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ABSTRACT

During themechanical recyclig, especially during theortingandseparation processf
bottle gradePET, crosscontamination wittpolyolefinis inevitable. Very small number of
polyolefin bottlescapsandclosurespass through the separation process and get recycled
with PET bottlesand affect the final characteristics of the recyclate. The effect of this
cross contaminatioand theinfluenceof polyolefin contamination theoverall
characteristicoof bottle grade recycled PEEspecially théhermal characteristicsvith
emphasis o crystallinity, were thoroughly investigated. The investigastiowed that
theinclusionof polyolefin contaminatiomnfluenced the overall characteristafsthe
bottle graderPET matrix and indicatedncompatibilityof polyolefin contaminantand
rPET-bg. This influence had an impact on Wiscosity elasticityandstrengthof the
rPET-bg matrix. Furthermore, therystallinity of therPET-bg matrixshowed thempact
of polyolefin contaminatioms a resuldf variation ofcooling ratesand thatcrosslinking
andchain branchingpredominated overhainscissionsas a result ofepetitive
extrusions The crystallisation process of thencontaminated rPE-bg andrPET-bg
contaminated with polyolefidepended on many influencing factors, suchmgmirities
crosslinking, chain branching, chain scissions, cooling raaedrepetitive extrusion
cycles Also, the crystallisation mechanism fully depended omttaeationandgrowth
ratesand thatompetitionbetweemucleationandmolecular mobilitywas influenced by
the variation otooling ratesandrepetitive extrusion cycless a result, théhermal
characteristicavere greatly influenced by the inclusionpaflyolefin contamination
especiallycrystallinity, as shown and validated by theramiandOzawamodelsand that
the findings are a step forward and an original insight omtheenceof polyolefin

contaminatiorat industrial scale.

Keywords: Battle graderPET, polyolefin ontamination, crystallinitychains scission,

crosslinking, chain branching.
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LIST OF SYMBOLS & ABBREVIATIONS

Abbreviation for Plastics Meaning
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P e Poly(trimethylene terephthalate)
TPET e recycled Poly(ethylene terephthalate)
HDPE ..o High Density Polyethylene

PP e ————— Polypopylene

DSC..o e, Differential Scanning Calorimetry
Ll I8 1 PP Fourier Transform InfradRed spectrometry
MER/ it Melt Flow Rate/Index

SCOO- i ————— Ester Chemical Functional group
C-O i Carbo®xygen Single Bond
C=0 i ————————— CarbonyFunctional group

C-H s Carbon Hydrogen bond

CmC Carbon Carbon Double Bond
C-O-C e Ethergroup

L PP PPPPSPPPP Number of repeated units inpwlymer chain
O Oxygen
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H oo Hydrogen

2 | TR bis(hydroxyethyl terephthalate)
5] Dimethyl Terephthalate
DEG .o Diethylene glycol
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Bachir ITIM XXV PhD Thesis



Abbreviation of Chemical Compounds Meaning
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Chapter 1

Introduction

1.1 Introduction

Plasticwasteis one of the major issues in the UK balanced production and
consumption of plastics is of paramount importance in overcoming current and future
environmental problems resulting from incineration or tichg and their impact on

soil and air qualitie%l]. The worldwide production of plastics rose to 299 million tonnes
in 2013, from which 20% were produced by European countries, whbetipylene
terephthalateRET, represented 6.9%. Reduce, reusandrecyclebecame the main
targets and pressure feustainable use and recycling is continuously exerted by the

European Union LegislationsThe EU Waste Framework Directive 205§3requiresall

member statet® recycle at least 50% of waste by 20T&e Climate Change Bill 2008
requires the UK toeduce CQemissions by deast 26% by 2020 compared to 1990
levels.The Climate and Energy Packa@eset by theEU leaders in March 2007 aiming
atredudéng theEU greenhouse gas emissions2®foecompared to 1990 levelsidreasing
the share oEU energyconsumption produced from renewable resourc@9%and
improving theEU energy efficiency by0%

PET is well established engineeripglyestersynthesised by polycondensation of
bis(hydroxyethyl terephthalateBHET, either bytransesterificatiorof dimethyl
terephthalateandethylene glyco[lﬁ] or bydirect esterificatiorof terephthalic acidand

ethylene glyco[l7] and then polymerised Istepgrowth polycondensatior[u8], during

which, the weight average molecular weight of BT produced in theifst stage of
polycondensation is increased from 15®ol” to reach 2700g.mol‘or higher by solid

state polycondensation, sSSP The ssPis usually performed at lower temperatures

to overcome the polymerds t hlarrweighlis degr adat |
increased for processing and material characteristics purposes, such as overcoming

processability complications for certain engineering applications which require high
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molecular weight polymers. The high molecular weighPBfT is a determinant factor in
extrusion and injection mouldings for the production of fibres, filaments, films and
especially bottles. The most used proces®tF bottlegs injection stretch blow
moulding ISBM. The vast use of PET bottles manufacturingeased postonsumer

waste dramatically anekcycling capacities are in continuous increase to overcome the

[

cost of using virgirPET, ZhangandWen Y Advances in recycling techniques allowed

the recycling of postonsumePET wastemechanicallyinto new recycled PET for re

(12]

use Shenret al.” ' or chemicallyconvertedoy reversing the pross of polymerisation

(depolymerisation) and breaking the polymer chains into basic chemical compounds.

Depolymerisation oPET by chemolysiss performed either blgydrolysis Liu et al.[lg],

methanolysisKurokawa et al.[l4], glycolysis Ghaemy et al*™ and other processes.
Chemical compoundshemicaly convetedfrom PET are raised to produce virgin PET
due to their high pure state. Whereaschanicallyrecycled PET is usually contaminated
by polymeric materials, mainly polyolefin or other foreigaterials, which affect the
fundamental inherited properties of the recycled PET.

Bottle gradeecycled PET referred to in future as rREJcan be used as an alternative
to virgin bottle gradePET and redugsenvironmental issues related to landfilliawgd

incineration. rPETbgis considered to lose its inherited properties through recycling and

reprocessing cycless reported blopez et alt*®, Duringmechanicatecycling, rPET

bg getscrosscontaminated with other polymeric materials, especialyolefin. This

cross contamination is a major issue in rRigrecycling industry because of its

influence on thehermal and mechanicaharacteristics of the final produce. Furthermore,
during reprocessing of the contaminated rRigjTthe transparencyf ¢the final produtis
altered as a result of contamination. The presesgarch workocuseson the influence of
polyolefin contamination, HDPE arl®P contaminatioon the characteristics of rPEQ;
research works were done in this fieldNvgvarroet d. [17], Friedrich et al.!*® and other
reasearchersespectivelyon themechanical and processinfaracteristics of rPEand

PET. Additionally, pocessing behaviour and crystali®n kiretics of engineering

20], TantandCuIbersorPl]

grades havbeeenextensively studiedKim et al. [19], Jabarin!
and other researcheisowever studies omPET-bg contaminated with polyolefimave
been rareThe effect of this type of contamination on the crystatien ofrPET-bgis

particularlyimportantbecaus¢iDPE and PP bottles, caps and closures are easily mixed
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with rPET-bg during recycling. Their presence in small amount$iaT-bg can
significantly affectcrystallinity duringmultiple extrusios. Some researchers have
studial the degradationfaPET during processing and concluded

thatchain scissioran occur and thédrmation ofgrafted copolymerand crystallisation

(22] .[23]

can be facilitatedas reported biaciandLa Mantia™ ', Torreset a andPosp&jl et

[24]

al. and dhers concludethat during repetitive extrusionhain scissiopredominated

andno chain branchingr crosslinking were observed which decreased capabilities and

[2

crystallinity, as reported b€amachcandKarlsson *) andBadiaet al.[26], in contrast,

others conclued thatcrosslinking and chain branching occur during extrusias

reported byAssadiet al. 27 andNait-Aliet al.'*?.

1.2 Polymer Structure

A Polymeris a long chain of molecules of very high molecular weight, measured in the

tens to lindredsof thousands grams/mo[ﬂé)]. Technological advances have also allowed

the manufacture of ultra high molecular weight polymers of millions grams}ﬁ%le
Because of its high molecular weight, a polymer is sometimes referred to as a
macromoleculeThemanomer the polymer basic unit, is unigue to each polymer and
forms its fundamental characteristi®nlymers exhibit very different physical properties
compared to themonomers, dependent on tleagthof thepolymer chains

The presence of small amosrmf very long or very short chains can have great effects on
properties opolymers Polymersvary in chemicalstructure ofmonomerunit, 3D

structure, éngthof chainsand distribution and molecular weighfEhere are natural and
synthetic polymerd\atural polymers, such as cellulose, proteins rubber occur in nature
and can be extracted. Rubber is a natural polymer which needs to be vulcanised before
applications. Synthetic polymers, such as polyolefin and polyesters, are synthesised from
petroleum oilMany polymer<rystalliseand the size, shape and organisation of

crystallites depend on the way crystallisation is achieved. Other polymenmiarghous

due to entanglement and irregular distribution of chiihs
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1.2.1 Average Molecular Weights and their Distribution

Polymersalwayscontain chains with a range of lengtfi$ie averagéength of the
polymer chairdetermines aaverage molecular weighivhich isthe averagef all the
chain lengths in aample A polymeris not usuallycharacterised bg singleaverage
molecular weightSeveramolecular weighaverages, such as numiasrerageMy,
weightaverageMy, viscosityaverageMy, andz-averageMy, are frequently used and
are dependent on the particular method of measureasergported byabarinand

Balduff 31 and Moore[sz].

Colligative propertiesof solutions such asoiling point elevation, freezing point
depressiorandosmotic pressuraresensitive to th@umberof molecules presemindnot
influenced by thesize of any particle in the mixtur& hecalculated ratio ofotal weight
andnumberof polymer moleculefor colligative propertiess thenumberaverage
molecular weightMy, and is measured msmometryand is giverby the following

equation

_ aiNiMi

AN, @y

N

Where:N; is the number of molecules of molecular weilght

Light transmittedhrough a vey dilute polymer solution isensitive to changes mumber
of large moleculesThescattering intensitat any given angle is a function of the second
power of themolecular weightBecause of thisquarefunction,large molecules
contribute much more to theolecular weighthansmall moleculesSo,theweighted
average btainedis theweightaverage molecular weightly, and is measured light
scattering This measure is betteorrelatedwith polymer properties, such awlt

viscosity, tensile propertiemndlight scatteringand is giverby the following equation

_ é.iNiI\/Ii2

YT NM, 42
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A dilute solution of a polymeitowing through a capillargncounterdrictional resistarce
resuling from the presence diifferent sized moleculeBy measuring the rate of flow,
we are measuring threolecular volumesf the polymer molecules in the solutidrarge
moleculesncrease more thiateractionsandviscositythansmallmolecules. The relevant

averageobtaineds theviscosityaverage molecular weightly [33]

, and is measured by
dilute solutionviscasitiesand can be correlated with polymmeelt viscosityvhen we

consider extrusion and raloling properties and is giveny the followng equation

1
-aa Mg (13)

Where:a is Mark-Houwink viscometric exponenas reported b¢aleski et al*”

In a polymer diluted solutiosubjected to a centrifugal field at low spedd, a
thermodynamic equilibriunthe moleculesbecome distributed acoding to their
molecular sizesnlthe centfuge, heextremely large moleculese moramportant and
settle mosin theinducedgravitational fieldand heaverageobtairedis thez-average
molecular weightMz. This is measured lyentrifugation and may be correlated with
polymer tensile properties, suchfeexural stiffnessandtoughnessnd is giverby the

following equation

_ aiNiMi3

“Tanu .
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As the molecular weight determined is biased to particular maleproperties, two

different measures of molecular weights together provide a useful means for assessing the
range of molecular weights in a polymer. This leads to the Roigdispersity(d) which

is defined as the measurevafith of the molecular welg distributionfor a polymer and

is theratio of My, to My. If all themolecules in a polymer sampee of similar size, then

all of the molecular weight averagaeidentical. The closer the polydispersity

approaches a value ohe, the narrower is theolecular weight distributiorin a

11291

distribution,Mpis thepeak maximaas reported bgranathandKyis andMilana et

al. [36].

d=—=>1 (L5)

Molecular Weight Distribution

Mp MV

Mw
Mz

(Increasing Weight Fraction)

(Increasing molecular weight )

Figurel.1Molecular Weighs Distribution

The processability and properties of a polymer can be predicted by the shape of the
distributionand the value of eithéy or My. If the breadthof the distributiomarrows
properties such agrength toughnessndviscosityoften tend tancreaseandthe
processingf the polymer becomes more complicated and difficult.
Eachaveragemolecular weights determined by a single specific method as seen
previously bubnly Gel permeation chromatograph@PC, is used formeasuring

averagemolecular weightaindtheir distribution 31,
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1.22 Amorphous and Semikcrystalline Polymers

The molecular arrangement of chains is an important factor in determiniperipes of

polymers. In the solid state, polymers exhibit two types of morpholggrphousand
semicrystalling asfully crystallinepolymers are very rareoB/mer morphology iglso
influenced bythe size and shape of the sgtoupsof the monomerdf the monomers are

large and irregular, it is difficult for tirepolymer chains to arrange themselves in ordered
structures and smoreamorphousstructuresare formed. However, smaller monomers

and monomers that have very regular strustwi# form more crystallineregions

Amorphous polymers have long chains with large moleswaghtsandarranged and

oriented randomly. These chains can twist and curve arourdrmtlerLong linear

chainshave a characteristic entanglemamd exhibit a stresselaxationby reptdion or
retractionunder thermal condition§requentlyamorphais polymers have been

visualised as a mass of wet spaghetti in order to indicate the randomness in an amorphous
polymer, where the different chains are in contact with eaclr @thé can slide past each

other but are not necessarily in parallel with each other, resulting in certain separation
between the chains and greater occupied volume than in crystalline structure, where the
chains are parallgas reported bRobertsngﬂ. Amorphouspolymers have gladge,
transparent appearanc@&se amorphous orglagsi ke st r uc trangecosdesd o n Ot

and the chains atdghly tangled

Amorphous structures
(Entangled chains)

Figure 1.2Amorphous Polymer Structure
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An amorphous regiois formed when the chains have little oriematthroughout the

bulk polymer as the chain segments remain too far apart for significant secondary
bonding between theritheglass transition temperatur&y, is the point at which the
randomly distributed ggmer chains are transformed from a rubbery solid into a glassy
solid.

The morphology of most polymersgemicrystalline Semicrystallinepolymers exhibit
mixtures of smaltrystaline andamorphousegionsand melt over a range of
temperature insteaaf at a single melting poin€Crystalline regions require greater force
to deform them than amorphous regions. Tombination ottrystallineandamorphous
structuresforms polymersith betterstrength stiffnessandtoughnessas reported by
Badia et al *7,

Crystalline structure

(Crystallites)

Amorphous structure

Figure 1.3Semicrystalline Polymer Structure

Thedegree of polymerisatios an important factor in determining tbiystallinity of a
polymer.High degree of polymerisation yieltting chains wth high molecular weights

high degree of entanglement and low degree of mobility which contribute to the increased
formation ofamorphous regiongn a polymer. These long chaihave greater strength
because thebecome tangled between layarsl add tolte strengthandstiffnessof the

polymer. Whereas, low degree of polymerisation is a factor in cresiad chains with

low molecular weightsapable of fast organising, packing, folding and forming

crystalline regionsBut the crystalline structure ofmgll chains of low molecular weights

is generally weak because omgakVan der Waals forcdsold then togethey which can
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allow slipping of crystalline layers and caushmgalageor failure of the polymer
structureThe degree of crystallinitis quantified based on the density and factors such as
bulk side groups, chain complexity, branching and randomness of copolymers make it
harder to crystallise. Another important factor isride ofcoolingor quenching of the
polymer melt. Therystalisation processs sensitive to this rate and influences the

formation ofamorphousstructures in linear polymers.

Thecrystallineregions show high degresof ordeed moleculachainswhich have the

ability of folding on each other to form microscopémellae. These foldedamellae

grow out radially intahree dimensionaphericalcrystallitesor spheruliteégg].
Spherulitediterally little spheres, with diameters in the range 0fD.6 0 ¢ ane
characteristics of polymer morphology. The microstinee ofspheruliteds therefore a
polycrystalline form of equivalent radiating and branching units which tend to form a

spherical geometry. During crystallisation, the growtkpferulitess timedependent at

giventemperature

Lamellar \ // / /
\)
/ 2 m

50102000 4 | NVAVAVAVAVAVAYAVIVAY/

1i (Angst¥mom)

\ Spherulite

Figure 14 Lamédlar and Spherulite
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1.23 Crystallisation Process

The processf formingcrystals from the melt or solution is knownagstallisation This
processs achieved in two stagesucleationandgrowth Nucleationis initiated by the
formation of primarystable nucle!”. For the primary nuclei to form, the free energy
barrierassociated with the polymer chains disentangling and straightening must be
crossed; the larger the fold period, the greater the barrier and the slower the rate of
nucleation In most casesjucleationstarts on the surfaces of impurities or on added
nucleaing agentsThesenucleicontribute to the formation ajpherulitesand grow
linearly with time Then, thegrowth of spherulitegrom heterogeneous nucleontinues
until reaching the maximurrystallisation temperaturé;, were they filled all tharea
under theexotherm Radial growth ratemcreaseand nucleation densitieecreasavith
crystallisation temperature. Heterogeneous nuclei are likely to form into smaller particles
with decreasing temperature. Also, with decreasing temperature, thespamiclks
become more active and increase the density of nucles stageof transformation of
heterogeneous nuclei into spheruliiss;alledprimary crystallisationand usually
proceeds at high rate, and continues umiakt of the spherulite areesllide together
Many researchers™ “? have attributed the deviation of the primary crystallisation
process to aecondary nucleatioandsecondarycrystallisation This secondary
crystallisationtakes placeand proceeds at lower raip to the end athe process, where
t he cr yyswtlachanges frerspheruliticto fibrillar anddeveloping within the

boundaries of the spherulites accordingdto | | | estage srystalusatior[l43] and
transforming the remaining amorphous domains between thmedopherulites
Verhoyen et al’" considetthat the secondary crystallisation occurs well after the

primary has stopped and the two follow their ofwramikinetic equation.
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1.24 Evaluation of Crystallisation for Isothermal Proces

The estimation of isothermal crystallisation parameters is normally performed using the
data obtained from the crystallisation exotherms with a basic assumption that the amount
of crystallinity obtained is linearly proportional to the heat releasedglarystallisation.

By integrating the heat evolved during crystallisation, a relatior%%ﬁ‘oq between

relative crystallinity and time can be obtained as described below:

' dH
i .cdt
Lt

DH

Cc

X, = (1.6)

Where X; is the relative crystallinityt, is the elapsed time andl4; is the released heat
during crystallisation time intervalt. OH. is the total enthalpy of crystallisationdars

given by the following relationshi%n.

