trend
PS>PET>PP>LDPE>HDPE. Although the experimental temperature wa:
increased to 900 °C, no significant further decomposition of plastics would oc
after a temperature of 500 °C.

Table 47 Characteristic data of raw mabem€O, ratio of 1:0 and 7:3

_ T, T; T Re3|du§=: | Weight los
Plastic (°C) (°C) (°C) 900 °C (WL.%)
sample: (wt.%) '

1.0 73| 1.0 7:3| 1.0 7:3| 1.0 7:3| 1.0 7:3

HDPE 397 393] 500 5001 475 475 44 4.2 956 958
PP 349 340] 488 480 458 460 9.7 6.9| 90.3 93.1
PS 273 275 492 479 426 429 79 7.3 92.1 92.7
PET 369 367 579 509 436 441 14.7 15.9| 853 84.1
LDPE 359 378 500 500 480 480 2.2 3.2| 97.8 96.8
MRsp 274 263| 497 509| 479 489 48 5.0| 95.2 95.0
MPBsc 340 330 489 499 469 470 7.3 7.2] 92.7 92.8
MPwr 298 286] 499 501 480 481 5.0 3.8| 95.0 96.2

Ti=initial temperature, Tf=final temperature, Tm=temperature at peak max
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Figure 45 TGA weight loss thermographs of each individual pf&sfe in N
ratioof1:0 and 7:3

Figure 4.6 presents the weight loss curves and thermal degradation tempere
peaks of mixed plastics collected from three different waste treatment plar
household packaging sgMPbuilding construction g¥IPand agricultural

(MPyep in N/CO, ratios of 1:0 and 7:3. Only one decomposition peak was
observed for each plastic.wEight loss peak of these three different mixed
plastics appeared to be more or less in the same temperature range in |
conditions. The highest degradation peak temperature in both conditions \
obtained from mixed plastic obtained from agricafitgairemtment plant
(MPyeR; 479.75 °C and 480.62 °C €A, ratio of 1:0 and 7:3 respectively.
Between both conditions, the degradation peak temperature remain the same
MR;p, but increased for &hd MR.zwith 100% Ncompare t60% N30%

CO, ratio. ME: showing the highest increment of degradation peak temperatur
with an increase of 0.26%6m the degradation data for each individual plastic
and mixed plastics, it is recommended that the mixed plastics contains mo
HDPE and LDPE. M&d MRsrmay as well contain PS since they both started
to degrade a bit earlier in both conditions.
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Figure 46 TGA and DTG thermographmixdédplastics from different waste
treatment plants ig®O, ratio of 1:0 and 7:3

4.2.2.2 Kinetic analysis

The kinetic parameters of each individual plastics and mixed plastics are shoy
Table 4.8 and Figure 4.7. In accordance with the aforementioned TGA and D
thermograph of each individual plasticsemhdlasitxcs, thermal decomposition

of all samples could be simulated in a first order parallel reaction. The correla

coefficients of each sample were greater than 0.9 supporting the credibility of
kinetic model.

The results indicated that there slight influences on the activation energy
value of each individual plastic and mixed plastics. The values were decreas
almost all samples at thé\ ratio of 7:3 compared to 1:0 except for high
density polyethylene, polystyrene and polyethylene terephthalate which shoy
very small increments in the activation energy. High density polyethylene requi
more energy to activate the reaction in bitbnsocaimpared to other samples,
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317.5 kJ méht N/CO, ratio of 1:0 and 320.4 kJ'rabN/CO, ratio of 7:3.

In contrast, polystyrene showed the lowest activation efe@yyratid\of

1:0 with 203.1 kJ maebhile at MCO,, ratio of 7:3, the |l@st activation energy

was observed in polypropylene. It should also be noted that the activation ener
mixed plastics, MPMPBcrand ME: are in between the range of the individual
plastics. The variation of mixed plastics composition andichascaasto

the different thermal stability of each individual plastic in the mixture sample |
Silvarrey and Phan [16] also suggested that the Ea and A value of mixed pl
varied depending on the nature of the feedstock, pointing the tomnxaexity o
plastics pyrolysis.

Table 48 Kinetic parameters of individual plastics and mixed plé3tics at N
ratio of 1:0 and 7:3 from Arrhenius model; activation energy (E), pre
exponential factor (A) and correlation eoesffig

Temperatur E A

Sample NJ/CO,ratio Q) (kImoh) (min?) R
HDPE 1:0 4290 490 317.5 1.03x 1® 0.99
7:3 4340 495 320.4 1.66x 1@ 0.99
PP 1:0 4100468 228.3 1.17 x 186 0.98
7:3 4080470 155.7 5.38 x 10 0.94
PS 1:0 3970 469 203.1 3.99 x 1¢ 0.97
7:3 40106468 207.1 8.28 x 1© 0.96
PET 1:0 3980 467 210.2 1.13x 106° 0.96
7:3 3980 460 234.3 7.25x 10° 0.99
LDPE 1.0 42906490 293.4 2.88x 1G6° 0.99
7:3 4280 490 287.9 1.05x 1G6° 0.99
MR,p 1:0 4290 488 248.4 1.37x 107 0.98
7:3 4180499 200.1 4.43x 1@3 0.97
MPgr 1.0 4380499 236.6 1.75x 10° 0.97
7:3 4290 491 224.4 1.88x 10° 0.95
MPBsc 1:0 4080 479 207.4 2.28x 104 0.99

7:3 48048 189.3 1.13x 163 0.99
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Several other studies on the pyrolysis of waste plastics have also been repor
the literature. The activatienergy of pyrolysis of polypropylene (PP) at a
temperature range between 650 and 800 °C was reported aswifi4 &J mol
exponential factor of 1.1X[1@] The activation energy value of 120.96 kJ mol
was reported by Ahmed and (A@hdtaied by the Coats and Redfern method
from pyrolysis of polystyrene at a heating rate of 10 °C min

4.3 Comparison of Analysis Data from Different
Experimental Systems

In this chapter, the kinetic parameters and plastic degradation characteristics
been studied in different experimental setups, one at the laboratory at Universit
Leeds and another atlderatoryat Huazhong University of Science and
Technolog¥;hina. Even though similar samples were used in both laboratories
the same operator (thesis author) and similar kinetic models were applied for |
sets of data, there were slight differences observed for the kinetic parameters
thermal degradatidmaracteristics, for example in the activation energy values
obtained from the kinetic models.