DH, = f < (1.7)

Forisothermal crystallisationthe primary crystallisations described by th@ohnsor

MehFAvramiKolmogorov equationor IMAK equationwhich was popularized by

8, 49, 50

Melvin Avramiin series of papetlé1 andvery often calledAvrami equation

This equatiordescribes thimedependentelative crystallinty, X; .
1- X, =exp( Zt") 1.8)
Where X; is the relative crystallinity at time n is Avrami exponerdndZ; is a raé

constant and both atemperaturedependent and diagnostic of the crystallisation

mechanism.
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The plot of relative crystallintyX; Vs time shows that transformations follow a

characteristici S 0  soh sigmeidal profileas shown below:

Relative Crystallinity Vs Time

Xt

Time (min)

Figure 1.5Avramis Relative Crystallinity as function of time

The linearised logarithmic form of equati@h8) is written as follow:

In[- In(1- X))]=nint+InZ, (1.9)

Plotting In[-In(1-X;)] Vs Int generates two linear sections relativgtionary and
secondarycrystallisations, where andZ; are obtained from th&lopeandinterceptof

theprimary linear section respectively.

log[-In(1-Xt)] Vs In time

Secondary
2 .
0 Primary
<
fe)
g} e
7

logtime

Figurel.6 AvramiPlot oflog[-In(1-X;)] Vs logt
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1.25 Evaluation of Crystallisation for Non-isothermal Process

For nonisothermal crystallisationthe Avrami equatiofl.8) can still describe the

primary phase of crystallisation artketlinearised form is written as follow:
Iog[— In(1- Xt)] =nlogt +log Z, (1.10)

A Plotof [-In(1-X)] Vs logt can provide the values ofand Zc.

Fornonisothermal procesand beause of the influence oboling rates theintercept

log Z; wascorrectedinto log Z¢ [4s]

(11D
Where ais the cooling rate.

An alternative approach to describe tlugrisothermal crystallisationis theOzawa
equation[Sl], describing the development of relative crystallinity as function of
temperatureXr

KT

1- X; =eXpg —;
a

(L12)

(D, (D
o/

Where X is the relative crystallinity at temperature Kt is a cooling function
dependent on the global rate of crystallisation mrid Ozawa exponergndboth of them

diagnostic of the crystallisation mechanism ans the cooling rate.
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A relationship[ll] between relative crystallinity and temperature can be obtained as

described below:

X. =0 )
T :LdH (113)

Where X is the relative crystallinity,T is the temperature andH; is the released heat

at temperture intervalT.

The plot of relative crystallintyXt Vs temperatureshows the following curve

characteristics with a negative expongnt):

Relative Crystallinity Vs Temperature

Xt

Temperature (°C)

Figure 1.70 z a wRefatsve Crystallinity as function of Tgrerature

for Non-Isothermal Crystallisation
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The linearised form of equatidt.12)is written as follow:

Iog[— In(1- XT)] =logK; - mloga 1.149

A plot of log FIn(1-X+)] Vs loga at a givertemperaturegenerates satraight line, where
-m is theslopeof the linear equation arif is calculated from the value of th@ercept

log K.

log [-In(1-X+ )]Vs log a

log [-In(1-X+)]

loga

Figurel.8 Ozawa Plot oflog[-In(1-X1)] Vs loga

for Non-Isothermal Crystallisation

The AvramiandOzawa exponentsespectivelyn andm, take different values depending

on the growth mechanism as tabulated below.

(n, m) Mechanism Shape
2 Rod-Shaped Growth from Sporadic Nuclei 1 Dimension
2 Disc- Shapedsrowth from Instantaneous Nucl 2D
3 Disc-Shaped Growth from Sporadic Nuclei 2D
3 Spherulitic Growth from Instantaneous 3D
4 Spherulitic Growth from Sporadic Nuclei 3D

Table 1.1 Growth Characteristi%_’%]
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1.3 Aimsand Obijectives

This research work investigates the influencerafll amounts gbolyolefin
contaminationHDPE or PP, on theoverall characteristicand processability aPET-bg.
In particular, the work will focus on thieermal characteristicavith emphasis on
crystallinity andcrystallisation processaand the aims and objectives are summarised

below.

Firstly, rPETFbgflakeswill be studied and their physical and flow properties will be
assesselly DSC, FTIR and MFR analyses. Then, the flakes will be converted in&igel

by extrusion. Extruded samples will be analysed similarly to investigate changes to
physical and flow after extrusion. Then, injection moulded specimens will be produced to
investigate the variation of previously discussed properties and to det¢neiine

mechanical capabilityThe interrelationship between the properties will then be studied.

Secondlypatchesof rPET-bgfi ¢ 0 n t a nwitmHDPEadddPET-bg with PP at
various % weightveightwill be studied Extrudedpelletsandinjection moulded
specimers which will be analysed as previously done with tio& contaminated

rPET-bg. Correlations and comparisons betweemitrecontaminated rPE-bg and
contaminated &tchesof rPET-bg will then be made and depending on the outcomes, a
suitable contamind katchwill be investigated further to determine the influence of
polyolefin contaminatioon therPET-bg main matrixfor thatbatch

Thirdly, as thecooling rateis an important processing parameter which influence the
thermal characteristics in theelid of bottle manufacturing and thepetitive extrusions

a method of choice in compoundirecycled polymerghereforeextruded samples of

non contaminated rPEDg anda suitablecontaminated rPE- g batchwill be thermaly
analyed by DSCat variots cooling ratesIn addition both materials will bextruded
repetitivelyfor 5 cycleqrepetitiveor multiple extrusionsand their thermal characteristics
will be quantified at each step to determine the influen@®wefaminanon therPET-bg
main matix during the crystallisation procedsnally, the crystallisation process will be

analysedisingthe AvramiandOzawa equation® validate the findings.
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Chapter 2

Literature Review

2.1 Poly(ethylene terephthalate)

In 1941PETwas discovered in Britain bjohn Rex WhinfieldndJames Tennant
Dickson This discovery was the result of advancing theknaord research on the study
of polyesters previously covered yallace Hume CarothersThe plymer that became

polyesteresultedirom thedirect esterificatiorof terephthalic acicandethylene glycol

by WhinfieldandDickson as reported in the literature.

2.1.1 Synthesis of PET Monomer

The PET monomdis(hydroxyethyl terephthalateBHET, is synthesised either by

6, 7]

transesterification oricect esterification™ ', as described below, to giRET polymer

of basic uniformulaC,o Hg O4 andthe followingstructure

e @) R
| |
-+ c@ C— O- CH— CH2—O—
n
- J
Figure2.1 PET Structure

Where:n is the number ofepeat unitsn the polymer chain.
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The transesterification consists of reacting dimethyl terephthalate, DM Etlayldne

glycol, EG, to produce the PET monomer, BHES reported blin andBaIiga[54].

Consequently, ther oligomers and methanol are produced too, which indicates the role of
end groups in this reactipas reported bgollins et all>°!

The transsterification requires the use of an acid catalyst, suchedatas of calcium,
manganese, cobalt, cadmium, lead and zinactelerate the reactipas reported by
RavindranatrandMashelkar "

2.2 below.

and the reaction takeise patterndescribed irFigure

(DMT) (EG)

o] ﬁ Reversible Reaction

]
CH:O0 — C @— C _OCH: + 2 OHCHCH,OH | >

| ] |

- — — +

HOCH.CH,O  C C — OCH,CH,OH 2 CHOH + Oligomers
(BHET) (Methanol)

Figure2.2 Synthesis Reaction 8HET by Transeterification

The industrial process as illustratedrigure 2.3below, consists of dissolving the solid
DMT in aTank then mixing it with EG in the presence of a suitable catalysMixaer.

The reaction takes place within a temperature randd®200°C at a pressure dfatmin
aReactor The ideal temperature 180°C. Because the reaction is reversible, the
removal ofunwantedchemicals, such as methanol and other non reacted monomers is
performed by separation inSeparation Columim order to achieve complete conversion
and production of the BHET. The weacted & is reinjected again ito the reactor.

Catalysts are used to accelerate the residence time required for complete conversion.
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Solid (DMT) Methanol

(EG) / Catalyst

140-180°C (BHET)

Figure 2.3Schematic Industrial SynthesisBHET by Transeterification

The direct esterification consists of reacting terephthalic acid, TPA, and ethylene glycol,

EG, to produce the BHET. Consequentihey oligomers and water are produced too.

The direct esterificatiors selfcatalysed by the choxylic acid groups andoes not

require catalystand takes the pattedescribed irFigure 2.4below.

(TPA) (EG)

|C|) Reversible Reaction

O
|| >
HO— C @ C _OH + 2 OHCHCH,OH <« -

(@) O
I 1

OHCH,CH,O0 — ¢ @ C —OCHCH,OH + 2 HO + Oligomer

(BHET) (Water)

Figure 24 Synthesis Reaction ofHEET by Direct Egerification
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Referring toFigure 2.5below, te industrial process consists of mixing the TPA with EG

in aMixer, then the mixturés transferred to series of stirrédénk Reactorswhere they

react togetar within a temperature range 220-26(°C. The temperature range is higher

than thabf transesterification because of the poor solubility of TPA at atmospheric
pressur e. Because the reaction is reversibl
acetaldehgle and water by separation ifreactionator, from where the uneacted

chemicals are rjected again into the stirréthnk ReactorsThe conversion and

production of the BHET is then achieved.

Water, Acetaldehyde

(TPA) <«
(EG) / Catalyst

(EG)

ool

L
NG

220-260°C

(BHET)

Figure 2.55chematic Industrial Synthesis of BHIEY Direct Eserification

Note: The diagrams ifrigures 2.3and2.5are the work of the student to schematically

summarise the informatiareported byLin andBaIiga[54], Collins et al'*™ and

RavindranathandMashelkar>® about these processes.
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By comparing the above syntheses, the following table lists the different products

achieved.
Reaction Steps Product 1 | Product2 | By-Product Prepolymer Catalysts
o BHET + _
Transesterification DMT EG Methanol ) Required
Oligomers
_ o BHET + _
Direct Esterification TPA EG Water _ Not Required
Oligomers

Table2.1 Transesterification and Direct Esterification Reactions Comparison

2.1.2 Synthesis of PET

The synthesis of PET is performed by stepwth polycondensation in two ways

depending on the polymer grade requijesireported bﬁorensorandCambeII[57].

- During the melt phase polycondensation, MPPC, the BHET and other oligomers are
produced, either by transesterification or direct @gtation, as described previously in
(Section 2.1.}, then, BHET is polymerised under further catalytically accelerated

transesterification reaction using antimony trioxide reported by ouk et al™?. As the

catalysts used during transesterificatiaip the creation of diethylene glycol, DEG,
therefore prior to polycondensation, phosphorous acid or its esters are added in the
purpose to inactivate the glycols-pyoduct. Furthermore, to prevent any thermal
degradation of the polymer, which resutiddiscoloration (yellowing), it is recommended

to add metaphosphoric acid and its alkali metal salts when using the catalyst titanium
tetrabutylate. The polycondensation reaction is performed under a controlled range of
temperature of 270 285°C becausehiethermal properties of PET are sensitively

affected by polycondensation catalysts and temperature which promote hydrolytic
cleavage of chains due to the formation of autocatalytic carboxylic groups as reported by

Zimmermann et al>”. The weight averagmolecular weight of the PET produced under

the above discussed synthesis processes range bdt$@a?25000g.mof.
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Because the processing techniques, such as injection or extrusion require high molecular
weight polymersas reported in the’idarature[GO], these lower molecular weight polymers

are difficult to process for certain engineering applications and therefore further increase
in molecular weight is necessary to produce processable PET for engineering

applications.

- Solid State Plgcondensation, SSP, is required to overcome the problem of lower
molecular weight PET. The weight average molecular weight is increased by SSP to
reach 27000g.mdbr as high as 38000g.nmglprimarily because of some side ester
interchange reactions inlked, as reported in the literature °“. Coover et al'®”
indicated that an orgart@anium compound has to be used as a catalyst in agudise
polymerization process for preparing linear supelyestersThe SSP process is
performed at lower taperatures to overcome the problem of thermal degradation and

deterioration of properties as result of the presence of catalysts at high temperatures.

2.1.3 Degradation ofPET

Degradations the change in the molecular structure of a polymer accoegbagithe

creation of other products that affect the overall integrity of the polymer. A decrease in
molecular weight is usually a common sign of degradation. PET like other polyesters can
undergo various processes of degradations, such as thermal fenagluence of heat

alone), oxidative (under oxygen and heat), prwtlative (under oxygen and light),
hydrolytic (in the presence of moisture) and chemical degradation (in the presence of
various solvolytic agents, such as water, alcohol, acid, akalnine) referred to in

Section 2.1.6In the case of thermal degradation, there is a splitting cleavage ©f@he

bonds of the polymer backbone and creation of new bonds resulting in new products. As
a result of the use of metal catalysts during patgemsation, the ester bonds become less
stable and subjected to splitting. The changes create side reactions, which lead to changes
in the properties of the produced PET. Also, during production, there is transformation by
intermolecular dehydration &G to DEG This dehydration is acid catalysed and leads to
further creation of ester bondage through the splitting of the water formed. Hence the

number of carboxylic end groups increases and the reactions propagate further.
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Once condensed in tlRET during the polycondensation, tBEG is not completely
removed and certain percentage remains in the final product. The remaining small
percentage dDEG in thePET decreases the melt temperature, the light and thermo
oxidative stabilities and lowerké mechanical properties as reportethr}sack[B].

Other most important side reaction is the thermal degradation, during which, ester end
groups transesterify and generate acetaldetcktaldehyde is an unwanted-pyoduct

in theproduction and manufare of PET. It is alsoproducedduringthe degradation of

EG and during the thermoxidative degradatigras reported in the literatufe’. In the

case of thermmxidative degradation, the high processing temperature of PET melt
initiates the degradatmoprocess, where further chemical reactions due to the fact that the
ethylene glycol or EG units tends towards forming hydrogen peroxide and this lead to the
formation of free radicals, such @ CH, OOHradicals. The excess of formed radicals

can resulin crosslinking and deformation in the molecular structurd>&T, as reported
in the literature®” . Formation of cyclic low molecular weight oligomers and

acetaldehydevere detected in PET matriwhen processed at various temperatures, as

reported bySamperi et al®¥ In studying the thermanechanical and thermaxidative

degradation of bottle grade PERpmao et al®” showed thatow molar mass
compounds, mainly cyclic and linearaltid oligomers, increased proportionally with
time and chain sssions affected the stability of these oligomers R&® helped the
formation of hydroxyl radicals in the polymeric matrii the case of hydrolytic
degradationthe water present in tHRET pellets before processing, as a result of poor
drying, is the main factor of this kind of degradation, where decrease of viscosity and
molecular weight results from the splitting of the ester bonds and the rate of propagation
is faster than during thermaxidative and photoxidative degradations, as reported by
Coong et al %8l In the case of photoxidative degradation, the lengthy sunlight
exposition of thd?ETis the main factor in affecting the structure, influencing and
speeding up the process by splitting molecular boaslseported byvypych[69] and

Arnold[m].
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2.1.4 PET Grades and their Applications

The mainPET gradesrein the form offibres, films and bottle gradewhere each grade
category has various s@sades of specific characteristics and applications. The trade
name offibre gradefirstly used in England wagerylene which was manufactured by
Imperial Chemical Industrie$Cl. DuPont manufactured its fibre grade under the name
of Dacronand was the first to start the manufacturing of the fibre gidgiar is the film
gradein use, which is manufactured by DuPont Tejjin filfierylene vas used by ICI as

a film grade too. The manufacturing of the film grades started around the same time as
the fibre gradeBottle gradeshave molecular weight around27000g.mot and an

[10]

intrinsic viscosity 0f0.90 dL/g ™~ and their manufacturing started later than the fibre and

film grades.

PET grades are characterised by their high strength, high resistance to stretching and
abrasion and their resilience. Their dielectric properties are gxeabp Also, have

excellent chemical resistance to acids and weather but can lose some strength under
sunlight. They have good watproof properties, excellent clarity and good recyclability.
PET grades are extensively used in the manufacture of claticasise of their light

weight, tear resistance and fast drying. Also, used in making acid resistant ropes, safety
belts and packaging, especially in bottles manufacturing. PET grades are differentiated

and characterised by their intrinsic viscosities,dr\y d ] .

Intrinsic viscosities of PET grades are ranged between 0.40 to 1.00 dL/g depending on

their applications, as reported @yjptaandBashirm}.

Intrinsic Viscosities o
PET Grade Applications

(1. VId/g)d ]

Fibre 0.40-0.70/0.72-0.98 Textle / Technical
Film 0.60-0.70/0.70-1.00 | Biaxially oriented/ Sheet for thermoforming
Bottle 0.70-0.78/0.781 0.85 Water Bottles Carbonated soft drink

Table2.2 Intrinsic Viscosities and Applications BET Grades
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2.15 PET Bottles Manufacturing Process

PETis processed by various techniques and the most popular are extrusion and injection
mouldings. Extrusion is mainly to produce fibres, filaments, films, bottles and other
products. The blending ¢fET with other olefins is erformed by extrusion. In contrast,
bottles are mostly manufactured by injection blow moulding and the most used process

for PET bottles is injection stretch blow moulding, ISBM

PET Bottlesare manufactured in two ways; single or two stages processifgie stage
consists of producing performs, tube like shaped model as illustraféglire 26 below,

by injection moulding and immediately after, the produced preforms are stretched and air
blown into bottles in the same manufacturing unit. The twgeskettle production

consists of producing preforms and then shaping them at a later stage, i.e. preforms can be
sold or stored for a time waiting to be shaped. At later stage, the cold preforms are heated
and softened at a temperature just above the ghasstion temperaturdy, then

stretched and air blown into bottles. Finally, the bottles are ejected from the mould,

quality inspected then packed and stored.

Mandrel

\

Parison

Loy
3 @

N /

Mould Bottle Cavity

Pressurised Air Fully Blown Bottle Bottle

Stage 1: Preform Stage 2: Stretching and Blowing Ejection

Figure2.6 SimplifiedInj. StretchBlow Moulding,ISBM, of PET Bottles

Note: The diagram irFigure 2.6 is the work of the student.
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2.16 Recycling of PET

The recycling of PET is of paramount importance in tackling environmental problems,
especially landfilling and soil contaminations due to the slow decomposition rate of PET.
The growing demand of packaging materials, for the production of bottles and other
products, increased the recycling capacities to overcome the cost of using virgin PET
Post consumer PET is recycled in two ways, either recycled mechanically and treated
chemically or decontaminated and transformed into flakes foseeor completely
chemically converted into chemical raw materials, i.e. reversing the process of

polymersation or depolymerisation by chemolysis.

- Mechanicalandchemical treatment recyclingm] consists okorting stagewhere

mixed bales oPET andHDPEDbottles are placed in conveyors, opened and the dispersed
bottles pass through a perforated rotatingm where impurities and bottle caps are

removed. Everything metal is removed by a powerful electromagnet and additionally
aluminium contaminants are removed by an eddy current separator. Paper, films and other
objects are separated from the bottle lbyedi Once impurities are removed, then the

bottles are sorted by type and colour. Sorting machines using optical recognition systems
are used to separate the bottles by material fyptesontamination still remain¥he

sorted bottles are finally invégated manually to remove any persisting contaminants.
Then,granulating and washing stageherethe bottles pass through granulators and

chopped into small sized flakes and transported to the next step through pressurised tubes.
Then, the flakes are wasth by hot water 880°C and weak solution of caustic soda to

clean them from any persistent impurities, such as labels, glue or ink.