Table4.9 Comparison table of thermal degradation data of each individual plast
under Batmosphere obtained from differeninespil setup

Plastic Sample Ea/ kJ mdl Residue at 900 °C
Lab. 1 Lab. 2 Lab. 1 Lab. 2
HDPE 445.9 317.5 2.2 4.0
PP 274.2 228.3 11.9 9.7
PS 283.4 203.1 5.9 7.9
PET 273.2 210.2 19.7 14.7
LDPE 446.7 293.4 1.3 2.2

Lab.1 at University of Ledds).@kKHuazhong University of Science and Technology, Chir

As shown in Table 4.9, the value of activation energy and the residual mass for
sample were different. It should be noted that the experimental setup was simil:
both laboratory systemxsept for the sample ma8sn§ versus64mg, the

sample particle size ~1 mm flake versus powdered and the nitrogen flow re
50 ml mifA versus 100 ml miatthe Leeds laboratory and Cdibaaatory
respectively. For residual mass of esids, plaseems that the range of
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increments are similar in both laboratories even the values were differe
LDPE < HDPE < PS < PP < PET.

This variation was probably due to themainbomed differences in the
experimental parameters as weffeasndes in measurement systems such as
thermocouple setup and type of instrument [13, 15]. Niksiar et al. also report
that different particle sizes of polyethylene terephthalate in the thermal degrade
process gave a very small effect on tienaetigegy [19]. For the pyrolysis of
waste, Singh et al. obtained an activation energy of municipal solid waste pl
(MSWP) at 294.8 kJ tnading a TGKS analyser and 277.9 k3 usirig a
TGAFTIR analyser [12].

4.4 Summary

The thermalegradation characteristics and kinetic parameters of individual plast
and mixed plastics from three different waste treatment plants were investige
under B CO, and NCO, atmospheres in two different thermogravimetric
analysers. In all atmospharsone degradation peak temperature was observed
between 25810 °C depending on the sample type. The replacentgnt of N
CO, showed different effects on the activation energy, which was also influen
by the plastic type. Mixtures @\, in the prolysis atmosphere resulted in
lower activation energy for all plastic samples, with the exception of high den
polyethylene, polystyrene and polyethylene terephthalate. The lower activat
energy suggested that lower energy was required fodatendegreess.
However, a mixture of more than 30% carbon dioxide may influence th
degradation process of plastics due to a higher value of residue obtained afte
experiment.
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Chapter5
THERMAL PROCESSING OF WASTE HIGH DENSITY
POLYETHYLENE FOR SYNGAS PRODUCTION:
INFLUENCE OF PROCESS CONDITION AND
VARIOUS NICKEIBASED CATALYSTS

In this chapter, the influence of process conditions on ftteyngelsl oe.
hydrogen and carbon monoxide from waste high density polyethylene has |
investigated as presented in Research Objectivel Beaolje&tive of this
chapter is to identify the influence of two type of fixed bed reactor toward tt
concetnation of hydrogen and carbon monoxide in systage wrech involve

the pyrolysis of sample at specific temperaturestage twoere the gasification
stage was introduced into the process to gasify the pyrolyzed product. In addi
the use of Niased catalyst is also proposed in-skegenviixed bed reactor to
improve the production of syngas.

Based on the thermogravimetric analysis discussed in previous chapter, only
degradation peak was observed betwe®&i®80 depending on timepta

type in all atmospheres. Therefore, the pyrolysis temperature of 500 °C w
chosen for this set of experinibatyield of syngas from pyrolysis in nitrogen
and carbon dioxide are compared, followed by comparisonrstagé two
pyrolysigasificatidreforming. Further investigations on syngas production from
carbon dioxide reforming ofdgtsity polyethylene using thetage reactor

with the addition of steam were also carried out.

The study continued with the investigation on thelreffadddfdn of different

metal promoters in the form of cobalt, magnesium and coppealatoimackel
based catalysts in relation to the production of product syngas from the car
dioxide reforming of waste high density polyethylenestage tisd bed

reactor. Carbon dioxide conversion and carbon formation on the catalysts was
investigated. Further investigation into the relation of the different molar ratios
Ni:Co:Al on syngas quality has also been conducted.
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5.1 Influence of Nitrogen or Carbon Dioxide
Atmosphere in Pyrolysis of Waste Plastics using a
Fixed Bed Reactor

The difference in nitrogen and carbon dioxide composition plays a significant
in the pyrolysis of waste p[a$tia pyrolysis or gasification processeEgen

usually acts as a carrier gas for the pyrolysis products irdetbathbien
reactions occur between the nitrogen and the product gases. However in the
of carbon dioxide, there may be some reactions which occur between carl
dioxide anthe product gases during the pyrolysis or gasification process. The
arguments are in agreémih many researchefq.[2

In this section, a @tage fixed bed reactor was used. The reactor was 250 mm i
length by 3@m internal diameter and wasnalty heated by an electrical tube
furnace (1.2 kW) as dbsdrin Chapter 3. 2 g of plastics samgiaced in the
sample crucible boat. The pyrolysis temperature was increased from ambien
500 °C at a heating rate of 10 “€amihmaintained at 500 °C for 30 min.
Nitrogen or carbon dioxide was used as the carrier gas with a flow rate
200 ml mih 200 ml mihof CQ flow rate was chosen in this study to make
comparison between 200 mi@hiN. The flow rate 200 ml mihof CQ was
equivalent to 23.69 h

The mass balance results for the thermal degradation of each plastic sample
pyrolysis reactor are shown in Table 5.1. For pyrolysis under a nitroge
atmosphere, the data demonstrates that molistyréme lowest gas yield

(1.2 wt.%) and produces high yield of liquid; which mainly consists of oil and w
(91.0 wt.%) due to its aromatic structure. Apart from that, pyrolysis of
polystyrene produces a significant amount of char (4.3 wethjactowmpand
highdensity polyethylene. These results are confirmed bih#rsJgvatiere

mainly viscous dadtoured oil which consisted almost entirely of aromatic
compounds from pyrolysis of polystyrene was reported. Using a temperature
500°C and a batch pressurized autoclave reactor, the amount of char produced
about twice the amount of char obtained frordesionpolyethylene. It was
concluded that this represented the role of aromatic compounds in char forma
via condensatiof the aromatic ring structure.
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In contrast, polyethylene terephthalate shows a high production of gas (27.1 wi
but is low in liquid yield (50 wt.%). It also produces the highest amount of ch
(23 wt.%) compared to thesofilastics. Cabaelleral.e] suggested that the
formation of PET char was caused by the doubly substituted aromatic nucleus
PET structure and by the presence of the =O of the ester groups of the polyn
This suggestion was further strengthened kartheofasesien and Nijenhuis

[9] which confirmed that the char is formed in the decomposition of certai
polymers and depends on the capability of the chemical structure of the polyme
react with hydrogen atoms of the polymeric structur@OQstiahcsO

Pyrdysis of waste plastics under the carbon dioxide atmosphere shows the hic
gas concentration and char yields for polypropylene at, 9.92 wt.% and 10.5 wt
respectively. The highest liquid yield was observed for low density polyethylen
95.3 wt.%. Pgstyrene, polypropylene and low density polyethylene showed th
lowest yields of gas, liquid and char, at 9.92 wt.%, 82.5 wt.% and 0.5 wt.%
respectively. However, in this chapter, the study has mainly focused on low der
polyethylene, polystyrene, pobypene and high density polyethylene.

In terms of the gas composition at 500 °C, it can be observedaai there
carbon monoxide and carbon dioxide detected on the pyrolysis of waste pla:
(LDPE, HDPE, PP and PS) in both atmospheres swredloxice produced

from the experiment was the same amount with the carbon dioxide introducec
the system. The carbon monoxide and carbon dioxide produced in nitrog
atmosphere for polypropylene and polystyrene feedstocks are also negligible
the values are very low. However, the methane andCpthgdrGcarbons
concentrations in carbon dioxide atmosphere showed an increase in amour
compared to nitrogen atmosphere as shown in Figure 5.1 exCgpt for C
hydrocarbons for high densitytipdéree.

The hydrogen production in mmol per gram of sample was in the order c
LDPE>PP>HDPE>PS in nitrogen atmosphere and LDPE>HDPE>PP>PS i
carbon dioxide atmosphere. In both atmospheres, it was shown that the hig
hydrogen production was for lowsitgepolyethylene and the lowest hydrogen
production was for polystyrene. Generally, it is believed that pyrolysis of wa
plastic produced more hydrogen in the nitrogen atmosphere compared to
carbon dioxide atmosphere.
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Table5.1 Mass balances of the results from pyrolysis of plastic samples

FeedstodkRg LDPE PS PP HDPE PET
Atmosphere N, CcOo, N, COo, N, CO, N, CO, N, CO,
Gas wt.% 13.5 8.59 1.2 0.65 12.0 9.92 12.6 7.90 27.1 -
Liquid/wt.% 85.0 95.3 91.0 92.0 68.3 82.5 84.5 90.0 50.0 -
Chat wt.% 0.00 0.50 4.3 5.50 9.5 10.5 0.0 1.50 23.0 -
Mass balahcet.% 98.5 104.3 96.5 98.2 89.8 102.9 97.1 99.4 100.1 -

Reactor type = Fixed bed reactor Feedstock weight/temperapaeCOAgIB0ateG 26D mimiHeating rate = 10 G n8gngas collection time = 79 min
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Figure 51 Gas composition from pyrolysisstplastics under nitrogen or
carbon dioxide atmosphere

Overall, the data show that only a small amount of hydrogen was produced du
pyrolysis of the waste plastics and the highest yield was for the nitrogen atmos;
compared to carbon dioxide. In addition, the methane concentration w:
correspondingly oegsed in nitrogen compared to the carbon dioxide pyrolysis
atmosphere. No carbon monoxide was detected with the nitrogen or carb
dioxide pyrolysis atmospheres. Since the carbon dioxide reaction wi
hydrocarbons is normally endothermic, it is camsitleagdon dioxide will be
effective at temperatures higher than 500 °C. In comparison, both atmosphe
showed almost similar gas concentrations. Therefore, it can be suggested the
carbon dioxide does not significantly affect the pyrolysiat &0 Gc.

5.1.1 Influence of carbon dioxide flow rate on pyrolysis of
polystyrene

The introduction of carbon dioxide in the pyrolysis of waste plastic seems
produce small effects on the product yields. To further confirm the effect of carl
dioxde in the pyrolysis process, an experiment with a lower carbon dioxic
concentration was introduced to the system. The carbon dioxide flow rate
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200 ml mihand 100 ml mirwas investigated for hydrogen produciion
pyrolysis of polystyrene.

The product yield and the gas composition results are shown in Table 5.2. F
the table, it is shown that the gas yield corresponding to the polystyrene \
increased with the decreasing carbon dioxide flow rate. It is believed that incree
the amourdf the syngas production is due to the longer residence time for th
gases in the reactor, hence cracking the heavy hydrocarbons into gases.
supported by the less amount of liquid yield produced by the' l6® matenin

of carbon dioxide comgiaoethe 200 ml niifhow rate. However, there was no
change in the char yield production, which shows that no further reaction occ
with the carbon dioxide even though the flow rate was reduced. It can be sugge
that reducing the flow rate of calibgie does not give significant changes on
the product yields at the range tested.

In term of the hydrogen production, a lesser amount of hydrogen was produce
100 ml mifhinjection of carbon dioxide as shown in Figure 5.2. However, the
hydrogen pduction in mmol per gram of sample showed a small increase fro
0.054 in 200 ml mimjection to 0.07 in 100 ml*hmipection.

Table 52 Mass balance for different carbon dioxide flow rate in the pyrolysis ¢

polystyrene
CO, flow rate /ml mih 200 100
CO2 flow rate/ g'h 23.6 11.8
Product yiéleis%
Gas yield 0.7 1.4
Liquidyield 92.0 91.2
Char yield 5.5 5.5

Mass balance 98..5 98..1
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Figure 52 Comparison in gas concentatigyrolysis of waste polystyrene in
carbon dioxide atmosphere

5.2 The Introduction of Gasification Stage into the
System using a Twastage Fixed Bed Reactor

In order to improve the hydrogen productionstade/@yrolysis gasification
system was intuogd and several preliminary experiments have been conducte:
High density polyethylene has been chosen as the pilot feedstock to invest
whether the addition of the gasification stage at 800 °Gdtadeepyvolysis
gasification reactor will eabdahe hydrogen production than that only with one
pyrolysis stage at 500 °C. Nitrogen or carbon dioxide was used in this study wi
flow rate of 200 ml mis mentioned in previous section, tfo@W@ate of