Finally, decontamination of PET bottlga the purpose to return to recycled REJ its
food-grade characteristics, whetee PET fakes are super cleaned by removing any
persistent contaminants on the surfegers. Then, the flakes are dried by hot air and to
complete the reaction process, the flakes pass through a rotating furnace and re#nain for

hoursand then cooled ia water tank, rinsed and finally dried.
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- Chemical conversion recyclingknown aschemolysids a reversing process or a
degradation process (depolymerisation), i.e RB& is decomposed chemically into basic
raw materials. This process ped to have advantages on the mechanical recydimg
process is able to recover tRETto its fundamental basic components and to recover a
valuable material that is economically challenging to recycle. VI#t€his mechanically
recycled, small amountsf contamination can find their way into the final recycled
material and therefore compromise its performance. But with chemical recycling, post
consumePET is totally converted, meaning that contamination is removed. The resulting
raw chemicals, such &MT, TPA, EG, BHETand other materials can be recovered and

re-used to produce VvirgiRET free from impuritiesDespite its advantageous results the
chemical recycling of PET is highly expensias reported in the literature’ . Many
chemicalprocesseare employed in chemical recyclioffPET, suchasmethanolysis,

hydrolysis, glycolysisnd other processeas reported b?aszurandSpychan].

- Themethanolysis procesivolves depolymerisation of pesbnsumer PET with
methanoln the presencef transesterification catalysésd yieldsdimethyl terephthalate,
DMT, and ethylene glycol, EGMethanolysis is performed at temperature range and
pressure respectively of 1:@DFC and up to 7MPas reported biliigrom [7s]

The resulting yield of MT from methanolysis of recycled PET usually does not exceed
90%, as reported biarathe et all’®. Among the important features of methanolysis as

a process for the chemical recycling of PET compared to glycolysis are the allowance to
use low quality ET feed because of the easier purification of the obtained DMT and

tolerance of high level of contaminaticas reported in the literaturé’. Cornell "™

reported that problems associated with catalyst poisoning due to the presence of water can
occur ad that the cost of the recovery of DMT is usually high.
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(PET) (Methanol)

O

|
—@— COCH,CH,0 + CHyOH j
n

O=—0

(DMT) (EG)
o] 0]
|

I
H:CO— C @ C — OCHs + OHCHCH,OH

Figure2.7 Simplified Methanolysis Reaction BET

- Theglycadysis processs performed by heating the pasinsumer PET with glycol

(ethylene glycol, diethylene glycol or oth@m)the presence of catalygemines,

alkoxydes or other) and yields short chain oligomers and even low molecular weight
hydroxytterminatedproducts Glycolysis is performed under normal pressure at
temperature range of 185FC and usually proceeds for&hours and carried out with
ethylene glycolEG, as reported in the literature” °°’ The result of deep polymer

glycolysis by EGs primarily BHET. Also, the glycolysis reaction has been found to be
catalysed by acetates of Zn, Mn, Co, Pb and others. For these caBdligesand\Wong

5 have reported that the initial rate of depolymerisation atQ ®6llowed this pattern:

Zn >Pb > Mn > Co. In the same study, these authors have also investigated glycolysis
reactions of clear and green recycled PET flakes and reported that the colour pigment did
not affect the extent of depolymerisati@hen et al'®? reported that the

depolymerisation reaction is accelerated at higher pressure and the reaction is achieved in
less than 3 hours. Similar results are reporte@dypanelli et aIESB], in their study on

kinetics of glycolysis of molten state blow moulded PET at temperatures2dbge

265°C. Gudlu et al.”®” reported that PET dissolves readily in EG above@70 zinc

acetatecatalysed gycolysis of PET waste.
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(PET) (Ethylene Glycol)

O

|
—@— COCH,CH,0 + HOCH,CH,0OH j
n

o
I
C

(BHET)
O
|

o)
|
HOCH.CH,O —¢c — C 7 OCHCHOH + HOCH,CH,OH

Figure2.8 Simplified Glycolysis Reaction ®fET

- Thehydrolysis processof PET waste can be perfoed in three wayscid catalysed,
alkalinecatalysed or neutral hydrolysiEhe hydrolysis uses aqueous systems at elevated

temperature and pressure to yield terephthalic aéidand ethylene glycoEG.

Theacid hydrolysisof PET can be performed 250C using concentrated sulphuric acid

as reported by oshioka et al® or other concentrated mineral acids, such as phosphoric

acic as reported bgamatani et al'®®. Additionalresearch work'®” reported a process
in which PET bottles are camsied innitric acidat temperatures in the range of T0°C
and at atmospheric pressure, where the final productsweasmd EGand where the
latter was partially oxidised taxalic acid a product which is more expensive thak or
EG.

Thealkaline hydrolysis of PET is usually performed using an aqueous solution of

| (8] and that the

sodium hydroxide or potassium hydroxide as reporteldduyet a
hydrolysis to be performed above the melting temperature of PET as reported by
Campanelli et al® . Yodioka et all°” described an alkaline hydrolysis for the
conversion of PET into TA and oxalic acid in a concentrated sodium hydroxide solution
and determined that the optimal conditions weré@5@eaction time of 5 hours and

oxygen pressure of 5SMPan their kinetic study alkaline hydrolysisao etal. 4 found
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that potassium hydroxide is reactively more suited than sodium hydroxide. Also,
potassium hydroxide hydrolysis yielded higher molar ratio at@®r 30 min under

autogenic pressa and showed total polymer disintegration as reportéi/dny et all¥?.

Theneutral hydrolysis of PET is performed in the absence of acidic or alkaline catalysts
by using water at neutral pH and temperature range eBA(XT and at pressure range of
1-4MPa as reported bgampanelli et all® %9, Campanelli et al'® andkao et al.*”
confirmed that the rate of hydrolysis of PET is faster in the molten state than in the solid
state, especially at temperature above’@48Iso,Campanelli et aldescribed that the
catalytic effect of Zn catalyst at temperatures of-266°C and sodium salts is attributed

to electrolytic destabilised PET/water interface. It is worth noting that neutral hydrolysis
is environmentally friendly but impurities in the PBfe passed in the obtained feedstock

of TA meaning that extra and sophisticated purification is required.

(PET) (Water)

I |
C _@ — COCH,CH;0 +H,0 j

(EG)
I d
HO— C @ C—OH 4+ HOCHCH,OH

Figure2.9 Simplified Hydolysis Reaction oPET

Bachir ITIM 30 PhD Thesis



In light of the above mechanical and chemical recycling processes efqrmsstmer

PET, it became apparent that the final recycled PET properties undergo various physical
changes. The quantity and quality of the alag postconsumer PET are the major
considerations in the choice of mechanical versus chemical recycling. Mechanical
recycling of posiconsumer bottle grade PET and its conversion by the melt reprocessing
routes requires high molecular weight PET, henwghanical recycling is more suitable

for bottle grade PET despite the level of contamination resulting from-cross
contamination with other polymeric material, such as HDPE, PP or others, which can
affect the processability and the properties of the obthiacyclateNoritakeet al (54
useddifferent techniques and showed that decompositid?Edfand reduction of its
physical and chemical properties can happen when subjected {prhggure steam
treatment, however new polymerisation can occur dpegsence of free radicals and

chemical groups present after treatment. The result showe@Efaan be easily

converted into new produdtopez etl. 9% andHamadet al.*” respectively reported

that after mechanical recycling, the material propstthdergosignificant declinen

terms of molecular weight and tensile properties. Mechanical recycling involves the use
of large amounts of water and PET is very sensitive to hydrolytic degradation and known
to undergo thermal and hygrothermal degradatichich complicate its reprocessing and
results in reduction of both molecular weight and applications of the recyclate. Therefore,
drying the mechanically recycled flakes to a very low moisture level prior to reprocessing
is of paramount importance. lomtrast, the chemical recycling methods are more suitable
for recycling diverse feedstock without consideration of molecular weights or level of
contamination. The important advantages of the chemical recycling methods related to
postconsumer PET is themoval of any physical or chemical impurities to the polymer

by purification of the obtained chemicals. But it is worth noting that to achieve high rate
of depolymerisation and high yield and quality of targeted products, it is important to
characterise #havailable feedstock for the level and type of contamination and chemical

composition prior to selecting the most appropriate recycling method.
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2.2 PET recycling and PET Blends

This section investigates the existing research work in #earPET recycling and PET
blends with polyolefin, focusing on the melt processing and degradation, compatibility in
PET blends and effect of multiple extrusions and crystallisation.

As a semicrystalline material, the physical and mechanical propesfi®&T, depend on

its microstructure and therefore is determined by the rate of crystallisation and the degree
of crystallinity. In order to control the rate of crystallisation and the degree of crystallinity
for improving and obtaining desired morpholagyd properties, various studies on
crystallisation kinetics were performed to determine the changes in progértgl%sgg.

In a polymer blend, chemical reactions between the polymers or interchange reactions are
very important in understanding the iamental interactions in polymer compatibility.
These interchange reactions can take place between functional groups belonging to
molecules with different chemical compositions at elevated melt temperatures and in the
presence of catalysts, especially ETPblends.

In their studies on recycled PEKwajaandPavel[loo’ 19 showed thapyromellitic
dianhydride(PMDA) added at a specific % compositionrRET did facilitate the

improvement in mechanical properties and the quality obldedwas superioto virgin

PET. Blends of extruded recycled PET and virgin HEThe presence of chain extender,

at various loadings, were injection moulded to produce bottles and showed that with 20%
recycled contenRET gave optimunburst pressurandtop load resistace Additionally,

with 29% rPETminimum liquid permeation and carbonation lase obtainedThese

findings showed the importance of PMDA as a compatibiliser and chain extender in a
blend of rPET and PET. Since both polymers are compatible and théartgec

interaction is high likely to happen, this is expected that improvement is the main
outcome of this work Oromiehieet d %7 reportedthat, results of compoundirRET

and a mixture of virgin and recycled PEAlith and withoutpolypropylene functnalised

with maleic anhydrideshoweddecreased intrinsigiscosity and molecular weightith
increased loadingf recycled PE'in the blend. The decrease was attributed to the

thermal exposurandshear degradation of recycled PHhis finding showed &t
improvement of blend properties is proportional to rPET loading and vice versa, and

showing the high degree of degradation of the rPET.
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Incarnap et al."°? used PMDA as a chain extender for rRiEgJ and foundhat with an

amountbetweer0.50 and 0.75% the chain extending reaction produces an incredge of
and branching phenomena that modify tRET andmakeit suitable for film blowing and
blow maulding processe®averet al. [104 reported that recycled PET modified witw
molecular veight modifierf PMDA, by reactive extrusioexhibited higher complex
viscosity and higar storage modulus compared tomodifiedrecycledPET. Also, this
increase in complex viscosiyas proportional ttheincrease irpercentage of PMDA in
recycledPETand contributed to increase in molecular weightl the formation of
branching at concentration above 0.2&gtt % PMDA. These findings showed the
important role of PMDA in restoring the rPET chains and creating extra branching
resulting in improved rPETIso giving an insight about the state of degradation of the
rPET without chain extender and the effects of PMDA as compatibiliser, in improving the
properties of rPET when blended with PET.

The current research work involves the presence of polyol&fDBE or PP in the

recycled PET matrix. Being a polar polymer, PET is known to be immiscible with HDPE
or PP which are non polar polymers. Blending recycled PET and HDPE or PP wastes and
creating new materials are the main driving forces for the develomhBET/HDPE or
PET/ PP blends. Appropriabempatibilisersare necessary to overcome the problem of
immiscibility in PET/HDPE or PET/PP, especially when the dispersed phase
concentration exceeds 5 to 10% weight as reportedtiacki 1% These compatilisers
enhance the degree of miscibility and molecular interfacial adhesion between the blended
polymers and to improve impact strength and other mechanical properties. The main
compatibilisers can be styrene blockmaymers, such as styrene/ethylene
butylene/styrene (SEBS), or a triblock-polymer and ethylene egmolymer, such as
ethyleneethyl acrylate (EEA) co-polymer. For reactive compatibilisation, either type of
the above compatibilisers has to contain reactive functionality, such as maleiddahyd
(MA) or epoxyglycidyl methacrylate (GMA).

Research was done on blends of rPET and polyolefins for ecological and commercial
reasonslt is well known that the mechanical properties of the recycled materials would
decrease due to the decomposition éagradation of polymer chains. Some
investigations have be&tneconcerning the control of degradation in polymers during
recycling by creating blends and or introducing additives. Several studies have been

reported in the literatures on the usage dfi@ tpolymer component for compatibilised
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PET and polyolefin blends in order to improve the mechanical properties, thermal
stability, and toughness of the blends. The improvements of toughness for such blends

have been reported with the componngdof ethyleneglycidyl mehacrylate copolymer

in rPET™% %1 yaoand Beatty[lOS]

showed thaPET andHDPE areincompatiblein

blending because of themmiscibility which is a result of their different molecular
structures, polarities and crysisation behaviours. The poor interactions between the
molecular structures of these polymers make it difficult to achieve good dispersion during

the mixing and lead to poor adhesi@arte andMoet "’

reported that poor mechanical
properties were theesult of uncompatibilised PET/HDPE blends and reported an
increase in break elongation of 600% in compatibilised PET/HDPE blend with 17%

maleic anhydride grafted SEBS by reactive extrusion. Agu, et al

reported
improved morphological and mecheal properties and 10% of compatibiliser was
enough to increase the notched impact strength in compatibilised PET/HDPE blends.

During the melt blending by extrusion of PIB§ and HDPE in the presence of EPDM

and SEBS as physical compatibiliséraugott etal. (L] reported that modulus and yield
strength were reduced but elongation and impact strength improved significantly and
further decrease was shown with increasing HDPE content. This showed that despite that
the compatibiliser did bond physically ttveo phases of PET and HDPE, it could not

form molecular bridges across the interface of their incompatible molecular phases.
Kalfoglou et al. compared vaous compatibilisers at various loadings blends of

rPET-bg and HDPE by reactive extrusion aondrid that the effectiveness of

compatibilisers containing epoxy (GMA) were better than compatibilisers containing

anhydride (MA) because GMA is more reactive with hydroxyl and carboxyl end groups
of PET.Kim et al."*¥ used HDPE grafted with a blockeaddyanate for reactively

compatibilising PET and HDPE and noticed improved compatibility in the blend, shown

by the smaller size of the dispersed phase and the resulting superior mechanical

114

propertiesPracella et al! reported that melt mixing by extsion of blends of post

consumer PET and polyolefin, HDPE and PP in the presence of compatibilisers, showed
improvement of morphology, crystallisation behavior, thermal stability, rheological, and
dynamiemechanical properties of the blenttstheir studyof injection mouldedecycled
PETandPPblends, at different loadings in the presence of a compagibifisedrich et

115

al. ! reportedthat mechanical properties, suchflagural modulus and strength of the
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samplesvere50% better than thse of thecleanPP. On the other handillers such as talc
or CaCQ were used in order to improve the thermalstesice and flame retardancy of
rPET / rPP blends’® . Inoyaet al 118 19 has reported on hydrogenated block
copolymer of SEBS foimproving the compatibility of rPET with PP blendi$eino et al.
[120) reported that reactions between the GiiliActionalised SEBS and PET lead to
improved mixing between PET and PP phases and lead to smaller dispersed phase

domains and stabilised morphgy compared to MAunctionalised one. Also, this

improved interfacial adhesion was reflected by the shifyiof the PET towards that of

121]

PP.Zhuet al.| reported that the introduction oi-functional ceagent, diallyl

phthalate (DAP)during heblending ofrPETwith PP by reactive extrusiowith and
without PRg-MAH/DAP (PP grafted with both MAH and DAP), significantly enhanced
the grafting degree of MA, decreased the chain scission of PP, increased the
crystallisation temperature of grafted PP duéfte nucleation of grafted groupshemical
reactions@ok place between RG-MAH/DAP and rPETand enhanced the interface
adhesion iPP/rPET blend

PaciandLa Mantia[2

g reported that during repetitive processingP&T, the main cause
of degradationd the presence of small amounts of water, leadihgdoolytic chain
scissionand othepolymeric contaminantand concluded that botthain scission and

chain extensiooccur during processin®y repetitively extruding PEndPP,
CamachandKarlsson'*” reported thaPPshowed better thermatability thanPEand

in both caseshain scissiompredominated ando chains branching or crosslinkingre
observed during the repetitive extrusions tie currentesearch work involves

polymeric contaminantsuch asHDPE and PPthese results are of paramount
importance when investigating the outcome of staritaminantsn relation to what was
reported. It is worth noting thatixing thoroughly the polymer meltsy twin screw
extrusion enhances the blendinghe barrel and yields well compounded polymers and
that optimisegrocessing conditionscrew speed and % torquee important factors
during theblending process2osp&| et al. (24 reported that during processing, as a result
of thermemechanical degradatipreactions between macromolecules and relevant
macroradicals can occur, resultingfiormation ofgrafted copolymers some blends.
This finding is mosthachievable in a blend of compatible polymers, so will it be

considered in cases of rPET/HDPE or rPET/BRaldi et al. [122,123 focussed on the
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influence ofscrew speed and torgirethe improvement of the theramoechanical

properties ofnjection mouldedecycled PETWwith glass fibre and showed that optimised
screw speed and torque significantly increased the mechanical performance and the
positive effect on the interfacial adhesion matfiite. Also, their study on compounding
recycled PE showed the importance of screw speed on melt compounding and adhesion
of the blend. Furthermore, the use@petitive extrusiornn investigating the potential of
blended materials and the effects of themmechanical influence on the final properties

is of paramount importanc8adiaet all*®

, by using simulation processing techniques,
showed thatecycled PETsubjected taoepetitive extrusioshowed signs dherme
mechanical degradatiomsulted in chain scission reaction which decreased its

capabilties and crystallinity, in the other hand, the irreversible structural changes studied
by Assadiet all?’ during the extrusion d?ET using different testing techniques, such as
the steric exclusion chromatography and rheometry, showedrdssinkingoccurs after

repetitive extrusion operatioAlso, Nait-Ali et al. (28]

, In their study of the kinetics of
PET post mechanical recycling extrusion, reportedtthatypes of oxidative
macromolecular changes take placecessivelyChain scissionandchain branching

respectively inthewell oxygenated zones of the extruder baffeédand die) andh

poorly oxygenatedzones (middle of thbarre). Additionally, Pawlak et al**¥ found

that all PET regrinds containedditional mixture of other polyms ranging between

0.1i 5 weight % and that thgresence of more than 50 ppm PVC makes PEThess

for film forming due to reduced strength as a result of catalggddblysisinitiated by
PVC.Giannottaet al **”! reported evidence of the effect of innjiies, resulting from
recycling, on the degradation of compounded virgin and recycled PET by extrusion
resulting in lower melt viscosity and molecular weight and the presence of high
concentration of carboxylic end groups. This finding is very imporbstause chain
scission and chain branching are likely to be promoted simultaneously by the presence of
high concentration of free radicals in the polymer meltheir comparative study of
thermal and mechanical properties of homogeneous and heterogesmmlesd PET
bottles and virgiPET, Torreset al. (23] reported thathe presence afontaminantssuch
as soil, and residual moistyfacilitated thecrystallisation of recycled PET compared to
virgin PETandinitiatedc h a i n s 6 dudngmagessaggTéis finding is in line with

the role of short chains in the formation of crystallitagheir DSC study of injection
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moulded recycled PET and recycled PET blended with engineeringHaaih et al [124

reported that the degree of crybtaty of recycled PET specimen was higher compared

to engineering PET and when blended, the degree of crystallinity of the blend follow the
pattern of the recycled PET, even in 20% of rPET in the blend. Again, this finding
showed that the presence of shatrains helped the increase in crystallinkiao et al.

127 studied the effect dhclusion of silicon nitrile nanoparticles ¢8iy) into PET matrix

as a heterogeneous nucleating agent, and thasatirermal crystalligtion behaviar of
recycled PETsilicon nitride nanocomposites investigatby differential scanning
calorimetryshowed accelerated nucleation and slow growth rate of PET, especially with
SisN4 content more than 1 wt%his showed the effectiveness of silicon nitrile in
increasingnteraction between the PET chains and th#Sharoparticles and that

growth rate can be hindered by the addition of silicon nitrile above certain ambamts.