200 ml mihwas equivalent to 2318.9

In a nitrogen atmosphere, the gas yield showed a high improvement, fr
12.75 wt.% to 46.87 wt.% for the pyragsification of waste plastic in a
nitrogen atmosphere compared to the only pyrolysis experiment as shown
Figure 5.3. Durinthe pyrolysasification, sand was used as the catalyst
replacement in the 2nd stage furnace. Therefore, the solid yield was mainly
carbon deposition presence on the sand. There was no pyrolysis char present
the experiment. The amount of paodiiced was also reduced by more than half
proving that the significant increase of gas yield iggsifagsen of waste

high density polyethylene was due to the gasification stage at 800 °C that ga



- 135

the heavy hydrocarbons moleculesastbega® reducing the liquid yield from
84.5 wt.% in pyrolysis conditions to 33.5 wt.% in pyagsifis&tion system.
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Gas Solid

Figure 53 Comparison on produeid compositions between pyrolysis and
pyrolysigjasification of high density polyethylene under nitrogen atmospher

Regardless of the type of atmosphere, the hydrogen yield was significa
increased with the tstage fixed bed reaction process complagenhstage
pyrolysis reactor as shown in Table 5.3. It is apparent that there was mas
improvement in hydrogen production, which was due to secondary reactions
hydrocarbons in the second reactor, as shown by the reduCjon of C
hydrocarbonggs concentrations in thestage reactor system. The reaction at
800 °C in the 2nd stage reactor enhanced the carbon dioxide reaction w
hydrocarbons, hence raising the volume concentration of hydrogen.

In the presence of the nitrogen atmospheydrdabgen production in the two

stage fixed bed reactor increased from 0.23 to 2Q.13.mmnVhile in the

carbon dioxide atmosphere, the hydrogen vyield increased from 0.1 t
33.58 mmgl gYoee There was also a marked increasepindtietion of

carbon monoxide in the presence of the carbon dioxide atmosphere. This sug
that in the carbon dioxide atmosphere dry reforming reactiong.{Beaction
occurred between methane and other hydrocarbons with carbon dioxide in
secondage as compared to the result obtained for the experiment with a nitrog
atmosphere. This was also suggested from the marked decrease in
concentration of methane and other hydrocarbon gases in the experiment u
carbon dioxide atmosphere. Sewswrahers reported that the highly
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endothermic characteristic ofdBOreforming requires high temperature for

the reaction to occur since both carbon dioxide and methane are stable compc
with low pantial energiesd] 11 Dry reforming has togeformed at high
temperature and low pressure to achieve maximum conversion because of
highly endothernularacteristic of the prodegksTherefore, clear changes in

the hydrogen and carbon monoxide concentrations from the experiment with
cabon dioxide atmosphere can be seen when the 800 °C second stage
introduced.

Table 53 Gas yields comparison between pyrolysis andgpgifodesisn of
waste high density polyethylene

Pyrolysis Pyrolysis Pyrolysis Pyrolysis

N, CGo, gasificatior gasificatior

N, CO,
Mass balaridé 97.25 99.40 99.87 111.45
Hydrogehmmol ¢ 0.23 0.1 20.1 33.58
Carbon depositiom@ n/a n/a 0.20 0.44
Gas concentration /vol.%
CO 0.0 0.0 0.0 62.89
H, 6.59 4.37 45.89 23.82
CH, 11.19 17.68 45.03 11.94
C-C, 82.22 77.95 9.08 1.35

n/a; not applicable

The efficiency tfedry reformingrocessvas also compared withsteam
reforming process. Wu €18l Jreported in their studies that steam reforming of
1 g of HDPE with74 g fof stem addition produced 0.023,g:@0f H. As
equally calculated, dry reforming of 1 g ofMHDRE4 ghof carbon dioxide
additiomproduced 0.055 ¢,gi.0f H, twice themounbf hydrogen produced

in the steam reforming pro¢éssfinding further strengttienobjective thie

dry reforming process on producing high amount of heyrgyasmary of
comparisonshown below:

Steam reforming of HDPE [13]atsioestagaxed bed reactor

Sample: 1 g of HDPE, no catalyst (sand)
Reformer agert 74 g hof steam addition
Output:0.023 g Gasicof H
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Dry reforming of HDPE usitvgp-stage fixed bed reactor

Sample: 2 g of HDPE, no catalyst (sand)
Reformer agent: 6.8'@f carbon dioxide addition

Output: 0.07 g'gheiOf H

5.3 Influence of Steam and Carbon Dioxide on the
Non-catalytic Pyrolysisgasification of High Density
Polyethylene

Table 5.4 shows the influence of varying the process conditiwostéaethe
reactor with 1st stage pyrolysis at 500 °C, followed by reaction in the 2nd stag
800 °C in the presence of quartz sand. In this series of experiments, the cal
dioxide was mixed with nitrogen at the inlet to the 1st stage. In addition
experiments, steam was introduced into the 2nd stage reactor. Instead of using
amounts of carbon dioxide (which acted as the carrier gas as discussed in s
5.3), a small amount of carbon dioxide was added as the reforming agent, as i
case oteam. The carbon dioxide and steam were introduced at different ratio
CO:H,0= 1:0, CGH,0=0:1, CQ:H,O0 = 3:1 and CH, O = 1:3 to the

system. The total amount of carbon dioxide and steam addition was 8 g anc
nitrogen flow rate was 200 mt foirall experiments.

The first experiment was with the addition of only carbon dioxide to nitroge
(6 g Rof carbon dioxide (8 g in total)) introduced into the 1st stage of the react
system. The products from the process were mainlyeyases shwil amount

of water was found in the condenser system. Oyama et al.[14] suggested tha
production of water was due to the reverse water gas shift reaction (RWGS). F
Tables.4, the addition of carbon dioxide into the system resultegasamin
hydrogen production from 20.1 mmotfloee (Table 5.3) to
34.2mmol H ghpoeerepresenting a 70% increase in the hydrogen production in
mmol per gram. The carbon dioxide conversion was the highest compared to
otrer plastics with 41% conversion. The presence of carbon monoxide shows
the CQreforming or dry reforming process occurred. During/ting CO
reforming process, the hydrocarbons produced from the pyrolysis of the waste
density polyethylene ezhetith the carbon dioxide producing more hydrogen as
well as carbon monoxide. It is suggested that thermal cracking of hee
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hydrocarbons during the second stage reactor was influenced by the additic
carbon dioxide. This was further supported drgeheeduction in methane
concentration, from 45.03 vol.% (Table 5.3) to 3.45 vol.% (Table 5.4) anc
reduction of other hydrocarbons, from 9.08 (Table 5.3) vol.% to 0.22 vol.%
(Table 5.4) in the experiment with the addition of carbon dioxide.

Table 54 Influence of the reaction atmosphere on the-ggsifigaison of
waste high density polyethylene using-si@gviixed bed reactor with
sand in the second stage at 800 °C

N/CO, NJ/H,O NJ/COxH,O N,/CO,H,O

=31 =1:3
Mass balance/ % 95.64 91.14 99.64 92.17
Hydrogenmmol duppe 34.2 78.9 58.39 66.47
Carbon yieldj gppé 0.14 0.13 0.14 0.11
CO, conversion/ % 40.81 n/a 27.92 7.433
Gas concentration/ vol.%
CO 43.07 24.9 35.72 26.02
H, 20.71 59.1 31.09 49.09
CH, 3.45 9.2 6.68 7.62
C-C, 0.22 1.4 0.26 1.65

n/a; not applicable

The addition ofgdam of steaf#.5 g f) into the pyrolysimsification of high
density polyethylene process produced more hydrogen compared to 8 gran
carbon dioxidé g h) addition. Hydrogen production was reduced by more than
half (steam: 59.1 vol.% to carbon dioxide: 20.7 vol.%), methane production w.
reduced (steam: 9.2 vol.% to carbon dioxide: 3.4 vol9G) ydr&arbons

were also reduced (steam: 1.4 vol.%bém choxide: 0.2 vol.%). However

more carbon monoxide was produced (steam: 24.9 vol.% to carbon dioxic
43.1 vol.%). It could be suggested that the steam addition enhanced the hydre
production, while the carbon dioxide addition promoted theocerkide
production.

The carbon deposition data in the table represents the formation of carbon on
sand in the 2nd stage reactor. The data indicates that with the addition of cal
dioxide or steam, the carbon deposition was reduced frérof G2nmplg

(Table 5.3) taround 0.13 ™14 g ¢§of sample (Table 5.4). Hwra. [5]
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found that carbon dioxide has the ability to reduce carbon by the gasifical
reaction as shown in ReatiihSteam also plays a significant role in reducing
the carbon deposition (Rea2t®nThis also contributed towards the amount of
carbon monoxide produced from the process. In addition, the water gas sl
reaction (Reacti®® might also occur, thereby consuming carbon monoxide and
producing carbonxdite.

Table 5.4lso shows the results from the pdgalyisation of waste high
density polyethylene with the addition of stégf€@t.#,0O ratio of 3:1 and

1:3. The results show that the addition of steam into the system markedly incre:
the anount of hydrogen production. The highest amount of hydrogen produce
was 66.4/mmol H ghpeeWhich was achieved a/@N:H,O ratio of 1:3.

From the table, it appears that more hydrogen yield resulted when more steam
Injected into the system. ddidition of steam introduced the steam reforming
reactionReactio.9), which contributes towards hydrogen production.

The addition of steam also produced high amounts of methane and ot
hydrocarbons and increased with a higher level of steabeaddédidhe
consumption of methane in the reforming reaction, the increase in metha
concentration might be caused by the lower hydn@ckibgrefficiency. The
addition of steam might affect the reaction conditions inside the reactor and st
mayconsume some energy in the reactor, hence limiting the cracking of meth:
and other hydrocarbofhkese results are consistent with those dlytained
Wu et al[13] in which the hydrocarbon concentration-gztadgtic steam
reforming of highensity polyethylene was higher compared to without steam
addition. However, with the addition of catalyst in that study, the hydrocarbo
cracking efficiency was greatly improved resulting in higher hydroge
concentration but lower concentrations ofenagithather hydrocarbons.

Figure 5.4 shows the relationship between hydrogen and carbon monox
production in mmot gf plastic with the carbon deposition' iof gplgstic. It

appears that more carbon monoxide was produced when less sexhin was injec
the system. The carbon monoxide yields from the experiment with the addition
steam and carbon dioxide were produced from two different reactions; the ste
reforming reaction and dry reforming reaction. Compared to the steam reformi
reaction, #hdry reforming reaction produces twice the number of moles of carbo
monoxide in each reaction. Therefore when the concentration of steam was lo\
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the system, the carbon monoxide production was higher. Furthermore, due to
high temperature, the re@avater gas shift reaction might also occur, consuming
more carbon dioxide and resulting in high carbon monoxide concentration. Thi
also suggested from the carbon dioxide conversion results, which showed 27.
carbon dioxide conversion when lass v&isainjected into the system as
compared to 7.4% carbon dioxide conversion at higher steam injection rate.
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Figure 54 Hydrogen, carbon monoxide and carbon deposition production
relationship from pyroblgsisification of waste high density polyethylene
with the addition of carbon dioxide and/or steam.

In terms of the carbon deposition, the lowest carbon depadiieved/as a

CGOJ/N ,:H,0 ratio of 1:3. Edwards and Maitraddeéited that methane dry
reforming produced more carbon compared to steam reforming due to the lov
H/C ratio in both the feed and product gases. However, with the addition c
suitable catdly47], the carbon formation in methane dry reforming (without
steam) can be reduced and might achievdraearoosss.
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The theoreticablculations for hydrocarbon conversion in dry reforming were
madeo further confirm the restite calculat®mnvere based ondh& from
pyrolysigjasification with nitrogen and pygdgsiication with nitrogen agd 8

(6 g h) of carbon dioxide introduced to the gdstferaforminggs shown in

Table 5.5. Based on the carbon dioxide data, sin@egoafyc&rbon dioxide
remained after the experiment, it was assumed that 2.329 g of carbon diox
reactedconsumeduring the gasification/reforming prodiesssiactor.

Table 55 Gas compositions frymolysigyasification high density polyethylene

PyrolysigasificatiqiN,)  Pyrolysidry reforming
(No+ 8 g oCO)

Gas concentration/ g

H, 0.08 0.13
CO n/d 3.42
CH, 0.63 0.17
CH, 0.2 0.06
C,Hs 0.02 0.003
CsHs 0.004 0.001
CHg n/d n/d

C.Hs 0.01 n/d

CHio n/d n/d

CO, n/d 5.67

n/d; not detette

Firstly, the hydrocarbon and carbon dioxide reactions were used as mentione
Reactio2.11a to Reactighlly. This was based on the basic reaction of carbon
dioxide with carbonaceous material (R24adtion

CH,+ CO,A 2CO + 2H (Reactio.113)
CH,+ 2CO A 4CO + 2H (Reactio.1D)
CHs+ 2CO.A 4CO + 3H (ReactioB.1¥)
CH;+ 3COA 6CO + 3H (Reactio.11)

CHs+ 3COA 6CO + 4H (Reactio.1%)
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CHg+ 4CO A 8CO + 4H (Reactiof.11)

CHyp+4COA 8CO + 5H (Reactiod.1k)

Thereforetheoretically for 8 g of £the amount of CO andkbduced after
the dry reforming reaction withi€as follow:

8 g of GB 0.1818 moles

0.1818CH+ CQA 2CO + 2}

In moles:
0.1818 CH 0.1818 G 0.3636 CO + 0.3636 H

In grams:
2.92 CH+ 8 C®A 10.18 CO +0.733 H

However in pyrolygiasification with only nitrogen involved, only 0@Q,g of
wasproducednd 0.165 g @fH, remained in pyrolydrg reforming system
Thereforeit is assumed that65 g of methane was reactedanhthn dioxide
to produced carbmonoxide and hydrogen.