[128]

andMai reported thathe nonisothermal crystalligtion and melting behawvim, and

the crysallisation morphologyf extruded kends of recycled PETPP compatibilisd

with various amounts (20 weight %) of PR3-MA or PRg-GMA showed chemical
reactions of rPET with RB-MA and PRg-GMA. These reactions resulted in increased
crystallisation temeratureof rPET and PRlue to the heterogeneous nucleation effect on
each other. The melting peak temperatfrePET in PP/rPET blends compatibds by
PPRg-MA was lower than that of compatilsid by PRPg-GMA, indicating that PR)-MA

had stronger reautity with rPET. And the crystalligtion was influenced biyhe melting
behaviar of iPET in the blends.
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2.3 Scopef the Work

In light of the above information on PET, it became clear that inherited catalysts from the
polycondensatin stage can affethhethermalstability of PETpropertieseven at later

stages of processing and melt recycling. And under high temperature, thaypcete
hydrolytic cleavage of chains due to the formation of autocatalytic carboxylic groups
which degade and deteriorate tipeopertiesPET can undergo various processes of
degradations, such as thermal, oxidative, ploxidative, hydrolytic and chemical
degradation during its life cycle. Additionally, during tmechanical recycling processes

of postconsumer PET, the properties of the final recyclate undergo further physical
changes. Mechanical recycling is more suitable for-possumer bottle grade PET,
rPET-bg. Its conversion by the melt reprocessing routes requires high molecular weight
PET and e, during the mechanical recycling, especially during the sorting and separation
processcrosscontamination with other plastic materialsn occur easily. &tles of

HDPE, bottle caps of PP and mostly the PP
throughthe separation process agetrecycled with PET bottles. This cross

contamination influences the properties of the fik& T-bg, and the final properties of

the recyclate deteriorate with respect to virgin PEdriousresearch workeere

performed in ader to improve the quality of the obtained recyclate, especially in tackling
the problem of incompatibility between PET and other polymeric contaminants, such as
polyolefin and others, through blending; these watkswed that improvement of
immisciblity, phase dispersion, morphologicadechanicahnd physicaproperties of

recycled PET blended with either PET or HDPE or PP are fully dependent on physical
and reactive compatibilisers and on the degree of their effectiveness in terms of
interaction and reaivity. Also, the post mechanical recycling impurities, such as soil,
polymeric and other contaminants, showed clear influence on the pesped

crystallisation behaviour of the recycled PH®.overcome problems related to
deterioration of propertiesnost of existing works dealt with cases, such as
compatibilisation of PET and other polymeric material, suitability of various
compatibilsers, effectiveness of compatibilisers on the improvement of properties of
blends and their crystallisation. Howewenrk dealing with cases, such as studying the
effects of polyolefin contaminants on recycled RigTwithout further addition of

additives, was rare. It is assumed that properties of most recycled material deteriorate as a

result of recycling, especiallyogt melt recycling, as for the case of rPE{.
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In my belief, this assumption and the probability that this deterioration happen is
arguable. Existing works showed that unless compatibilisers are used, properties cannot
be improved and so, whétthis outcome is not applicable for all cases? As seen through
the literature review cited, even virgin PET still contains inherited chemicals, such as
catalysts and other gyroducts. Furthermore, the partial degradation of PET during its
life cycle andduring recycling can be prone to unexpected changes in properties, and that
combination of inherited and other chemicals during processing can trigger unexpected
changes. From this assumption, the idea ofstigating thanfluence of the presence of
smdl amounts oHDPE or PRon the properties adhe rPETFbg matrix without any

addition of additives, germinated.

Additionally, the effects of thermanechanicatlegradatiorduring the compounding or
blending process by extrusidhe role ofextrusion varilles injection moulding cooling
ratesand repetitive extrusions on the properties of contaminated and non contaminated
rPET-bg matrix in general and theriheharacteristics in particular, will reveal any hidden
facts related to recycled PEQ. Finally, he current research work, by investigating the
above assumption, will contribute further to existing knowledge and will fill gaps related
to the influence of small amounts of polyolefin contamination on the thermal
characteristics and the crystallisatianetics of rPETbg without any supportive

additives. In this research worlgthe graderecycled PETwill be purposely

contaminated with small amounts of HDPE or PP and the effects and influence of such
contamination on theharacteristicand processaliy, without using additives, will be
investigated. This investigation will relate therrahbracteristicto processability and
further understanding of the influence of these polyolefin contaminants will be revealed
It is hoped that thigvill help indudrial recycling and processing facilities reach targets in
terms of decreasing polymemastes andnproving efficieny and productiity when

dealing with contaminated rPET
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Chapter 3

Experimental

3.1 Materials

3.1.1 Bottle GradeRecycled FET, rPET-bg

Therecycled PETused in this work walottle graden the form offlakesof different
sizes and colours as showrFigure 3.1, supplied byClosed Loop Recycling limited”

without any additional information or picessing guidelines.

Figure3.1 Mixedbottle grade rPET Flakes
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3.1.2 High Density Polyethylene HDPE

TheHDPEgradeused wasiMA 025 [129], mandactured by ExxonMbil Chemical and
characterised by its excellent dimensional stability, impact strength, high stiffness and

with the following properties.

Properties Nominal Values Test Methods
Melting Temperature 134C ASTM D3418
Peak Crystallisation (DSC) 116°C ASTM 3418
MFR/I (190°C/2.16 kg) 8g /10min ASTM D1238
Density 0.964g/cm ExxonMobil
Tensile Strength 26MPa ISO 5272/1A/50
Tensile Elongation @ Break 100% ISO 527%2/1A/50

Table 31 Some Properties &f{DPE grade HMA 025

3.13 Polypropyleng PP

1[1301, mandactured by ExxonMobil Chemical and

ThePP grade used wad011L
characterised bigs high melt viscosity and impact strength at low temperatndewith

the following properties.

Properties Nominal Values Test Methods
Melting Temperature (DSC) 161°C ISO 3146
Peak Crystallisation (DSC) 112C ISO 3146
MFR/I (230°C/2.16 kg) 1g /10min ISO 1133
Density 0.9g/cnd ExxonMobil
Tensile Strength 26MPa ISO 5272/50

Table 32 Some Properties ¢tP grade 7011L1
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As aguideline, the following a some properties of virgiRET:

Note: For additional information, material data sheets are availa@pendix2.

Properties Nominal Values
Melting Temperature Rangerf) 250- 260C
Glass Transition Temperaturégj 70-80C
MFR/I (230°C/2.16 kg) 35.08g /10min

Density () 1.301 1.40g/crr§
Amorphous, serrtrystalline 307 40%
Tensile Elasticity ) 2.107 3.10GPa
Tensile Strengthg] 5571 80MPa

Table 33 Some Properties GHET!

131]
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3.2 Methods and Processes

3.2.1 Differential Scanning Calorimetry, DSC

In thermal analysidglifferential thermal analysjDTA, anddifferential scanning

calorimetry, DSC, are both used for the determination of charactetestiperatures.
Additionally, DSC allows for the determination @dloric values such as the heat of

melting and heat of crystallisation. For both DTA and DSC, the primary measuring signal
during a measurement is tt@mperature differendeetween aampleand areferencan
micro-volt, puV (thermal voltage). Additionally, for DSC, this temperature difference is
converted intdheat flowin watt, W, by means of appropriate sensitivity calibration and

this possibility does not exist for a purely DTA instrumdititen, the measureathta are

transformed by the computer program itltermogramss shown below** %3,

eV iWto

Sensitivity Calibration

A A
eVs
por (5 W or J/s
Temperature®C) Temperature®C)
Figure3.2 DTA Thermogram Figure3.3 DSC Thermogram

Where:p Tis thetemperature differena@ micro-volt second|{Vs) for DTA,

11
Q is theheat fluxor heat flowperunit timein (W or J/s) for DSC.
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Differential scanning calorimetry, DSC, provides information on thariaktransition
phases of polymers and determines a range of characteristics, including glass transition
temperaturgTy, crystallisation émperatureT., melting tenperatureT,, degradation
temperature]y, enthalgesof meltingand crystallisationH,, and LH,, and %

crystallinity, X., of polymers This techniqués used for determining the quantity of heat
that is either absorbed or released by a sample of substance undergoing a physical or
chemical change. Because of this change, the internalyehkevn as enthalpypHis
altered. It is this change of enthalpy between two states which is of interest during
experimentation. Melting, evaporation or glass transition, are processes which absorb
more energy, such processes increase the enthalpyiediendothermicin contrast,
crystallisation and decomposition which release energy and consequently lower the

enthalpy are called exothermic processes. This enthglpys determined by the

following relationship[134].

Dh=C,dT (3.1)

Where:[h is theenthalpyin Joule (J),
C, is theheat capacityn (JFC or J/K),
dT is thetemperatire differencen (°C or K).

By dividing both parts irf3.1) by the samplenass thespecific enthalpyH is obtained:

oy Dh_CpdT
m m
OC ~
DH =g 2 gdT =c,dT- 2
m =
And, C -
DH =c,dT (3.2)
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Or the integration form as follow,

DH = f§,.dT (3.3)

Where:[H is thespecific enthalpyn (J/g),
¢, is thespecific heat capacitiy (3C.g or J/K.g),

Experimentally, thespecific heat capacity,, which represents the quantity of energy
needed to raise the temperature of 1g of substanctChgt tonstant pressure, is
determined by measuring theat flux which represents the quantity of heat transterre
(heat flow) pewnit timeandmassand it is measured as a functiont@hperatureand/or
time Asheat fluxis determined by the control and theatingcoolingrate andmassare
known during practical analysis, so t@ecificheat capacitycan be detgnined from the

direct proportional relationship with tieat fluxfrom the following relationship:
(5
— =V.C 34
VG (3.4)

11
Where: Q is theheat fluxor heat flowperunit timein (W or J/s),

cp is thespecific heat capacity (JPC.g or J/K.g),
mis thesample masm (g),
vis theheating/cooling ratén (°C/min or K/min).

From the relationshifB.4), theheating/cooling rates known to be,

V=— (3.5)

Whet: dT is thetemperature differenca (°C or K) andt is timein (min or s).
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By replacing(3.5) in (3.4), thespecific heat capacity terms ofheatflux is as follow,

T
Q
C, =dﬂT - ?
t
il
c, ==L (3.6)

By replacing(3.6) in (3.2), a relationship betwedreatflux andspecific ethalpyis as
follow,

1 Ul
DH :deng(dT):g- 2
mdT m
Q1
DH = <= 7
= (3.7)

Where:[H is thespecific enthalpyn (Jg),

91
Q is theheat fluxor heat flowper unit time in (J/s),
tis thetimein (min or s),

mis thesample masi (g),
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In DSC, the samplpancaneitherbe kept open asealel depending on the material

tested Pans or crucibles exist in a variety of shapes and sizes, depending on the type of
apparatus and application, and made of high thermal conductivity materials, especially
aluminum which is the most widely used. Tleéerencenormally consists of aeampty
pansimilar to thesampleone The measurement di¢ energy flow to and fromsample
during a temperature controlled progranperformed against threference The energy
required to keep botbampleandreferenceat the same temperatureasnvertednto heat

flow and subsequently, by means of a computer program, the data are converted into a
thermogram lsowing a curve of heat flowersus temperature/or time as shownRigure

3.4 below.

122.28°C

Te ’ DH,
/ 234.35°C

_ f 47.29J/g

75.24°C(l) I/
M —— \
113.73°C N\
\ o \ \
Ta Tm —_ m
254.78°C
I T g T v T T T T 1
50 100 150 200 250 300
Exo Up Temperature {QC) Universal V3.9A TA Instrumen ts

Figure 3.4 D& Curve Showing Phase Transitions of rPET in the Heating Mode

Where:Ty is the glass transition temperatufgjs the cold crystallisation temperature,
Tm is the melting temperaturéH. and LH,, are respectively, the enthalpies of

cold crystallisation and melting.

The base line of the DSC curve is the linear part which shows that no reaction or

transition is taking place and where the heat is equal to zero.
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3.2.1.1 DSC Measuring Techniques

The measurement standafds’ ¢ identify two methods for measuring the difference
between thermal transitions irsampleand in areferencematerial. These two different
measuring techniques dneatflux DSCandpowercompensated DS heat flux DSC
shown inFigure 3.5,thesample S and thereferenceR, pans are heated or cooled in the
same furnace chamber according to a controlled temperature program.

The temperature difference betweenshenpleand thereferences measured
continuouslyAs long as the sample and reference respond to the temperature program,
the heat flux into both of them remains constant. The advantdgabflux DSGs its
robustness and give a stable baseline of heating curve and pelear measurement of
Tg. In power compensatddSC shownin Figure 36, thesampleand thereference
crucibleare heated or cooled in separat®d small furnaceand each one is controlled
independently by a primary heating program. So, é&eastrermicor endothermic

reaction in thesampleleads to a temperature difference between the two small furnaces,
power (energy) is added or removed fromgsbhmple furnacéo compensate for the

energy change in treample The difference ithermal poweis the change iteat flux

relative to theeference thermal power

Referencé?AN SamplePAN Referencd=urnace Sample Furnace

v v
<« 1 FurnaceChamber
2 Furnace Chamber—p»

|_ Polymer Sample

- ™~ Polymer Sample

Qs
Tr Tr Tr Pr Ts Ps

v v

Temperature qwgram Furnace (T(t))
Temperatue masurementyT=TsTg)
Hed Flow (Qx = Qs)

Figure3.5 Heat Flux DSC

Temperature mgram Furnace (T(t))
Temperatue masurement{T=Tg-Ts)
Power ControlDP =Pg i Ps)

Figure3.6 Power Compensated DSC
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3.2.1.2 Procedure

The measuring technique used in this work teat flux DS(erformed by means of a
TA Instrument 2010alorimeter shown inFigure 3.7below, having a furnace chamber
similar to the diagram shown Figure 3.5andFigure 3.8 below, intefaced to a PC
computer usind A Instrumentonversion program¥4.4EandUniversd V3.9A to

follow the variation of the rate dfeat evolutiorwith time

Figure 3.7TA Instrument 201Calorimeter Figure 8 Furnace Chamber @A 2010

As indium is suitable for calibrating the medium temperature range of many polymers, so,
to ensure accuracy of measurementténeperatureandenergy calibratios *? of the
calorimeter were done, on every sample, fronpihiet and enthalpy of melting of pure

[138], respectivelyT,, = 156.6C andH,= 28.5 J.¢ and using standard

indium
aluminium pans. The calibration measurement was conducted dynamically at different
heating rates. Then, the indium melting points obtained were plotted against heating rates

and the extrapolation point at heating ratezgas compared to the literature value as
reported by-|6hne[139]. During experiment, DSC calorimeter usegurging gas, such as
helium, argon, nitrogen, which flows through the cell at a constant rate to ensure that the
atmospheric conditions are asfanm as possible in all experiments. In this work, the
samples were analysed in nitrogen atmosphere at controlled flow rate of 20ml/min. The

heating and cooling rates were set as per experiment requirement, as described below.
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In this work,3 runsof each sample were performed. Before each run, the operating
parametersemperatureheatingcoolingrates and analysis condition were set in the
computer program. For each runetsample waweighed, flattened, put intosample
pan(also calleccrucible), encapsulatedransferred to its holder in the calorimeter
furnace and submitted to themperature programwhere he measurememas

performed against i@ference

- In experiments 10 8, samples of masses no more tR&mg as recommendeay
standard™*” for glass transition studiesiere analysedynamicallyin theheating mode

at arate of 10°C/minup ta300°C and determined their glass transition, crystallisation and

melt temperatures and enthalpies of melting.

- In experiment 9sampes of masses no more thadmg, as recommended by standard
139 for melting and crystallisation studiesere analysed in the heating modd@t15,
20and25°C/min, up to300°C andisothermally kept fo2 minutesat 30°C to complete
melting. Then, theamples were cooletnisothermally atcoolingratesof 10, 15, 20
and25°C/minfrom 300°C to completion of crystallisation and determined the values of
the relative crystallinity as previously describeddoyation(1.6) in Section 1.2.3.and
equation(1.13) in Section 1.2.3.2Also, validation for nosisothermal crystallisation

process was performed as describefention 1.2.3.2

- In experimentlO, samples of masses no more thémg, as recommended by
standard™*? for melting and crystallisain studiesyere analysed at a heating rate of
10°C/min, up to300°C andisothermally kept fo2 minutesat 300°C to complete melting.
Then, the samples were cooled fr8a0°C at the same rate a0°C/min And determined

the relative crystallinity as preausly described bgquation(1.6)in Section 1.2.3.1

Also, validation for norisothermal crystallisation process was performed as described in
Section 1.2.2.
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3.2.1.2.1 Glass Transition

The temperature range over which amorphousrpetg or amorphous sections of
semicrystalline thermoplastics mark a change from a glassy state to a rubbery state or vice
versa, is called glass transition. As per stan&gﬂj the glass transition temperatufg,

is the midpoint of the glass transititemperature range and at which half of the change

in specific heat capacity is attained. The mobility of polymer chains is greater Bpove

than below it, where the chains are frozen. In a DSC curvé@gtbesition depends on the

orientation, crystalliation and other factors such as crosslinking and residual stress.

In this work, theTy was determined as per standard and as showigume 3.9below.

Two baselines were extrapolated from the first and the last points where deviations were
detected fronthe baselines; the points of detected deviation were respeciiyedyd

Ttg. Then, a tangent of the stBke change was drawn and thg, or Tr,g , was

determined as being the temperature atpaioht of the line joining the two intersection
points ofthe tangent and extrapolated baselinesTkgandTerq, Where it is assumed that

half of the change in specific heat capacity has occurred.

Exothermic

!

Heat Flow(W/q)

|

. Tefq
Endothermic Ttq

v

Temperature®C)

Figure 39 Temperatures of Glass Transition
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Where:

Tig T Onset temperatur@irst detectable deviation from the baseline).

Teig T Extrapolated aset temperatur@angertbaseline intersectiorefow Tg).

Tmg T Midpoint temp. ofTy (at which 50% of the change in specific heat capacity occurs).
Terg I Extrapolated endemperaturgtangentbaseline intersection aboVg).

Tig T Endtemperaturelast detectable deviation from the baseline).

[x, 1 Endothermic change in specific heat capacity

3.2.1.2.2 Melting

The transformation or change of a solid from a crystalline state into an amorphous state is
called melting. During the melting process, the solid does not encounter a loss of mass
chemical change of its structure. The melting process requires absorption of heat and
therefore, it is an endothermic change and depends heavily on the thermal and mechanical
history of the sample. In a DSC curve, the amount of heat absorbed dunmglting of
crystalline fractions is called the enthalpy of meltibbl,, and characterised by the area

under the endotherm. As per stano{é?a, the melting temperatur&;, shown aJpmin

Figure 3.10below, is the temperature at which most of the crystallites melt. It is at the
melting end temperaturé&;, that all the crystallites are melted and it is considered the
experimental melting temperatdllélq. The melt profile depends on the orientation,

crystallisation and heating rate.

In this work, theT,, and LH,, were determined as per standard and as shown in

Figure 3.10 below. A baseline was extrapolated between the first and the last points
where deviations were detected from the baseline; the points of detected deviation were
respectivelyTim andTwm,. Then, two extrapolated linear sections of the endotherm were
drawn and th&@, or Tym, was determined as being the temperature of peak maximum, at
the intersection of the extrapolated linear sections, wher@assumed thahost of the
crystallites have melted
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Figure 310 Temperatures and Enthalpy of Melting

Where:

Tim T Melting anset temperaturéirst detectable deviation from the baseline).