0.465 g of €H0.029 moles

0.029CH+ CQA4 2CO + 2j)

In moles:
0.029 CHr 0.029 C4 0.058 CO + 0.058 H

In grams:
0.465 CjH 1.276 CH 1.625 CO + 0.117 H
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The calculation continues with the other hydrocarbons. Based on the calculati
the total of carbon monoxide and hydrogen productions as well as carbon dio
consumption was compared with the experimentaktesuiis dable 5.6.

Table 56 Comparison table of calculation data and experimerftainresults
pyrolysislry reforming of waste high density polyethylene

Total calculatic Experimental resudt Difference

/g /g

COproduction 2.28 3.2 +1.14
H, production 0.14 0.13 -0.01
CGO, consumption 1.78 2.33 + 0.55

It can be assumed from the difference that the hydrogen may further react
carbon dioxide to produced carbon monoxide and water based on the revi
water gas shift reaction (RWEa®hermore, at temperatures above 720 °C,
other side reactions such as the Boudouard reaction may also occur that c
the reaction of the carbon deposition with carbon dioxide to produce carb
monoxide.

5.4 Influence of NickelBased Catalysts on Sgas
Production from Carbon Dioxide Reforming of
Waste High Density Polyethylene

This section describes and compares the influendmsédicatdlyst on syngas
production from carbon dioxide/dry reforming processhaserketatalysts

were widely sed for hydrogen and syngas production from steam reforming
process of waste as well as in dry reforming of methane due to their high stal
and catalytic activity, and lower cost compared to noble mefa8 cafalysts
However, nickel catalystskamevn to be prone to deactivation due to coke
formation on trheatalyst and nickel sinteBflgIf has been suggested that the
addition of Mg, Cu and Co for methane dry reforming could improve cataly
activity and stability towards syraghsctionral coke formatidi23.
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5.4.1 Fresh catalyst characterizations

Table5.7 shows theurface ared thefreshlypreparedhickel based catalysts,

Ni/Al O3 NiCU/ALO; Ni-Mg/AlL,Osand NICo/Al,O; and the three different
cobalt containing catalyst compositions fe€Ctial); catalystThe surface

area is generally related to the catalytic activity of the catalyst, in which high sul
area typically improves the activity of the cat@lykt T2, surface area of the
fresh catalyst was in the ordefAljD; > Ni-CdAI,O; (1:0.5:1) >
Ni-CUAIl,O; > Ni-MdAI,O; > Ni-CdAl.O; (1:1:1) > NiCdAI 05 (1:2:1).

Addition of the Cu, Mg and Co promoters to A®Nsatalyst reduced the
surface area of the catalysts. Wu and Williams (2009) also reported a similar €
of the addition of Mg into-ANjatalyst where the surface area of the catalyst was
reduced from 153 gh (Ni-Al (1:2)) to 99hg* (Ni-MgAl (11:1))[26].

Table5.7 BET surface area of the prepared catalysts.

Catalyst Molar ratic BET surface areadd
NI/Al O 1:1 133
Ni-CUAI ,0, 1:1:1 73
Ni-MdgAl ,O; 1:1:1 66
Ni-CdAl ,0, 1:1:1 48
Ni-CdAl.O; 1:0.5:1 81
Ni-CdAl ,0, 1:2:1 31

The XRD spectra patterns of the ®Q4/AN-Cu/AlLO; Ni-Mg/Al,O; and
Ni-Co/AlLO; catalysts were obtained from-thg #iffraction analysis and the
results are shown Rigure5.5. The metal appears to be well distributed
throughout the catalysts. All of the catalysts exhibited XRD intensity peaks for
presence of NIQALO; and NiAD,. In addition, four intensity peaks
representative of CuO were observed feCiln@\B); catalyst [24], two peaks

for MgO and a peak of NiMgO for thghl,O, catalyst [27] and five peaks of
CaO, for the NICo/AlLO; catalyst [28, 29]. Since the catalyst was not treated or
reduced prior to the analysis, the XRD patterns show thatadlatiteednto

the catalysts remains in their oxide forms as expected. The XRD patterns for
different ratios of-8b/Al,O; catalyst are showRigurés.6. The patterns were
similar, however small difference can be seen in the diffractiongedies, in wh
peaks became more sharper as the amount of cobalt was increased, as the ra
increased from 1:0.5:1 to 1:2:1.
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The HTPR profiles of the fresh catalysts areirsitogures.7. The main
reduction peaks of both N@Aland NMg/ALO; catalgt occur at high
temperature at around 750 °C to 850 °C, showing the strong interaction betwe
the metal and the support. In contrast;GleAND; catalyst demonstrated a

low intensity peak at a temperature between 230 °C and 260 °C, which may
attnbuted to the reduction of NiO that was weakly interacted with the suppoi
material [30]. The-8o/Al,O; catalysts with increasing aolratknt exhibited

similar profiles of two reduction peaks. The first peak was observed at
temperature between 280460 °C and the second reduction peak was detected
between 550 and 730Tia first peakay be assigtethe reduction of Og

and NiO speciefich occur at the same time asddhed peak sugghsts
reduction of Nig@, and/or CgD,, NIO specieandmetal aluminaspinel

species (such as Nifdnd CoAD,) havingtrong interaction with suppbrt

Similar trend has been reported in studi€s8t batalysts with the addition of

Sr [31]. The complete reduction-GloNoimetallic edgsts was reported to
involve two or more overlapping reduction peaks due to the simultaneot
reduction of @0, and NiO species [31].
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Figure 55 XRD spectra of the fresh catalysts:ABPNiL:1) catalyst; (b)-Ni
Cu/ ALO; (1:1:1) catalyst; (c)-Mg ALO; (1:1:1) catalyst; (d)-Go/
ALO; (1:1:1) catalyst
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Figure 56 XRD spectra of the fres€NALO;catalysts: (a) 1:0.5:1; (b) 1:1:1;
(c) 1:2:1
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Figure 57 Temperature programmestlictiofiH,-TPR) of the fresh catalysts
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5.4.2 Pyrolysigatalytic CO, reforming over Ni/Al ;0
catalyst