Teim I Extrapolated aset temp(extrap. linear falling peak edgédaseline intersection).
Tom 1 Melting peak temp. of, (temperature of the peak maximum).

Tem T Extrapolated endemp (extrap. linear rising peak edgéaseline intersection).
Tim T Endtempeature (last detectable deviation from the baseline).

MH, 1 Quantity of heat absorbed or enthalpy of melting.

3.2.1.2.3 Crystallisation

The transformation or change of a material from the liquid amorphous state into a
crystalline state is called crystallisation. During the crystallisation processatkeah

does not require any heat, instead it releases heat and therefore, it is an exothermic
change. In a DSC curve, the amount of heat released during crystallisation is called the
enthalpy of crystallisation,H., and characterised by the area underetkotherm. As per
standard™*" 141, the crystallisation temperaturk, shown ad ., in Figure 3.11 below,

is the temperature at which the crystallisation rate is at its maximum. Crystallisation can

occur during the heating of the material, calleld @vystallisation, and usually occurs if
the material was rapidly cooled from the melt. Crystallisation from the melt occurs when
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. _— . 0 .. .
the temperature falls under the theoretical equilibrium melting temper-Ew,rthls is the

temperature wherg&, = T of a 100% crystalline fraction. The cooling rate, nucleation

and growth are determinant factors during crystallisation.

In this work, theT, and ZH; were determined as per standards and as shown in

Figures 3.11and3.12below.In both heating and cooling modes, a baseline was
extrapolated between the first and the last points where deviations were detected from the
baseline; the points of detectdeviation were respectively¥;c andTi.. Then, two

extrapolated linear sections of the exotherm were drawn and,tbeT,., was

determined as being the temperature of peak maximum, at the intersection of the
extrapolated linear sections, whéres asssumed thathe crystallisation rate is at its

maximum. The area under the exotherm represents the amount of heat released during

crystallisation, i.e. the enthalpy of crystallisatidi..

 ——_

Heating mode

Exothermic

!

Heat Flow(W/q)

l

Endothermic
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v

Temperature®C)

Figure 311 Temperatures and Enthalpy of Cold Crystallisation in Heating Mode
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Figure 312 Temperatures and Enthalpy of Crystallisation in Cooling Mode

Where:

Tic 1 Start of crysallisation (first detectable deviation from the baseline).

Teic | Extrapolated aset temp(extrap. linear rising peak edgéaseline intersection).
Ty T Crystallisation peak temp. df; (temperature of the peak maximum).

Teic T Extrapolated endemp (extrap. linear falling peak edgeaseline intersection).
Ti. T Endtemperaturglast detectable deviation from the baseline).

LH: 1 Quantity of heat released or enthalpy of crystallisation.

3.2.1.2.4 Degree of Crystallinity, X.

The crystallinity of a material, which is expressed in %, is the crystalline fraction of a

complete crystallisation, was determined using the follgwélationship:

In the heating mode as reported in the Iitera[ﬁﬁ%,

DI_|I’T'I
X, =55 100 (3.9)

m

A 100% crystalline fraction of PET is reported in the literattifé to have an enthalpy,

DH r?1of 140 J.g", within a melting temperature range 20-26(°C and at a heating rate
of 10°C/min
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In the cooling mode, related to theahef fusion as reported in the Iiteratl[Jlr4e2],

X, =— 100 (3.9)

Where:X. is the% crystallinity,

o H, andp H are respectively thenthalpiesof meltingandcrystallisation
DHr?1 is theenthalpyof meltingof a100% crystalline fraction

m is thesample mass

3.2.2 Fourier Transform Infrared, FTIR

Infrared spectroscopis a preferredechnique for materials analysighe main infrared
subregions areear, middleandfar infrared. The infrared region is within a wavenumber
range ofL280010cm’, where FTIR represents the rrihge, with a wavenumber range

of 4000200cm, or equivalent wavelength range§-50e m-,

The positions of atoms in molecules are not fixed but subjected to a number of different
vibrations,each vibration occurs independently of all others around it and the atoms
behave as simple harmonic oscillators. A variety of vibrations asppestretching
bending, rockingandtwisting The energy level of infrared light corresponds to the
energy requirethy themolecuk to vibrate. Whenthe alignment of the electric field and
theb o n digbletakes place, ahortemng of the bond$appenthe absorption of the
infrared lightas a consequencbanges the dipolef the bonds as theyibrate Each type

of bond requires a specific amount of infrared energy and therdierenergy oinfrared
light absorbed indicatabetype offunctional goup presenin the sampleln

spectroscopy, th&avenumber; is defined as the numberwhvespercentimeterand is
also thereciprocal of thewavelengths; and also equals to tfiequencydivided by the
velocity of light c. The resulting spectrum obtained represents the molecular absorption
or transmission, creating a molecular fingerprint of the sample, where each molecular
structure produces a uniqudrared spectrum. This makes infrared spectroscopy useful

for several types of qualitative and quantitative analyses, which give a positive
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identificationof every different kind of material and determines the amount of material
present througthe size of the peaks in the spectrum. The resulting spectrum is a plot of
eitherabsorbancer transmittanceversusinfraredwavenumberTheabsorbancend

transmittanceare determined by the following relationships:

For Absorbance
— 0 6
A=logg-§ (3.10
For Transmittance
T=—t (3.1)

Where:
A is absorbanceT is transmittance
lo is theinitial intensityentering the sample,

I is theintensity transmittedfter sample absorption.

Because of its accuracy, Fourier Tsorm Infrared, FTIR, became the preferred method
of infrared spectroscopy and with the aid of modern conversion algorithms software,
FTIR became an excellent tool for quantitative analysis. As in any analysis technique, the
original infrared spectroscopystruments were of thdispersivetype, which separate the
individual frequencies of energy emitted from thigared sourceby using avisible prism
that separates visible light into its colourdrequenciesPrism was later upgraded to
grating, whichis a more moderdispersiveelement that separates better the frequencies
of infrared energy. Thaletectormeasures the amountiatensitywhich passgthrough
thesampleandcomparest with the intensity passing through treferencethe reference
canbeair. FTIR uses an infrared prism which works exactly the samevaside prism
butFTIR s preferred ovedispersivemethod because of its precision, fast scanning, high
sensitivity, mechanicallgimple and no need for external calibration. And it was
specifically developed to overcome the limitations ofdlepersivenstruments and their
slow and individual scanning process. So, the method for measuring all of the infrared
frequenciesimultaneouslynd faser by the use of a very simple optical d=vcalled
interferometer which produces a unique type of signal which has all of the infrared

frequenciegncodednto it and allow a very fast measurement of signals in matter of a
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secondthisinterferometemllowed theFTIR spectrometers tbecame preferred over the

: o 145, 14
dlsperswenstrumenté 149

3.2.2.1 FTIR Measuring Technique

The measurement standafd’ identifies the practices for quantitative analysis.
Infrared energy is emitted fromsaurceof a spectrometewhere annfrared beanof
controlled amount of energy, is emitted throughraerferometey asampleand afinally
adetectorasshownin figure 3.13. Once in thenterferometeythe infrarecoeam is
divided into two optical beams bybgamsplitter The two beams riefct off of the mirror
and are recombined when they meet back ab¢laensplitter The use of the
interferometerresults in veryast measurements arttetresulting signal is called an
interferogramwhich hasaunique property, i.all frequencies are beg measured
simultaneouslys theinterferogramis measured. To allow the measunetgrferogram
signal to be interpreted, it must benverted into &requency spectrumith the desired
spectral information for analysiand to do thisa decodings performedby computer

software using a mathematical technique cdfedrier transformation

During analysis, and for scaling purpo$assthe absorption intensity,k@ackground
spectrunof the reference, which &r, is measuredbefore analysis, as showm i
Figure 3.14below. Abackgroundneasurement is done without asgmplein the beam
and used by thdetectorandcompared to theample spectruro determine théb
transmittanceThis methodical stepesults in aspectrumas shown ifrigure 3.15
below, without presence of instrumentdiaracteristicand thereforeall spectral
information exhibitedare strictly due to the sampl@nebackgroundspectruncan be

used for mangample measuremeriscausét is characteristic ofheinstrumenttself.
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Figure3.13 Schemati®epresentation of the FTIR Analysis
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Figure 3.5 FTIR Spectrum oarPET-bg Sample

3.2.2.2 Procedure

The measuring technique usedhis work wag=TIR performed by means ofNicolet
380spectromete havingahigh-energy source with pinned source position for easy
replacement, eapid scanningelectromagnetic driventerferometemwith an XT-KBr
beamslitter of a rangel 1000375 cni and pinnedin-placedetectorsfor easyexchange,
and usingnir asreferenceas shown irFigures 3.13nd3.16 interfaced to a PC

computer usin@MNIC conversion program® follow the scanning progress.

I
° \
Pin\ =

Sample

BasePlate |

Figure 3.16Nicolet 380Spectrometer
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In this work, FTIR analysis was performedexperiments 10 8, where3 scanf each

sample were takerfter cleaning thoroughly the testingateand thepin, and o

el iminate any 1inst rumentalaspiers*tafndanailég]mace

background single begras inFigure 3.14above was takerfor each population of
samples of rPET, rPET/HDPE arf@ET/PP.Then,3 thindiscs(film) of each sample
were tested within eapid scanningrequency range 6f000-400cm and the curve
option was set t&o reflectanceversusvavenumberEachsamplewas carefully placed
between th@in and theplatein thetesing areaof the spectrometemdscannedOnce

thedataandthe spectrumwere collected,ite used sample was remowattiscanning

o

continuedwith sample2 and3. Onceall thedataand spectra wereollected, the machine

n

wascleaned and switched offhesg ct r a6s curves were anal

peaks were extracted and compared to the available literature and determined the various

molecular groups.

3.2.3 Melt Flow Rate, MFR

In flow analysis, hemelt flow rate,MFR, is atesting used to determe theease oflow

andrepresents a qualitative control index of thermoplastibgch iscritically influenced

by the physical properties and molecular structure of the polymer and the conditions of

measurement. MFR also known as git flow index, MFlor simply melt index. The
standard designation is melt mdksv rate or MFR expressed gil0Ominrepresenting

theequivalentmassn (g) of apolymer flowing through the barrel of a capillary

rheometefor a time of1l0 minutesAn alternative quantity ithe melt volume flow rate,

MVR, expressed ient/10min The MVR is converted to MFR measurement by

multiplying the result by the mettensityvalue for the thermoplastic material. For

accuracy of measurement, eaample is usually testéttimesand the aerage is used in

determining the MFR as follow:
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MFR determination,

BN, .cra0{ 9) 88, 600(5) @
MFR = & 249 Q - 3.12
(i;etaveragés) 99 qmln) @ ( )
MFR determination fronMVR,
MFR = MVRr (3.13)

Where:MFR is themelt flow rateexpressed ind/10min),
MVR is themeltvolumerate expressed in (ci10min),
MaveragelS theaverage masm (g) andtaveragelS theaverage timen (s),

} is thedensityof the tested thermoplastic in (g/&m

3.2.3.1 MFR Measuring Technique

149

The measurement standartf¢ identify the practices for theetermination of the

melt masdlow rate MFR, and the melt volume rate of thermoplasticaibiyng an

extrusion plastometer. €thermoplastic is heated to its molten state for a specific time
and then extruded through a die with a specified length and orifice diameter under
prescribed conditions of temperature, load, and piston position in rttet dmshown in
Figure 3.17 The standarddescribednany measuring proceduréise main two used
procedures arprocedure Abased on the measurement of the mass of extruded material
through the die over a given period of time, and used to determingethéow rate,

MFR, whereasprocedure Bs an automatically timed measurement, used to determine

both melt flow rate, MFR, and melt volume rate, MVR, of thermoplastic materials
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Figure3.17 Schematic Representation of the MFR Testing

3.2.3.2 Procedure

The MFR testing was performed using procedullyy means of ®avenportcapillary
rheometerhavingan automatic control unit, pistonof 9.48mmndiameter, a die adfmm
diameter an@.4mmlength and &rious testoads usedto simulate the processing
pressuretanged froml.2to 21.6 kgto permit measuring polymer materials of various
viscosities as shown ifrigure 3.18 A load of2.16kgwas used to compare the results
with referencematerialsmeasured under similar load. A measufimgnelof 20cnt was

used to feed the material into the barrel.

Figure 3.B DavenportRheometer
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In this work,MFR testingwas performed iexperiments 10 8, where3 samplef each
popuktion of samples afPET, rPET/HDPE and rPET/RireremeasuredAfter cleaning
thoroughly thebarrel and thetesting areathe melttemperaturavas set t®60°C. Once
themelt temperaturevas reached, an amount2ficn? of material was fed into the barrel
and given5 minutego reach molten state. Then, the piston was introduced in the barrel
and the2.16kgload was applied on tigstonand the collection oéxtrudatesstarted
when thdower marking LM, on the piston, shown figure 3.17 was level withte

inlet of the barrel and finished once tggper markingUM, on the piston was reached.
The pressure applied by the load allowed the polymer melt to extrudate throulig the
The extrudates were collected3gteriodsof time 5, 10 and15 secondsand weighted.
Then, the melt flow rateVIFR, of the materials was determined by application of the
MFR equation(3.12)shownpreviously and compared to the available literature.

3.24 Tensile Testing

The tensile testingrovidesinformation onthe matr i al 6 s mechani cal pr o
can be used to providkata for research, development and engineering design as well as

quality control and specificatioi.hi s t esting helps understand
potential and itprocess historthroughthe measured tensile modulis,stresses at

yield, Gy, stress at break or failuré;, and the maximum elongation at yie?d,e of the

tested materials. These measured propertie:
through the understanding of factors, such as stiffness, strength and toughaesain

typical specification#n tensile testingirethe dimension®f the testedpecimen

dumbbel the crosshead speed, the gage length #retestingtemperatureand computer

programto perform data conversiomhe measurement performed takes instderation

the continuous variation of the matemaitensiorunder continuoutensile forceand the

resulting data is converted intdaad versuselongationcurve as shown ikigure 319

below.
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Figure3.19Curves of Dumbbells of non contaminatd®ET-bg (1 to 6)

3.2.4.1 Tensile Measuring Technique

The measurement standaftfS: °9 identify the general practices for thetérmination

of thetensileproperties. As per standardhis method is used to iastigate the tensile
properties of test specimgand for determining the tensile strength, tensile modulus and
the various aspects of the tensile stress/strain relationship under-aeadspeedange

of 5-50mm/minagauge lengtimangeof 50-75mm This method is suitable for moulded,
extruded and casted thermoplastiésmeasured specimedumbbell is placed between
thegrips of the tensile machine to maintain the specimen during the extensional test as
shown inFigure 320 below, sensors are placad contact with the specimen at the mid
point to detect the variation of signals and transmits them tméméoring programand
acontrol unitfor setting the required data and dimensions of the specimen. The movable
part of the tensile machine subjetite specimen to a controlled and balanced extensional
forceuntil thespecimerails or break. The length of extension is set by evaluating a
maximum practical elongation individual to each material. The detected signals of the

variation of elongation ured the applied load of extension are monitored and converted
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by the computer program into graphs representing curvesasisversuselongation and

the data supplied is also used to evaluate the various aspects of tensile stress/strain

relationship.
Movable
Polymer Specimen Computerised monitoring
Force Direction il / And Data Conversion
- / Control Unit
Grips \ \
e\
5 I
/ Fixed
TestingArea Sensors Signals transmissions

Figure3.20 Schematic Representation of the Tensile Testing

3.2.4.2 Procedure

The tensile loagkxtension testing was performegimeans of dinius Olsertensile

machine as shown iRigure 3.2L; havingacontrol unit, arextensional forcef 10kN an
extensional lengthp to1500mm The applied loads were calibrated by standard weight.
The testing machine was interfaced to a PC computer recording the response of samples
to the extensional applied loading Starcomputemprogramfor events monitoring and

conversion of data.

Figure3.21 Tinius Olsenlensile Testindg/lachine
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In this work, tensiletestingwas performed iexperiments 1o 8, where6 dumbbellsof

each population of samplesfET, rPET/HDPE and rPET/RireremeasuredAfter
cleaning thoroughly theesting areathe test data were set into the control unit with an
exensional forceof 10kN anextensional lengtbf 1500mma crossheadspeedf
5mm/minand agaugeof 50mmand preloaded to zero. Each testddmbbellhada gauge
length of50mm a width ofLOmmand a thickness @fmm These dimensions were input
in the ontrol unit for eacldumbbelttest Eachdumbbellwas placed carefully between
the grips as shown iRigure 3.2. The tests were conducted at room temperature between
23 and25°C. Eachdumbbellwas tested until failure, i.e. until breakage and end oftgsti
The monitored and converted data were extracted from the computer and plaitet as
elongationcurvesas shown irFigure 319 and later converted &tresgstrain curves as
shown inFigure 3.23and determined th&tressat yield, stressatfailure or break strain
atyield and the secamhodulusand finally all the results obtained were compared to the

available literature and interpreted.

Figure3.22 A Dumbbel under Test

Thestress strain curves were plotted after converting tbadsandelongationsnto
stressesndstrainsin the purpose to extract the individuahsile characteristicef each

material from the curve aftressversusstrain, as show in Figure 3.23below.
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Theload was converted intstressusing the following relationship.

(3.14)

>0

Where:U is thetensile stresin (N.m?or MP3,
P is theload appliedin (N),
A is thecrosssectional arean (m?) subjected to tensile testing.

Theelongationwas converted intetrain using the followingelationship.
e=— (3.19

Where:€eis thestrain (Dimensionless

gl is theelongationduring the testingn (mm),

L is theinitial tested length or (gauge lengtim) (mmn).

From the stresstrain curves, the secambdulus elastic modulusE, is extracted by from
the value of thelopeof thestressstrain curve at the startinignear portion by dividing

the amount o$tressof any point within the linear portion (between two posjtsands,,)

and the amount of equivalesirain of the same point within the linear portion (between two point

eq ande,,).

_Sy
E=— (3.16)
e,
Where:E is themodulusin (GP3g, which is theslopeof the stressstrain curve(s -€).
Sy is the amount of stresd any point within the startintinear portion(s,,-Sy1)
& is the amountfoequivalent strain of the same point within the starting linear portion
(B2 - ).
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Note: The first points of stress,;, and straing,;  are zeroed, i.e tlyeare taken as the

starting point®f the linear portionSo, the subtractiosy,.s,; ande,, - e, give the

value at point 2which is the one used in the calculation.