The pyrolyscatalytic COreforming of high density polyethylene with the
Ni/Al ,O; catalyst was carried out at a catalyst temperature of 800 °C. The no
catalytic pyroly$€i©, reforming of high density polyethyleaéswasrried out

where sand was used as the substitute for catalyst. Experiments without any ce
or sand were also carried out as a baseline experiment for comparison with
results when sand or catalyst was used. The product yields Baglesh&wn in

and the gas compositions of the experimental results are prggebtéd in

Figure 5.9 shows the carbon deposition andctdmv€€ion from the pyrolysis

dry reforming of high density polyethylene. The carbon deposition was the car
depasited on the catalyst/sand after the experiment.

Table 5.8 shows that in the absence of catalyst and yw&formi@agent,

the high density polyethylene was pyrolysed to produce a liquid produ
(33.5 wt.%), gas (46.9 wt.%) and signifiepasition of carbon on the sand
surface. The pyrolysis residue from high density polyethylene was negligible.
residue was measured by weighing the sample ho#iistaigetiierdace before

and after the experiment. Pyrolysis of high deeitylgred usually produces

high yields of oil/wax, typically ~80 wt.% [32]. However, in this work for the
uncatalysed experiments, the pyrolysis gases pass through the sand bed
temperature of 800 °C and are cracked to produce higher gasiiedhtand sig
deposits of carbon on the sand. The introductignnoth€(howatalytic
experiment produced a marked increase in gas yield from 46.9 to 90.6 wt.%. |
suggested that the,®@s involved in the cracking and reforming of the
hydrocarbon milax to produce gases due to the marked reduction of liquid yield
from 33.5 to 2.0 wt.%. g@forming also reduced the carbon deposited on the
sand from 19.5 to 2.8 wt.%.

The introduction of the Ny@J catalyst in the absence epf@Quced a slight
decrease on the gas yield from 46.9 wt.% (sand) to 33.7 wt.%. This decrease ir
yield corresponded to a high carbon deposition of 56.0 wt.% oy©ihe Ni/Al
catalyst and reduction of liquid yield to 7.5 wt.%. The introductitantbé CO
second reactorproduce dry GE€atalytic reforming reactions of the high density
polyethylene pyrolysis gases resulted in an improved production of gases
93.2 wt.% while reducing the carbon deposited on the catalyst to 1.0 wt.%.
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Figure5.8 shows the analgbithe gases produced from the pyratslisc
CGO,reforming of high density polyethylene withAih®J\iatalyst. Compared

with the gas produced in the absence of catalyst (sand) and abgkace of CO
high concentrations of, &itl C, were found, the introduction of i@Ghe

absence of the catalyst (sand) produced a syngas with increased concentrati
hydrogen and carbon monoxide.

However, with the introduction of tiWal XIi; catalyst to the ¢€€@forming

process, the concatdn of carbon monoxide markedly increased, with also high
concentrations of hydrogen. The syspga®)(idroduction was increased from
20.01 mmghgs 9'ore fOr norcatalytic and no C@xperiment to

138.81 mmg)..g*orefor the COreforming of high density polyethylene with
the NIAI O, catalyst (Table 5.8). The increase of hydrogen and carbon monoxi
concentration and the decrease, ah@C&C, hydrocarbon in the gas yield in

CG; reforming of high density polyethylene &weltripromotion of gy
reformingeactios (Reactior2.1]) in the second reactor. This can be supported
by the increase in,&@nversion from 40.81% fog f@rming of high density
polyethylene with sand to 54.46% with/&leOycatalyst (Figui5.9). The
Increase in hydrogen yield in the presence of catalyst mnefdrmiG® of
polyethylene was similarly reported by Yamada et al. [33], where hydrogen vyi
was increased from 1.7 % in the absence of catalyst to 35.4 % 4@&ing a Pd/A
catalyst. The catalyst used waegiesl with Hor 3 h. They also reported that

the decomposition of polyethylene into hydrogen and carbon monoxide w
completely reformed at the catalyst temperatuf€ of 850

The used Ml ,O; catalyst was analyisg temperature programmed oxidation
(TPO) and scanning electron micrsocopy and -ffeODihérmographs and
SEM micrographs are shown in FiguaedbigOre 5.1despectively.

The DTGI'PO thermographs of the reacted,®li/@dtalyst with and without

CO, (Figure 5.10), indicaiednass increase in the-THG thermogphsat

around 45°C which was attributed to the oxidation of the Ni particles during the
oxidation process [34]. A large peak of carbonaceous coke oxidation occurred
temperature 6650 °C for the Ni/AD; catalysts in the absence ofTD®
oxidation peak at ~650 °C was assigned to the oxidation of graphitic filament
carbons which are more resistant to oxidation compared to amorphous cark
which are typically oxidised at %@585]. Figure 5.11 confirmed the presence
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of large quantities of filamentous carbons on the surface of,Coliedhidi/Al
absence of €Adn the presence of,@d the Ni/AD; catalyst there was only a
small oxidation peak at 650 °C, suggesttagblon deposition, also confirmed

by the carbon deposition shown in Table 5.8 and the SEM micrograph in Fic
5.11. It is suggested that the reduction of carbon deposited on the catalyst mig|
due to the reaction between carbon a(ide@Qio2.10. Guczi, et al. [36]
investigated the formation of surface carbbfMgABO, catalyst for tl&0,

reforming of methattavas reported that the accumulation of carbon decreased a
high temperature and most of the carbonaceous coke washsmeveddy
Boudouard reaction.

5.4.3 Pyrolysigatalytic CO, reforming over Ni-Cu/Al ;,0;,
Ni-Mg/Al ,0z; and NiFCo/Al ,0O; catalyst

Table 5.8 and Figure 5.8 illustrate the effect of Cu, Mg or Co addition to tt
Ni/Al,O; catalyst on syngasaiiti CO) prodiien and gas composition.

the experiments with no, @dition to the second stage reactor, the gas yield for
the NIAI ,O;catalyst was 33.7 wt.%, when Cu was added to fDgchlidhlst

the syngas yield increase to 52.3 wt.%, and for Mg adtitiadcdainah, the

gas yield showed less of an increase to 39.9 wt.% and 38.6 wt.% respecti
(Table 5.8). There was also a small decrease in the amount of carbon deposit
the catalyst when the metal promoter was added, decreasing from 56.0 wt.%
the NiAI,O; to 43.5 wt.% for Cu addition, 43.0 wt.% for Mg addition and to
49.5 wt.% for Co additidfigure5.8 shows the gas yieldsh&pyrolysis

catalysis of high density polyethylend&Niv@thAl ,O;, Ni-MdJAI,O; and

Ni-CdAl ,O; catalysts the absence of ,Cthe NICUAI O, catalyst showed

the highest Cldnd other hydrocarbons concentrations, resulting in higher ga
yield but lower syngas production compared to the Mg and Co nickel bas
catalysts. The syngas productions for jatalysis of high density
polyethylene were similar for all the catalysts in the absenc of CO
~50 mmal,.4.g* high density polyethylene (Table 5.8).

When carbon dioxide was introduced into the -pgtalysis C{Oeforming of

high density polyethylene process, the amount of gases produced showed a
increase in the presence dNitBelAl,O; Ni-MJAI,O; and NICJAIO;
catalystsompared to the gas yield usiAb@§iwith CQ (Table 5.8). In
addition, the relationshipivben carbon deposition ang dd@version are
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shown in Figure 5®he carbon deposited on the catalyst showed only a smal
influence of the addition of the Cu and Mg promoters where carbon deposition
increased from 1.0 wt.%ANO;) to 1.1 wt.% witlu addition and decreased

to 0.7 wt.% with Mg addition. However, there was no coke formation detected c
the NICJAI,O; catalystThis is also in agreement with the results from
DTGTPOthermographs Figure5.10 The carbon deposition resdtslso
reflected in the carbon conversion data with lower coke deposition produci
higher C&conversion (Figure 5.9). The carbons formed 6X fDeddtalyst

with the addition of Cu, Mg and Co were also observed from SEM morpholc
(Figures.1). The N+CUAI,0O; andNi-MdAI ,0O; catalysts showing evidence of

the presence of filamentous carbons, BUCU®&l ,0; catalyst showing no
filamentous carbons.

Figures.8 shows the gas yields for the pyatisisc CQOeforming of high

density polystlene with th&i-CUAl,O; Ni-MJAIO; and NICdJAI.O;
catalystdhe concentrations of gases, adrsiiagun®.8 indicated that there

was little influence of Cu, Mg or Co metal addition /tal g dditalyst in the
presence of carbon dioxide. The carbon monoxide yields were influenced by
addition, with the highest carbon monoxide concentration with Co addition and
addition, producing lower carbon monoxide comparedAd. @ectalyst.

High CHand other hydrocarbon concentrations were found for Cu addition witl
lower carbon monoxide concentrations.

Table 5.8 shows that the addition of carbon dioxide produces an increase in s\
production (HCO) from 105.41 mmgal.g"orein thepresencef sand but

with no catalyst to 138.81 nmym@'orefor the NAI ,O; catalyst. The addition

of the Cu metal promoter to the pAdatalyst reduced syngas production to
130.56 mm@hes9'vore HOwever, the addition of the Mg and Cb meta
promoters to the NikSkincreased syngas production to 146.96mafmele

for the NMg/Al,Ozand 149.42 mrgpl.g*norefor the NICo/AlLOs. The syngas

(H, and CO) production for catady@©®, reforming of high density polyethylene
was therefore in the orderCoAI,O; > Ni-MdJAI,O; > Ni/Al,O; >

Ni-CUAl ,O; (Table 5.8igurés.8). The data shown in Table 5.8 and figures 5.8
and 5.9 show small but significant influences céltpeometer addition.
(Chapter 3 confirmed the reproducibility of the reactpr Rystefare, the
addition of the metal promoters, particularly for the Mg and Co promoters show
a significant increase in syngas yield.
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For the NCUAI,O; catalyst, thi was also reflected in thdPR data
(Figuré.7), where Cu had a very weak-sugtipbrt interaction, resulting in low
catalytic activity and consequently, the lowest syngas production and highest c:
deposition. The-APR data for the-GlwAl ,O; catalyst suggest the strongest
metaisupport interaction and with the highest syngas production and lowe
carbon formation on the catalyst surface suggesting the highest catalytic activit

The results suggest that the addition of Co ind fheclialyst increased the
syngas production and &fversion for the Q®forming of high density
polyethylene. The reduction of carbon deposited on the catalyst surface was
observed. Zhang et al. have also reported a high catalyad\Ciovitatadyst

for the C@reforming of methane which was attributed to a streongpoetal
interaction [37]. Others have also highlighted the importance of strong met
support interaction of@® catalysts to enhance catalytic activity ancbitee low
formation properties ofQvi catalysts {88].Liu et alhavesuggested that Cu

on the catalystirface has a very weak interaction witbn@gfred to other
metaldased on their density functional theory studigsadéo@ifion and
decomposition on Fe, Co, Ni and Cu dddfhces
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Table5.8 Pyrolysidry reforming of high density polyethylene with different catalysts

Catalvst None  Nome Sanc  sanc N/ NI NG/ NiCU NiMd NiFMg  Ni-Cd Ni-Cd
y ALO, ALO; ALO, ALO; ALO, ALO, ALO, ALO,

CC, flow rate 0 6.0 0 6.0 0 6.0 0 6.0 0 6.0 0 6.0

(g

Product yield (wt. %)

Gas 38.1 939 469 906 337 932 523 962 399 976 386 948

Liquid 270 1.4 335 20 75 12 40 25 75 1.1 6.5 2.4

Residue 0.0 0.3 0.0 0.2 10 01 00 0.1 1.0 0.1 0.0 0.0

Carbon 28.0 34 195 28 560 1.0 435 1.1 43.0 0.7 495 0.0

deposition

Mass balance 93.0 99.0 999 956 982 955 998 999 914 995 945 97.2

Syngas yield (§nga®hor}

H,+ CO 2532 112.35 20.01 10541 51.90 138.81 47.53 130.56 48.78 146.96 50.83 149.42

Hz:CO molar . 049 - 048 1421 047 952 051 1011 049 1115 0.47

ratio
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Figure 510 DTGTPO thermograph of different type of coked catalysts afte
pyrolysisiryreformingfhigh density polyethylene
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