StressStrain
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)
= 10 -
" Sy
5 7 E: Sy/ex
0 n T T T T T T T T T T 1
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Figure 3.23 StresStrainCurvesof rPET-bg Dumbbells(1 to 6)

3.2.5 Impact Testing

TheChar py i mpact testing provides informatio
under conditions favourable to brittle fracture. This tesasares the impact energy

resulting from the work done by the pendufurm s dt the pliet of impact with the

specimen. When impact happens, the test specimen starts to absorb energleegas

plastic deformation. The test specimen continues torateswergy until saturation where

it fractures or breakdhis testing helps understand ands al uat e ttdughnessat er i a
the impact energy decreasehentheyield strength is increaseAt failure or fracture,

the energy absorbed by a tough matesiahuch greatet han t hat 6s absor bec
one.The main typical specifications @harpy impact testing are the test specimen

di mensions, the testing temperature and t h
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3.2.5.1 Impact Measuring Technique

The measurement standatd! identifies the practices for thetbrmination of theharpy

unnotched impagqtropertiesunder defined condition3 he impact energy absorbed in
breaking an unnotched specimen amtd-point area referred to the origal cross
sectional areaf the specimen, is expressedilo-joule/nf. As per standas] this
method is used to investigate thiéttlenessandtoughnes®f a material. The test
specimer{impact bar), supported at its ends as a horizdwtain is impadted by a single
blow of astriker (rod of pendulum) at themid-point of the beam, as shown in

Figure 3.24 Thespecimemwhile absorbing thenergyreleased by thstriker, it
undergoes elastic transformation to its maximum capacity until it fails eghgeloling
or fracturing dependi ngenergyabsonbed bythet er i al 6 s |
specimens calculated and displayedtime control uni® screenAs per standard, the
specimerdimensiontype 1 should have a length= 80 + 2mma widthB = 10 £0.2mm
and a thickness= 4 + 0.2mmand a set consisting @D specimenshould be tested at
temperature 023°C. This method is suitable for moulded, extrudeasted

thermoplasticsvith or without fillers

Measurement Display

J
Main Unit —» \ :
Striker

«———  Direction of Striker

Grip »

L

TestingArea —p

AN

Polymer Specimen t ¢

AN

> Point of Choc
B

Figure3.24 Schematic Representation of the Charpy Impact Testing
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3.2.5.2 Procedure

The impact testing was performeyg tmeans of &£east 654%mpacttester as shown in
figure 3.2%; fitted with a device for calculating and displaying émergy absorbety the
testedspecimerand astriker, model 6545¢f a potential energy &0Jstriking at aspeed
of 3.46m/s TheCeast 6545%s not equipped witimpact strengtltalculation device.

Figure3.25 Ceast 645 Charpylmpact Testing Machine

In this work,impacttestingwas performed iexperiments 10 8, wherel0 specimens
(Impact bars)f each population of samplesr&ET, rPET/HDPE and rPET/Rirere
measuredAfter cleaning thoroughly theesting areathe striker (pendulum)was testedo
check its performancand adjusted as to hit thepecimeratthe mid-point areaand put to

a ready for use positiomhen,eachof the10 specimenwas fixed between th2grips

Each testedpecimerhada crosssectiondareawithin a tolerance as per standard,
described previously. Eadpecimerwas placed carefully between the grips as shown in
Figure 3.2. The tests were conducted at room temperature a2f1@d Eachspecimen
was tested undersangle striker blowFor eachspecimentheteststarted byeleasing the
striker and hitting thespecimerwith asingle blowtheenergyabsorbed by the specimen
was recordednd the testedpecimerwas removedAt the endthe machine was
thoroughly cleaned and switched dfhe Charpyimpact strengthsverecalculatedusing
equation(3.17) below. Theresults obtained were compared to the available literature and

interpreted.
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Theimpact strengtlwas calculated using the followimglationship.

IS=—2 (3.17)

Where:IS is thelmpact Strengtlexpressed inkd/nt),
E. is theenergyabsorbed to break the speen(Impact barjn (kJ),
A is thecrosssectional areaf the specimen, afidth B andthicknesg, in (m?),

3.2.6 Extrusion Process
3.2.6.1 Description of the Process

Extrusion is a processing technique for moulding negteinto fibres, profiles, pipes,
sheets and other commodity or engineering products. Extrusion moulding is a process
capable of manufacturing various materials, such as plastics, ceramics, metals and
composites. This process allows consistent, effi@adtontinuous productiorRolymer
materials need to be of high molecular weights to be extruded efficiently. The extrusion
machine oextruderis the principal equipment of this process. It consistshafpgper a

barrel with ascrewand ending with die. Different machines have different

configuration but the principle of processing is similar. Extrusion is the process of choice
in compounding and blending of materials by using twin screws design and other
sophisticated filtration and removal of volasl(Gases) during the process. Compounding
extruders are more developed and complex than those used for general extrusion
purposes. The measurement standafdidentifies the practices of extrusion of
materials.The extrusion principle consists feedng the material into the barrel at the

feed zon@and melting and plasticising it in tikempression zongy means of fixed

heating elementaround the barrel and by the additional heat generated by the shear of
rotating screws. Then, thietating screws continuously forcahe molten materiatowards

themetering zonewhere it is fully compressed and pass through the orificalw a
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It is thedie which dictates the shaping of the final produce, as shoWwigure 3.26 The
properties of the fial produce are fully dependent on the processing parameters, such as
temperaturepressureshear torque filtration andscrews speed Balanced and optimised
processing conditions are of paramount importance in achieving good results. In addition,
the maerial processing properties, such asftbwe characteristics, degree @égradation

and reaction t@ooling, are determinant factors in assessing the final produce efficiency
and its capability in withstanding the purposes of applications. Once extthdduhal

produce is cooled, measured and cut to the desired specifications, quality controlled,

sorted and packed.

Die Breaker Plate Plastic Pellets

Honner

d
/,_-r w Rotating screw

Orifice

PolymerPellets in the stage of heating in the barrel

PolymerMelt Passes Through the orifice of the Die

SO
FENEAN

Examble A Rod Molten Polymer pushed forward towards the die

Figure3.26 Schematic Representation of Erdrusion Moulding ProcessSteps
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3.2.6.2 Procedure

The extrusion moulding was performed by meansOii screwlLeistritzextrusion
machine as shown figure 3.27 having a haubff Accrapak systermodel 750/Jand a

Brook Crompton series 20@&hredder, as shown Figure 3.28

Figure 3.27Leistritz Extrusion Machine Figure 3.28 Extrusion Hztil

Prior to experimentation, test processing was performed to faselifadly with the
operating system of theeistritz machine andestpellets of rPETbg flakes were
producedThe heating zones tie Leistritzwere optimisedround thé®ET processing
temperatureangeof 250-260°C as inTable 3.3 Section 3.1.3Theuniformly distributed
heat over théarrel zonesvith temperatures ranging froeb(°C atfeedto adie
temperature 0270°C, allowed the extrusion of well dimensioned pellets, as shown in
Figure 3.29 These optimised processing conditions, listeihlie 34 below, wereset to
extrude all the required pellets of non contaminated rBgE&nd contaminated rPEIY
with HDPE or PPThe highest temperature 27°C was farless thar28(°C, atwhich
degradation oPETIin presence of contaminants can occur, asrtepdyAwajaand

Pavel[153].

Figure3.29 rPETbg Extruded Pellet
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Barrel rear Barrel middle Barrel front Die

) ] Screw Speed
(Feed Zone 01) | (Compression Zone 02) | (Metering Zone 03) (Zone 04)

250°C | 250°C | 260°C | 260°C | 27C°C 270°C 270°C 270°C 120 rpm

Table3.4 Temperature Settings of theistritz Extruder

In this work,rPET-bg flakes were extruded into pell@tsexperiment 1Theflakeswere
collected from the bulk material randombfeared from any impurities amgeightedto

the requied amount oR.2kg the reason of choosing this amount is explainegkiction
3.2.7.2below. Once the operating temperatures of the extruder were reached, the twin
screw started slowly and the flakes were fed into the barrel in very small amounts. Once
the extrudate started to flow through the die, it was pulled along the length of the water
bath, then, shred into pellets and collected at the end of th@ffi@eiction.Continuous

observation of the fl akeso® be hextwdates r dur i

screw speed and % torques were performed and data recorded.

Similarly, inexperiment$8 to 5, respectively amounts of rPEJg flakes were

contaminated by thorough mixing with amount$%6, 10%and15%HDPE, as listed in
Table 35, wereexrudedinto contaminategellets as previously mentioned withe non
contaminated rPEDg and performed under the same extrusion processing conditions, as
in Table 3.4above. And similar methodology appliederperiment$ to 8, where
respectively amous of rPEFbg flakes were contaminated with amount$#4f 10%and
15%PP.

Theamount of2.2 kgrepresented00%weight of rPEFbg contaminated with HDPE or
PP. The individual amounts of materials were determined depending on the percentages
of contamnation,5%, 10%or 15% and mixed thoroughly before being extruded into

pellets
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Example 95%rPET-bg/ 5% HDPE

rPETIbg405% HDFES %

2.2k g Y
X ¥WPE®bE %
X = M = 209(9
100%

Where:x is the mass of rPEBg corresponding t85% of the total mass, and the mass of

5% HDPE is simply the difference between the masses, as tabulated below:

recycled PETbg 95% 90% 85%
recycled PETbg masskg) 2.09 1.98 1.87
HDPEor PP 5% 10% 15%
HDPEor PPmasgkg) 0.11 0.22 0.33
Total mass (kg) 2.2 2.2 2.2

Table3.5 Percentages and masses of Materials

In experiment®, an amount 02.09kg of rPET-bg flakes was contaminated by thorough

mixing with an amount 0d.11kgof PP, equivalent td% PP, as listed imable 35. This

amount waextrudedonceunder the same processing conditions listebaible 3.4

above. And irexperiment4.0, the same ammt of 2.0%g of rPET-bg flakes was mixed

thoroughly with0.11kgof PPandrepetitively extrudedbr 5 cyclesunder the same

processing conditions listed Trable 3.4aboveCont i nuous

behaviour during processing, appearancéefextrudates, screw speed and % torques

were performed and data recorded.

observati
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Finally, after each extrusion operation, the extruder was purged, cleaned and switched off.
Theextruded pelletsf non contaminated rPERg and the rPE-Dg contaminatd with

HDPE or PP at various percentages were respectively taken to the next stages.

1 Analysis of the pellets by DSC, FTIR and MFR.

1 Injectionmouldingthe extrudedpellets intodumbbellsandimpact bars

3.27 Injection Moulding Process
3.2.7.1 Desaption of the Process

Injection moulding is the process of choice for mass production of various commodity
and engineering materials, such as plastics, ceramics, metals and composites. Packaging
accessories, electrical housings, toys, bottles, capsl@sutes are among the products
manufactured by injection moulding. Bottles are mostly manufactured by injection blow
moulding and the most used processHBIT bottles is injection stretch blow moulding,
ISBM, which is a complicated and widely used intlzoinanufacturing, as previously
described irBection 2.1.5this process allows efficient aedntinuoudarge amounts of
producs in short timeAs for extrusion, polymer materials need to be of high molecular
weights and require higher MFR to be injeatimoulded efficiently. The injection

machine consists of three main sectiongction unit mouldassemblyandclamping

unit. Different machines have different configuration but the principle of processing is
similar. Injection moulding machines areieiéntly precise and ranging between small to
very large machines up to 7000 tonglaimping capacityThe standard®” identifies

the practices ahjection moulding of test specimens of thermoplastics mateAalfor
extrusion, he injection mouldig principle consists deedingthe material from the

hopper into the barrel at tiieed zon@nd melting and plasticising it in tikempression
zoneby means of fixedheating elementaround the barrel of thajection unit The

materid is fed into thebarrel by means of aeciprocatingscrew Unlike the extrusion
screw, the injection mouldingciprocating screwvis designed to rotaferwardto push
andinjectthe molten materiadnd movedackwardwhile rotating andeedingwith the

material from thénopper, as shown irrigure 330. Thebarrel is the main heating
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chamber of the machine. Once heated to the reqpimmkssing conditionghe mateal

is then pushed forward by tiheciprocating screwowards thenozzleandinjectedunder
high pressure ird themould cavitythrough thaunnersystem, where the injected molten
material very quickly takes the shape of the cavity of the m@ndethe mouldcavity is
filled, packing pressureas shown ifrigure 3.33 below,is applied to pack thematerial to
countebalanceanyshrinkage due to theooling processThen, the material solidifies for
a set ofcooling timeunder aclamping pressurapplied on thenould part¢o maintain
them closed and to allow the well cooling aadidification of the poduct before

ejection After solidificationof the materiglthe mouldopensautomatically and the
productis ejectedby theejection systenirhe final product is a replica of the mould
cavity, as shown irfrigures 3.34 and3.35below.

The properties ofe final product are fully dependent on the processing parameters, such
asmelttemperatureinjection time, packingpressure melt orientation, cooling timand
cooling rates Also, balanced and optimised processing conditions are determinant in
processig products with controlledrystallisationduringcooling products which can fit
the purposes of their applications. Finally, the product is inspected to detect any

anomalies or deficiency, sorted and packed.
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Mould Polymer Pellets

_|:< ,ﬂm Reciprocating sew
HOm®™:

PolymerPellets in the stage of heating

Mould Cavity

N

s

Reciprocating screw
R = = =y = VAN,

PolymerMelt ready for injection
Screw Distance equivalent

Ejection Pins |~ to the Plastic Amount

\ '<_>‘ Injected into the Cavity
e
L % Gm— i
ForwardRotationof the
P -

screw(Injection Step)

PolymerMelt ready for injection

Mould Opening and Ejection of the Moulding

Backward Rotation of the

—[7 il Il

— screw(Feeding Step)

Injection of thePolymerMelt into the cavity

E <+—— Moulding

Figure3.30 Schem@ic Representation of tHajectionMoulding ProcessSteps
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3.2.7.2 Procedure

The extrusion moulding was performed by meansKibakner Ferromat, modelF60,
injection mouldingnaching as shown irFigure 330; havingclamping forcearound
600kN, adesiccant dryemodetDri Air AHM1 and a pair of removable mould parts to

produce dumbbells and impact bars, as showngare 3.31

Figure 3.31Klockner Ferromak Machine Figure 3.32 Mould Rart

Prior to experimentation, all the processed materials drézd in advance fos hours
under a temperature &20°C. In the beginningtest processingias performed to
familiarise with the operating system of tklmckner Ferromatidgnjection moulding
machine The processing conditionsf the Klockner Ferromatiavere optimisediround
the PET processing temperaturangeof 250-260°C. Unlike extrusion, for injection
moulding, to allow excellent flow of material it was necessary to increase the temgperatu
of thenozzle zoneo 190°C, this did not affect the material due to the very stioré of
residenceThe optimised processing conditions with temperatures ranging2Bot@ at
feedto anozzletemperature 0290°C, allowed the processing of fullymiensionedest
mouldings These optimised processing conditions, as listd@lme 36 below, wereset
to produce all the requiraetbmbbellsandimpact barsof non contaminated rPEGg and
contaminated rPEDBg with HDPE or PP.
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Melt Temperatures (°C) Injection | Packing | Mould | Injection Packing

Material | Rear | Middle | Front | Nozzle | Pressure | Pressure Temp. Time Pressure
Zone | Zone Zone Zone (Bars) (Bars) (°C) (s) (%)
rPET-bg | 260 260 270 290 180 75 60 1.35 45%

Table3.6 Temperatwr Settings of th&lockner Ferromak

During the optimisation of the processing conditions stinevolume i.e. moulding
weight,was optimisedimultaneously. The high injection pressure generated mouldings
filled to 76% of the full shot volumgeequivdent to ascrewback distancef lengthA. The
remainingvolumewas optimised by applying@acking pressurewhich increased the
screwback distancef lengthA with an additional displacement of lend@requals to
20%of A. Then,an additionatushioning where thescrewback distancef length

(A+B) was gradually increasexith adisplacement of lengtl equals tdl0%, as shown

in figure 3.32 The backscrew distanceA+B+C) was slightly optimised and balanced
until well dimensioned mouldingsf dumbbek andimpact bars as shown ifigures 3.33

to 3.35, were obtained free of any flashing

Injection Pressureequivalent to aBack-screw Distance A = 76% ofShot Volume

Packing Pressureequivalent to B = 20 % of A Q

»
»

Cushioningequivalent to C = 10 % of A+B

Figure 3.3 Shot Volume and Screwack Displacement Relationship
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Figure 334 Moulding of 2Dumbbells Figure 335 Moulding of 4impact Bars

Then, test mouldings aptimised shot volum&ere producedyeighted and a maximum
average weighof 40gper mouldingvas taken as referenctn anount of2.2kgwas
assuned enough to produce at ledsh mouldings it was assumed that approximately
50% of the mouldings will be rejected during processing and approximately 50% of the
remainingspecimensnay fail during the mechanical testing. Also, this amour2 kgis

equivakent to333 bottlesof 500mland a weight 06.6 geach, which was considered the

lightest bottle made b&RONE§155].

In this work,extruded pelletsf non contaminated rPERg were injection moulded into
dumbbellsandimpact bargan experiment 1The10 bestof the produced mouldingsere
analysed visuallychecked for any anomalies and the selection was narrovieaf the
10 mouldingswhich wereweighted and thiedimensions of interesheasured and

recordedas shown ifrigure 3.3 below.

Cross-Sectional Width (B) Cross-Sectional Thickness (t)

Figure 336 Dimensions of Interesif Specimens
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Similarly, inexperiment$ to 5, respectivelyextruded pelletsf rPET-bg contaminated
with 5%, 10%and15%HDPEwere injection moulded intdumbbellsandimpact bars
and seletion was done as previously cited with the non contaminated-bgET
mouldings. And similar methodology appliedarperiment$ to 8, where respectively
extruded pelletsf rPET-bg contaminated witb%, 10%and15% PPwere injection

moulded intadumbbellsandimpact bars

Finally, after each processing operatitime injection machine was purgesvitched off
the operating area cleangbroughly andhiie dumbbells and impact baog non
contaminated rPEDg and the rPEBg contaminated with HDPE oPPRat various
percentages were respectively taken to the stegte.

1 Analysis ofsamplesrom themouldingsby DSC, FTIR and MFR.

1 Testing thedumbbellandimpact bardfor their tensile and impact properties.
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3.3 Chronology ofExperimental Work

The experimental work was performedlid experiment8 experimentsvere performed

in stage land2 experiments irstage 2

Stage 1

Experiment 1: Non Contaminated rPEIg

This experiment éalt with theidentification and thévestigation of thehermal
spectroscopiandflow properties of the non contaminated rPEJ flakesand their

extrusioninto pelletsand investigation of the variation of properties thereafter.

The sequential events of the experiment were as follow:

1 Analysis of the non contaminated rPBg flakes for their thermal properties by
DSC, as described tBection 3.2.1.2

1 Analysis of the non contaminated rPHg flakes for their spectroscopic
properties by FTIR, as describedSection 3.2.2.2

1 Analysisof the non contaminated rPEbQ flakes for their flow properties by
MFR, as described iBection 3.2.3.2

1 Extrusionof the non contaminated rPEb flakes into non contaminateéllets
as described i&ection 3.2.6.2

1 Analysis of non contaminatezktrudedsampledy DSC, FTIR and MFR.
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Experiment 2: Non Contaminated rPEDg
This experiment @alt with theinjection mouldingdf non contaminated rPEBg extruded

pelletsinto dumbbellsandimpact barsand investigation of the variation of prapes

thereafter.

The sequential events of the experiment were as follow:

1 Injection mouldingpf theextruded pelletinto tensiledumbbellandimpact bars
as described iSection 3.2.7.2

1 Analysis ofinjection mouldecdampledy DSC.

1 Analysis ofinjection mouldegampledy FTIR.

1 Analysis ofinjection mouldegdampledy MFR.

1 Tensiletesting of thedumbbells as described iSection 3.2.4.2

1 Impacttestingof thebars as described iSection 3.2.5.2
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The followingFlow Chat 1 shows the methodical stepsexiperiments And2:

Flow chart 1

Experiments 1

Recycled PETbg Flakes [ Characterisation of Flakes ]

T

[ Thermal Analysis (DSC) ][ Spectroscopic Analysis (FTIR) ][ Flow Analysis (MFR) ]

l

Experiments 2

[ Extrusion of Flakesinto Pellets ]
rPET-bg Extruded Pellets

v

[ Characterisation of Extruded Samples ]

i

[ Thermal Analysis (DSC) ] [ Spectroscopic Analysis (FTIR) ] [ Flow Analysis (MFR) ]

—b[ Injection Moulding of the Pellets into Moulded $ecimens ]

[ Characterisation of Inj. Moulded Samples ] [ Mechanical Testing of Specimens]

[ Thermal Analysis (DSC) ]‘7
[ Spectroscopic Analysis (FTIR) ]4—

[ Flow Analysis (MFR) ]4—

Tensile Testing ]

—
——

Impact Testing ]

Figure3.37Flow Chart Showing the Stepshkixperimerd 1 and2
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Experiments 3 to 5 rPET-bg Contamiatedwith HDPE
These experimentsedIt with thecontamination of rPEDg flakeswith small amounts of

HDPE at various percentages, ranging fig# 10%and15%and the investigation of

their influence on the properties of the matrix.

The sequential eents of the experiment were as follow:

Experiment 3: 95%rPET-bg Contaminateavith 5% HDPE

1 Extrusionof the rPETbg flakes contaminated wi? HDPE intopellets

1 Analysis ofextrudedsamplesy DSC, FTIR and MFR.

1 Injection mouldingof the extrudedpellets into tensiledumbbellsandimpact bars

1 Analysis ofinjection mouldedampledy DSC, FTIR and MFR.

1 Tensiletestingof thedumbbellsandimpacttestingof thebars.

Experiment 4: 90% rPET-bg Contaminateavith 10%HDPE

1 The sequential events this experiment were similar to those performed in

experiment 3

Experiment 5: 85% rPET-bg Contaminateavith 15%HDPE

1 The sequential events in this experiment were similar to those performed in

experiment &nd4.
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Experiments 6 to 8 rPET-bg Contaminateavith PP
These experimentsedIt with thecontamination of rPEDg flakeswith small amounts of

PP at various percentages, ranging f&8) 10%and15%and the investigation of their

influence on the properties of the matrix.

The sequatial events of the experiment were as follow:

Experiment 6: 95%rPET-bg Contaminateavith 5% PP

1 Extrusionof the rPETbg flakes contaminated wi? HDPE intopellets

1 Analysis ofextrudedsamplesy DSC, FTIR and MFR.

1 Injection mouldingpf theextruded pelles into tensiledumbbellsandimpact bars

1 Analysis ofinjection mouldedampledy DSC, FTIR and MFR.

1 Tensiletestingof thedumbbellsandimpacttestingof thebars.

Experiment 7. 90% rPET-bg Contaminateavith 10% PP

1 The sequential evénin this experiment were similar to those performed in

experimens.

Experiment 8: 85% rPET-bg Contaminateavith 15% PP

1 The sequential events in this experiment were similar to those performed in

experiment &nd?7.
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The followingFlow Chat 2 shows the methodical steps followedekperimentsS to 8.

Flow chart 2

Experiments 3, 4 and 5 Experiments 6, 7 and 8
Recycled PETbg/ HDPE Recycled PETbg/ PP

A 4 v
[ Contamination of rPET-bg Flakes with HDPE or PP and Extrusionof Samples]

A 4

A

4
[ Characterisation of Extruded Samples ]

[ Thermal Analysis (DSC) ] [ Spectroscopic Analysis (FTIR) ] [ Flow Analysis (MFR) ]

Injection Moulding of the Pellets into Moulded Specimens ]

T

[ Characterisation of Inj. Moulded Samples ] [ Mechanical Testing of Specimens]

[ Thermal Analysis (DSC) ]47

[ Spectroscopic Analysis (FTIR) ]4— 4>[ Impact Testing ]
[ Flow Analysis (MFR) ]4_

Tensile Testing ]

Figure3.38 Flow Chart Showing the Stepskxperiments to 8
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Stage 2

Experiment 9: rPET-bg Cantaminatedwith 5% PP

This experiment éalt with the investigation of the effectsaufoling rateson thethermal
characteristis of non contaminated rPEBg andrPET-bg contaminated with 5% PP
with emphasis owrystallinity, for nonrisothermalcrystallisationprocess, as described in
Section 3.2.1.2The results were analysed ByramiandOzawa equationfor non

isothermal crystallisation procesas described respectively $ection 1.2.2.

The sequential events of the experiment were as follow:

1 Extrusionof the rPETbg flakes contaminated wit?o PP intopellets as
described irBection 3.2.6.2.

1 Analysis ofextrudedsamplesy DSC at a heating / cooling rateddC/min, as
described irBection 3.2.1.2

1 Analysis ofextrudedsamplesy DSC at @neating / cooling rate df5°C/min
1 Analysis ofextrudedsamplesy DSC at a heating / cooling rate26°C/min
1 Analysis ofextrudedsamplesy DSC at a heating / cooling rate2#C/min
1 Analysis of obtained data Bywrami equatiorfor nonrisotherméacrystallisation.

1 Analysis of obtained data yzawaequationfor norrisothermal crystallisation.
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Experiment 10: rPET-bg Contaminateavith 5% PP

This experiment éalt with theinvestigation of the effects oépetitive extrusioon the
thermalcharacteristis of non contaminated rPEBg andrPET-bg contaminatedith 5%
PP, with emphasis owgrystallinity, for non-isothermalprocessas describedh Section
3.2.1.2 The results were analysed Ayrami equatiorfor nonrisothermalprocessas
described irBection 1.2.2.

The sequential events of the experiment were as follow:

1 1% extrusion cyclef rPET-bg flakes contaminated wi?o PP intopellets as
described irBection 3.2.6.2nd analysis oéxtrudedsampledy DSC at
heating/codhg rate ofL0°C/min, as described iBection 3.2.1.2

1 2" extrusion cyclef rPET-bg flakes contaminated wis?6 PP intopelletsand

analysis ofextrudedsamplesdy DSC, as il® extrusion cycle

1 3% extrusion cyclef rPET-bg flakes contaminated wit#6 PP intopelletsand

analysis oextruded sampldsy DSC, as irl* extrusion cycle

1 4" extrusion cyclef rPET-bg flakes contaminated wi#6 PP intopelletsand

analysis oextruded sampldsy DSC, as irl* extrusion cycle

1 5" extrusion cycl®f rPET-bg flakes contaminated wi#s PP intopelletsand

analysis oextrudedsamplesy DSC, as irl* extrusion cycle

1 Analysis of obtained data BAwrami equatiorfor non-isothermal crystallisation.
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The followingFlow Chart 3shows the ntbodical steps oéxperimen®:

Flow chart 3

[ Experiment 9 ]_> [ Extruded Samples of 95% Recycled PET and 5% PP]

\ 4
[ Characterisations of Extruded Samples]

l

A
[ DSC, Heating and Cooling atl0°C/min ] [ 1%, Testing ]
A 4
[ DSC, Heating and Cooling at15°C/min ]
v
[ DSC, Heating and Cooling at 2°C/min ]
A 4
v [ DSC, Heating and @oling at 25C/min ]
v
[ Data Collection and Interpretations ] [ 1% to 4" Testing ]

Figure3.39 Flow Chart Showing the Stepskxperimen®
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The followingFlow Chart 4shows the methodical stepsexfperimentlO:

Flow chart 4
[ Experiment 10 ]_> [ Extruded Samples of 95% Recycled PET and 5% Pﬂ
[ Characterisations of Extruded Samples ] [ Extrusion Cycles ]

'
/ \<—[ Cycle1 ] [ 1% Experiment ]

DSC

Heating / coolingat a constant rate ofL0°C/minute

N /

[ Data Collection and Interpretations ] [ 1% to 5™ Experiment ]

Figure3.40 Flow Chart Showing the StepskxperimentlO
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The followingFlow Chart 5shows the methodical stepsanfalyses

Flow chart 5

[ Results ofExperiment 9 ]—l l—[ Results d Experiment 10 ]

Ozawa Equation ] [ Avrami Equation ]

| l

[ Non-Isothermal Crystallisation Analysis ]

\ 4

[ Data Collection and Interpretations ]

Figure3.41 Flow Chart Showing théalidation Analysesn Experiments &nd10
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Due to the volume of data obtained during the performance of experiments, it was
decided to present the results and their discussions umliddiral chapters in the

purpose to avoid confusion and facilitate the understanding of the contents.

In each chapter, the results were presented first and discussed individually. Then,
comparative discussions were performed to shed the light on toeivahanges.
Additionally, more data are still recorded in appendices and available for further

consultation.

Theresults(observationsobtained in each experiment, for each analysis or test, were
evaluated statistically. The statistical tool used ®@l@te and determine tlecepance

or rejecion of observationgresultgisDi x o n 6 sthisimpliges test proved

efficient in determiningputlierswi t hi n t bbservat@nskinally,shés a mp | e s 6
meanswyere estimated witkrror marginsandat 95% confidence intervals described in

Appendix 9

The data obtained in botftageswverestatisticaly analysedor their validity, accurately,
investigated, compared with other research works, interpretecbaredated.

Note: - Resultsand digussion®of Stage lare reported iChapters 4,5 and6.

Additional information ofStage 1lis available inAppendces 45 and6.

- Resultsand discussionsf Stage 2are reported il€haptes 7 and8.

Additional infomation ofStage 2s available inAppendices’ and8.
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Stage 1

Chapter 4

Non Contaminated rPEDg

4.1 Resultsand Discussions

This sectiondiscusgsthevarious expgmental results of non contaminatdRET-bg
obtainedn experiments &nd2, in the purpose to identify and investigate the various

properties and the potential of the suppl&T-bg flakesbefore and after processing.

As previously mentioned iSecton 3.1.1 therecycled PETbg flakeswere supplied
without any technical information whigh typical for recycled materials sourced from
wastes even where the product range is restricted as in the caB&EBbg. Samples of
non contaminateflakes extruded pelletsand injection mouldedumbbellsandimpact
barswere analyseébr their thermal, spectroscopic, flow and mechanical propestses,
described irSection 3.2
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4.11 DSCresults of Flakes

In experiment ]1the DSC analysigielded the data below.

Heat Flow (Wig)

0.2

0.0

~0.4 -

-1.0

Exo Up

\ 158.36°C

AN 2.3404/g
B

= li__';

169.37°C

—t—

100.86°C

T 4 " T v r T T g T v T
50 100 150 200
Temperature (°C)

238.61°C
az.22J0/ig

254.22°C

300

Universal V3.9A TA Instruments

Figure4.1 DSC Thermograrmf non contaminated rPEfRg Flake 1

Material Samples ofnon contaminatedrPET-bg Flakes
Ty T M, Te H, M, Xe Ta
(°C) (°C) (J/9) (°C) (J/9) (J/9) (%) (°C)
32.22
254.22
i i 23.01 i
Run 1 10086 169.37 234 Nil Nil 140 Nil
20.09
254.51 : : .
14.35
Run 2 100.92 168.96 0.99 Nil Nil 140 Nil
23.98
253.56 : : .
* 17.13
Run 3 119.84 167.05 117 Nil Nil 140 Nil
100,89 254.10 25.43 1816

Mean () ' 168.46 1.50 '

STDEV () 0.04 0.49 6.19 4.42
ST.Error (Se= 6% n| 0.03 0.28 3.58 2.55
Cl(95%),(c N .| ¢ 006 | & OB5 | ¢ 7M1 e 501

Table4.1 DSC Dataof non contaminatedPET-bg Flakes
* Thisd an Aoutliero displayed but not
Datain blueis related to rPEAbg (secondary crystals melting peak).
Note: Additional DSC Thermograms are availableAppendix 4(1).
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From the above resulthe averagglass transition temperatuy&,, of 100.89+0.06C

was within thePET glass transibn broad range d89-115°C as reported in the
literatures % *°"! The flakes exhibitechultiple endothermic transitiorshown in the

form of double melting peaksf averagemelting temperatureg,, respectivelyl 68.46°C

and254.10 +0.55C; this phelmmenon is characteristic BET. In their works Rodriguez

159

et al.[158], Mathot! ]andKampert et all*®” reported that this behaviour related to

endothermic transitions is linked to the partial melting ancrystallisation and re

melting of crystad, which reorganised in more effective orientation as the temperature

increasedWang et all*o!

went further and concluded, in their extensive investigation of
the nature of secondary crystallisatiorP&T, that the first melting peak is that of the
secondary crystals and the second melting peak is attributed to the primary crystals;
where the respective enthalpiés],, of flakes werel.50J.g* and25.43#.01J.g". The
primary crystalsaverageT, of 254.10 +0.55C is within thePET melting temperature
range 0f255-265°C as reported bx\wajaandPaveI[l%]. Other literature*®? reported

that265°C is for highercrystalline PET Thedegree of crystallinityX., of 18.16+5.01%

is low and typical for a bottle grade materibheabsence oéxotherns gave an insight

on the molecular chains entanglemantithattheir reorganisation and orientation were
overridden bya fast nelting; this showed that the flakes originated from a product which
was very fast cooled at processing and that chainsgamnisation and crystallisation were
prevented in the purpose to produce a transparent product. Furthehmadltekes

average enthalpyf 25.43+.01J.g compared with that of crystallifRET of 140J.g",

as reported in thiterature!**"

, sShowed that the flakes originated fromaamorphous
material which underwent cooling stages at elevated cooling rates resulted mydtal c
domains which required less heat consumption for melkiegce, the flakes originated
from anamorphousnaterialintendedo produce clear and transparent products, such as

bottles

In addition to what the thermal analysis by DSC revealed, sgeop@ analysis by FTIR
was performed to gather more information about the flakes origin.
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4.1.2 FTIR results of Flakes

In experiment 1the FTIR analysis yielded the data below.
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Figure4.2 FTIR Spectraf noncontaminated rPEDg Flakes
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Material Samples ofnon contaminatedrPET -bg Flakes
Wavenumber Bond Wavenumber Compound
(cm™) (cm™) Type
Scan 1 ‘ Scan 2 ‘ Scan 3

2922 2919 2935 C-H 28502960 Alkane

1698 1710 1713 C=0 16701760 Ester
1521 to 1605 1531 1521 to 1590 Cc=C 15001600 EsterAr. Ring
717 to 867 717 to 867 622 to 838 and GH Below 900 EsterAr. Ring

1238 1085 to 239 1233 C-0 10001260 Ester

Table4.2 FTIR Dataof non contaminatetPET-bg Flakes

The results abovehowedhe presence ofmoleculabondsandgroupssimilar to the ones

of PET molecular structure, shown Figure 43 below.

e @)
| |
-+ C@ C— 0 CH—CH2—0
- n
Figure4.3 Molecular Rpeat Unit ofPET

The infrared spectra of thikakesillustrated various bonds, such@dH, C=C, strong
C=0, C-0 and the broa-H bonds. By correlating the results to the Iitera{ﬁ?@, the
investigation confirmed that the absorptions occurring bem§82 and867cni* fall into
thelevel expected fothe C-H bendingof anaromaticring groupof anester
(below900cm’). The absorptions occurring betweks21 and1605cm™ fall into the
range expected faE=C stretchof anaromatic ring groupof anester(1500-1600cnt).
The strongabsorptionsoccurring betwee698and1713cn fall into theabsorption
expected foC=0 stretchof anester(1670-1760cn'). And theabsorptionsoccurring
betweenl085and1239cnt fall into the range expected f6xO stretchof anester
(10001260cnt). And, cne can see th@=C, C=0 andC-O which fall intothe

0f i nger pofiamestéAlsp, ¢hg prasence absorptions betweezf19and
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2935%m*, wherehigh frequency is explained by the low mass ofttydrogen atomfall
into theabsorptiorexpected fothebroad C-H stretchof analkane(2850:2960cn).
The mentionednoleculargroupswere identified as being identical or within the
absorptions of those &ET.

Furthermore, the flow analysis by MFRtbk flakes revealed the following result.

4.1.3 MFR results of Flakes

In experiment lthe MFR analysis yielded the data below.

Material Samples ofnon contaminatedrPET -bg Flakes
i i MFR
Extrudates Weight Time )
(@) (s) (9/10min)
Run 1 1.502 15 60.80
Run 2 1.046 10 62.760
Run 3 0.510 05 61.200
Mean (g) 61.35
STDEV (0) 1.35
ST.Error (Se= 89 n 0.78
Cl(95%), (¢ N d.968S e N 1.52

Table 4.3 MFR of non contaminated rRBg Flakes

Themelt flowresults abovehowedhe material ease indwing with minimal resistance
and t h averbdeMFR gatuéof 61.3H+1.52g/10mincompared to the average MFR
of virgin PET which is around@5g/10minas mentioned ifable 3.3 Section 3.1.3

indicated reducediscosityas a result of molecular chaississions as a result of
processing ancecycling In their Work,BakerandBarry[Wq reported thaéxtrusion

blow mouldingrequires a melt flow rate no more thzgy10min whereas other processes,
such asnjectionandblow moulding requirehigher mel ratesin a range 06-60g/10min

As a comparison, theverageMFR valueof 61.3%+1.52g/10minshowed that the flakes
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originated from a material used in a process requiring materials of high melt index, such
asinjection mouldingor blow mouldinga process mainly using engineering materials of
excellent ease of flow coupled with excellent stredbiiity, such a$’ET, and intended to

produce complex products, suchbadtles

Still in experiment lafter analysing anplartially identifying thenon contaminated
rPET-bg flakes by DSC, FTIR and MFR, tHakeswereextrudednto non contaminated
pelletsand samples were analysed agaidi$C, FTIR and MFRand the variations of

properties afteextrusionwere investigated.

In terms of extrusion pre@ssing, the uniform distribution of heat and the residence time

of the materi al a lstrewiceedtrude htestabie apeddiand O@we. t wi n
The speed fluctuated betweeh0and115 rpmand the % torque betwe&0 and60, as

shown inTable4.4 below. At these processing conditions, the non contaminated-tET

was extruding uniformly with certain dimension stability and producing acceptable

extruded pelletsas shown ifFigure 4.2 below

Screw Speed % Torque
Min. Max. Min. Max. Mean
) Mean (rpm)
Material (rpm) (rpm) (%) (%) (%)
Non Contaminated 110 115 | 112.550¢25| 50 60 55+5
rPET-bg

Table 4.4 Screw Speenhd % Torquef non contaminated rPERg

Figure4.4 A non contaminated rPHIg Extruded Pellet
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The visual observatioshowedextrudateswith no swelling or cracking, brittle, not

ductile, with typicalPET characteristics, and grey transparent, as showalite 45

below. These are the result of well optimised processing conditions. The resulting grey

transparent colowf theextruded pelletshowed that the multolouredrPET-bg flakes

were homogeneously melted and well compounded iextrade barrel. The

microscopic analysis of a cressctional area of aextruded pelletmagnified 400 times,

showed embeddequhrticulatesconsidered asontaminantsn the main matrix of rPET

bg, as shown ifrigure 43 below; the presence of these particulates confirmed that the

flakes weraecycledand encountered direct contact with soil and the filtration during the

recycling proess was inadequate.

Material

Swelling

Brittleness

Ductility

Colour

rPET-bg Extruded Pellets

No

High

No

Grey Transparent

Table 4.5Visual Characteristics of non contaminated rRigExtrudedPellets

Microscopic Particulates

(Contaminants)

Figure 4.5 Crossectional Area of a notontaminated rPEDg Extruded Pellet

magnified 400 times
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4.14 DSCresults of Extruded Samples

In experiment ]lthe DSC analysis yielded the data below.

\ 97.49°C(l) 157.78°C

02~ — 4__ﬁ_|,‘__'_=1+ 0.2250J/g

I

166.02°C

Heat Flow (Wig)
o
B

-0.6 —

-1.0

T T T T T
[s] 50 100 150 200 250 300
Universa I V3.9A TA Instruments

Exo Up Temperature (°C)

Figure4.6 DSC Thermograrmf non contaminated rPEAGg Exruded Sample 1

Material Extruded Samples ofnon contaminatedrPET-bg
TQ Tm mm Tc D_|c D"mo Xc Td
(°C) (°C) (J/9) (C) | Qg (J/9) (%) (°C)
42.53
253.64
i i 30.38 i
Run 1 97.49 166.02 022 Nil Nil 140 Nil
Run 2 10471 | 28| 2669 Nil Nil 140 19.06 Nil
32.04
254.38
i i 22.89 i
Run 3 105.70 138.94 0.00 Nil Nil 140 Nil
102.63 254.62 33.75 o411
Mean () ' 15248 | 0.22 '
STDEV (&) 4.48 1.13 8.06 5.76
ST.Error (Se= &% | 299 0.65 4.65 3.32
Cl(95%),(¢ N g/ € 507 | ¢ 1N7 [ & 92 g 6L

Table4.6 DSC Dataf non contaminated rPEGg Extruded Samples

Datain blueis related to rPEAbg (secondary crystals melting peak).

Note: Additional DSC Thermograms are availableAppendix 4(3).
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TheextrudedsamplesaverageTy of 102.6+5.07C compared to the averadg of flakes

of 100.89+0.06C, as shown ifTable 4.7below, showed broader range of glass transition
indicating sporadic domains of short polymer chains, which were further orientated in the
convergent flow atthe diearem] | owed some degree of chai ns:¢
straightening under balanced rate of cooling. This broader range of glass transition

indicated that the polymer chains of the extrudatesxtwuded pelletswere cooled and

relaxed at balanced rate.

T4 (°C)
Materials
Mean ST. Error ClI (95%)
(€) (Se= 8% n e N 8. ¢
rPET -bg Flakes 100.89 0.03 e ONG6
rPET-bg Extruded Samples 102.63 2.59 e 507

Table 47 Glass Transition Temperature of non contaminated fBgHlakes and

Extruded Samples

TheextrudedsamplesaverageTl,, of 254.624.27°C compared with thélakeaverage

Tm of 254.10 +0.55C, as shown ifTable 48 below, showed an increase in melting
temperature. Thi s-sdssons; undestleedeabofthetbdrrel,thehai ns 6
polymer melt was subjected to certain degree of thermmachanical degradation and

¢ h a isaissidi higher number of smaller chains were created whéetped in the

formation of more tinyprimary crystalsduring cooling. The melting of the higher number

of tiny primary crystalscreated, contributed to further increasé in The material

underwent thermal changes and tingtiple endothermipeaksexhibited before

extrusionwere minimised due to homogeneous melting of crystals and balanced cooling

during extrsion.
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T (°C)
Materials
Mean ST. Error Cl (95%)
(€) (Se= 8 n e N @. ¢
rPET-bg Extruded Samples 254.62 0.65 e 1IN7

Table 4.8Melting Temperaturef non contaminated rPERg Flakes and Extrude

Samples

TheextrudedsamplesaverageD A, of 33.75:9.12).g" compared with théakeaverage

D H, of 25.4347.01J.¢", as shown ifTable 49 below, showed the effect of increased
number ofprimary crystals as explained previously, which required mbeat to

complete melting. The increased enthalpy confirmed the proportional relationship with

melting temperature, which increased too.

DHin (.97
Materials
Mean ST. Error Cl (95%)
(€) (Se= 8% n e N 8. ¢
rPET-bg Flakes 25.43 3.58 e N1
rPET-bg Extruded Samples 33.75 4.65 e ON2

Table 4.9Heat of Fusionsf non contaminated rPEAg Flakes and Extruded Samples

TheextrudedsamplesaverageX. of 24.11+6.51 Y%compared with thfakeaverageX.

of 18.16+5.01 %as shown imable 410 below, confirmed that some degree of ordered

sporadiccrystaldomains of short chains were created following extrusion, and that the
balanced cooling of the extrudates allowed the polymer chains to relax, orientate and
helped achieving this order of pacsgidue to the small sizes and ease of mobility of the
created short chains. These sporadic crystal domains failegtgarise during heating,

which explained the absence of cold crystallisation exotherms.
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Xe (%)
Materials
Mean ST. Error Cl (95%)
(€) (Se= 8 n e N 8.9
rPET-bg Flakes 18.16 2.55 e 5N1
rPET-bg Extruded Samples 24.11 3.32 e 651

Table4.10 % Crystallinity of non contaminated rPEAg Flakes and Extruded Samples
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4.15 FTIR results of Extruded Samples

In experiment 1the FTIR analysis yielded the data below.
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Figure4.7 FTIR Spectraf non contaminated rPEAGg Extruded Samples
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Material Extruded Samples of non contaminatedPET -bg
Wavenumber Bond Wavenumbe Compound
(cm™) (cm™) Type
Scan 1 ‘ Scan 2 ‘ Scan 3
2918 2915 2919 C-H 28502960 Alkane
1705 1708 1707 C=0 16701760 stretch Ester
1503 to 1573 | 1503 to 1570 1503 to 1574 Cc=C 15001600 EsterAr. Ring
411 to 867 410 to 867 410 to 867 C-H Below 900 EsterAr. Ring
1234 1084 to 1236 1084 to 1235 C-0 1000-1260 Ester

Table4.11 FTIR Dataf non contaminatedPET-bg Extruded Samples

The results, shown ifable 4.12below, showed decreased absorptions of most molecular
bonds; thearomatic eger ring C-H absorptions at6R2-867cm' ) in theflakes decreased
to (410-867cm?) in theextrudedsamples thearomatic estering C=C absorptions at
(1521-1605cm™) in theflakes decreased tdl603-1574cm™) in theextrudedsamples
theesterC=0 absorptions atlg98-1713cmi‘) in theflakes decreased talf05-170&mY)

in theextrudedsamplestheesterC-O absorptions atl085123%nY) in theflakes
decreased tdl(0841236mni") in theextrudedsamplesand thealkane groupbroadC-H
absorptiorat (2919293%mniY) in theflakes decreased t®015291%n") in theextruded
samplesthese fair shifting tdower values indicatedeneration ofargebonds étrairs.

The peak shifting towards a lonwabsorptionsneantthe absorptionintensity decreask

as a result ofheincreased densitgaused by thaewly created crystals which affected
the freedonof b o n dilwabiors; the frequency of vibration is inversely proportional to
the density of vibrating moleculgise. hie higher density due teewly created scrystalline
domainsreducedhe vibration frequency arttie absorption, antthe reduced absorptions

confirmed the increase of % crystallinghown by the DSC analysis
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Table4.12FTIR Data of non contaminated rP#g Flakes and Extruded Samples

Material Non contaminatedrPET -bg
Extruded
Flakes Reference
Samples
Wavenumber | Wavenumber Bonds Wavenumber Compound
(cm™) (cm™) (cm™) Type
2919 to 2935| 2915to 2919 C-H 28502960 Alkane
1698 to 1713| 1705to 1708 Cc=0 16701760 stretch Ester
1521 to B05 | 1503 to 1574 c=C 15001600 EsterAr. Ring
622 t0867 410 to 867 C-H Below 900 EsterAr. Ring
1085to 1239 | 1084 to 1236 Cc-0 10001260 Ester

4.16 MFR results of Extruded Samples

In experiment 1the MFR analysis yieldeitie data below.

Material Extruded Samples ofnon contaminatedrPET -bg
i i MFR
Extrudates Weight Averages Time _
(9) (s) (9/10min)
Runl 1.860 15 74.387
Run2 1.253 10 75.160
Run3 0.611 05 73.360
Mean (g) 74.30
STDEV () 0.90
ST.Error (Se= 8% n 0.52
Cl(95%), (¢ N d.968S e N 1.02

Table 4.13 MFR of non contaminated rREJ Extruded Samples
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The averag®FR of theextrudedsamplesof 74.30+1.02 g/10mirshown inTable 4.14
below, compard to theflakeaverage 061.35+1.523/10min indicated that thenaterial
under went mo-kcssonskesalting ioshast chaissdith high ability of
orientation, easiness in packing and shearing at high rate which decreagedas$igyof

thematerial resulting in a higher flow rate.

MFR (g/10ming
Materials
Mean ST. Error ClI (95%)
) (Se= &Y n € N 8.9
rPET -bg Flakes 61.35 0.78 e 162
rPET -bg Extruded Samples 74.30 0.52 e 1ND2

Table 4.14 MFR of non contaminated rRBJ Flakes and Extruded Samples

In experiment 2thenon contaminatedPET-bg extruded pelletsvereinjection moulded
into dumbbellsaandimpact bars Then,injectionmoulded samplesereanalysed again by
DSC, FTIR, MFR and thdumbbellsandimpact barswere tested for their tensile and
impactproperties and investigateahd the results are as below.

It was not possible to process directly tlagesby injection moulding becauss ther
sizeswhich ranged betwed®20and10.38mmas shown ifrigure 4.8 (a, b, § below,

these sizes were larger than the recommended requirement for recycled PET processing
by injection moulding as reported in many Iiteratd?’gg, andPawlak Aet al.*®”

reported that for successRET recyclingas a minimum reqrement, thélakesshould
be betwee®.4 and 8.00mnSo, theflakeswere firstlyextrudednto pelletsprior to their

injection mouldingnto dumbbellsandimpact bars
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Figure 4.8 (a, b, c) Dimensions of non contaminated fBgFlakesnagnified 25 times

During injection moulding, the uniform melting, injection time, packing and cooling and

the optimised processing conditions showitable4.15below, allowed the processing

of good mouldings of non contaminated rRPE(J, as shown ifigures 4.9and4.10

below.
Melt Temperatures (C) Injection | Packing | Mould | Injection Packing
Material Rear | Middle | Front | Nozzle | Pressure | Pressure Temp. Time Pressure
Zone | Zone Zone Zone (Bars) (Bars) (°C) (s) (%)
fPET-bg | 260 | 260 270 290 180 75 60 1.35 45%

Table 415 Injection Moulding Processing conditions of non contaminated BT
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Figure4.9 A Moulding of 2Dumbbells  Figure4.10 A Moulding of 4mpact Bars

The vsual observationf dumbbellsandimpact baramouldings showed full packing and
homogeneous dimensioning without any external anomalies. The microscopic analysis of
a crosssectional area of anjection moulded segmemhagnified 400 times, showed
insignficant embeddedontaminanin the main matrix of rPE-bg, as shown ifigure

4.11 below.

Contaminant

Figure 4.11 Crossectional Area of non contaminated rREJ Inj. Moulded Sample

magnified 400 times
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4.17 DSCresults of Injection Mouldel Samples

In experimeng®, the DSC analysis yielded the data below.
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Figure4.12 DSC Thermogramf non contaminated rPERg Inj. Moulded Sample 1

Material Injection Moulded Samples ofnon contaminatedrPET -bg
Ty Tm H,, T, [OH, H,L Xe Tq
(°C) (°C) (J/9) (°C) (J/9) (J/9) (%) (°C)
Run 1 77.51 252.26 40.20 119.70 18.85 140 28.71 Nil
Run 2 75.24 254.78 47.29 122.28 23.26 140 33.78 Nil
Run 3 86.05 254.54 51.16 118.70 28.26 140 36.54 Nil
Mean (c) 79.60 253.86 46.22 120.23 23.%6 33.01
STDEV () 5.70 1.39 5.56 1.85 4.71 3.97
ST.Error (Se= 8% | 329 0.80 3.21 1.07 2.72 2.29
Cl(95%), (¢ N /¢ 6M5| e 167 | c 609 | ¢ 209 | ¢ 583 e 4NI9

Table4.16 DSC Dataf non contaminated rPEBg Inj. Moulded Sanmlps

Note: Additional DSC Thermograms are available Appendix 4(5).
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Following injection moulding, the multiple endothermic phenomena were completely
eradicated by further heating, this conclusion was in line with what was repoited by
andHay[45] related to the effect of heating rate on minimising multiple endothermic
phenomena. The presence of cold crystallisation peaks indicated that the molecular chains
were strained, and depending upon the cooling conditions encountered. So, upon heating
during DSC heating runs, an amount of energy was released in each run, as a result of the
transformation of the strained or amorphous domains into crystalline ones. These
noticeable areas under the exotherms, indicated the presence of amorphous domains,

which could crystallise, were retained in the samples after cooling crystallisation.

Theinj. mouldedsamplesaverageT of 79.60+6.45C compared t@xtrudedsamples

average 0102.63+5.07Cand t he f | alk(B8%8+06.06€, aseshoaviyidable f

4.17 andFigure 413 below, showed narrow range of glass transition indicating the
presence of new more ordered crystal domains resulting from good flow orientation,
stress less bevahiour of the melt in the cavity and history of slow and balanced cooling of
mouldings, where chains mobility was favoured by optimum flow behaviour of the melt

under optimised conditions.

T4 (°C)
Materials
Mean ST. Error Cl (95%)

(€) (Se= 8% n e N 8. ¢
rPET Flakes 100.89 0.03 e ON6
rPET Extruded Samples 102.63 259 e 5N7
rPET Inj. Moulded Samples 79.60 3.29 e 6M5

Table 4.7 Glass Transition Temperatwénon contaminated rPERg Flakes, Extruded

and Inj. MouldedSamples
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Glass Trans. Temperatures

(Non Contaminated rPET-bg )
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Figure 413 Glass Transition Tengvatureof non contaminated rPEBg Flakes, Extruded

and Inj. MouldedSamples

The averag@j. mouldedsamplesT, of 253.86:1.57°C compared with thextruded

sample of 254.624.27°C and theflakeof 254.10 +0.55C, shown inTable4.18and

Figure 4.14below, shoved a decrease indicating that the number of short polymer chains
increased as a result of further -processin
scissions, were sporadically dispersed within the matrix, which allowed melting of the

dispersed small gstalline domains at lower temperature.

T (°C)
Materials
Mean ST. Error Cl (95%)
(e) (Se= 8% n e N 8. ¢
rPET Extruded Samples 254.62 0.65 e 17
rPET Inj. Moulded Samples 253.86 0.80 e 1%7

Table 4.18Vlelting Temperaturef non contaminated rPERg Flakes, Extruded drin;j.
MouldedSamples
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Melting Temperatures
(Non Contaminated rPET-bg)

255 ~
g [
e
~ i |
© 254 A
2
o
)
e 253
IS
)
|_
o)
S 2524
)
=

251 T T ;

0 1 2 3
Samples
B PET-bg Flakes ® (PET-bg Extruded Sample A rPET- Inj. Moulded Sample

Figure 4.14 Melting Temperatuog non contaminated rPEAg Flakes, Extruded and Inj.
MouldedSamples

The average i nj e cheata fusiomrentHaldyeidmelsndDmfol e s 6
46.22+6.29J.g* compared wittextrudedsampledof 33.759.12).g*and thef | a &fe s 6
25.4347.01J.g", shown inTable4.19 andFigure 4.15below, showed the increased

energy consumption to melt the additional numerous small crystalline domauis whi
were created after inj. moulding; this additional crystal fractions formed following a well

distribution ofma t e rmelawitfinsthe mould cavity and its balanced cooling rate.

DHin (.97
Materials
Mean ST. Error Cl (95%)
(€) (Se= 8% n (e N6
rPET Flakes 25.43 3.58 g 7M1
rPET Extruded Samples 33.75 4.65 e ON2
rPET Inj. Moulded Samples 46.22 3.21 e 6N9

Table 4.1%Heat of Fusionsf non contaminated rPEAg Flakes, Extruded and Inj.
MouldedSamples
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Heat of Fusion
(Non Contaminated rPET-bg)
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Figure 4.1%Heat of Fusion®f non contaminated rPEAg Flakes, Extruded and Inj.

MouldedSamples

Cold crystallisation peaks were exhibited witbrgstallisation temperaturef

120.23+209 °C, neither thdlakesnor theextrudedsampleslid exhibit cold

crystallisation peaks, once again, this showed the presence of numerous ordered crystal
domains created as a result of melt orientation in the cavity and history of slow and
balanced cooling of material. These conditions helped increasiniggnee of

crystallinityto an average @&3.01t4.49compared to thextruded samplesf 24.11+6.51
%andt he f |18.k6e50t %as shown iMable 420 andFigure 4.6 below. The
optimised melt flowrate within the mould cavity and the balanced cagptime and rate
were predominant factors in influencing the degree of crystallinity. Furthermore, the
mould temperature &0°C contributed to the improvement crfystallinity through the
improved flow, dispersion and orientation of polymer melt in thégathis allowed to
establish a proportional relationshiprobuld temperaturanddegree of crystallinity
meaning that cooling rates are of paramount importance in dictating the final degree of
crystallinity; this conclusion is in line with what was ogfed byCrawford %% and

Akkapeddet al.*®" that for improved crystallinity odPET, the mould temperature can be
increased as high 440°C.
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X¢ (%)
Materials
Mean ST. Error Cl (95%)

(€) (Se= 8 n e N 8.9
rPET Flakes 18.16 2.55 e 5N1
rPET Extruded Samples 24.11 3.32 e 6%l
rPET Inj. Moulded Samples 33.01 2.29 e 4M9

Table4.20 %Crystallinity of non contaminated rPERg Flakes, Extruded and Inj.
MouldedSamples

% Crystallinity
(Non Contaminated rPET-bg)
40 ~
35 -
3 f
> 30 -
£
f__,5 25 7 §
®
> 20 - %
O
15 ~
10 - . :
0 1 2 3
Samples
mrPET-bg Flakes ©® rPET-bg Extruded Sample: A rPET-bg Inj. Moulded Samples

Figure4.16 %Crystallinity of non contaminated rPEAg Flakes, Extruded and In;.
MouldedSamples

Bachir ITIM 119 PhD Thesis



4.18 FTIR results ofInjection Moulded Samples

In experimeng, the FTIR analysis yieldeth¢ data below.
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Figure4.17 FTIR Spectraf non contaminated rPERg Inj. Moulded Samples
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Material

Injection Moulded Samples of non contaminatedPET -bg

Wavenumber Bond | Wavenumber Range| Compound
(cm™) (cm®) Type
Scan 1 ‘ Scan 2 Scan 3
2921 2919 2953 C-H 28502960 Alkane
1709 1697 to 1731 1709 C=0 16701760 Ester
1503 1531to 1573 1503to 1574 Cc=C 15001600 EsterAr. Ring
493 to 869 493 to 864 494 to 869 C-H Below 900 EsterAr. Ring
1081 to 1232 1251 1084 to 1233 C-O 10001260 Ester

Table4.21 FTIR Dataof rPET-bg Inj. Moulded Samples

The results, shown ifable 4.2 below, showed that the absorptions of most molecular

bonds, thearomatic estering C-H, thearomatic estering C=C, theesterC=0, the

esterC-O and theallkanegroup broadC-H, either stabilised or slightly increased in the

inj. moulded samplesompared t@xtruded samplegndflakes thisindicatedunbalanced

molecular strainas a result of heterogeneous absorpt@@sed byeterogeneous

distribution of sporadic crystals. As a result of sporadic dispersion, the additional number

of

sporadic

crystals

al

owed r el

axat.

additional freedom of vibration of bonds, which allowed increased absorplioas.

increased absorptions indicated increased crystals generated as a result of further

processingonfirmed the increase of % crystallinghown by the DSC analysis
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Material

Non contaminatedrPET -bg

Extruded Inj. Mo ulded
Flakes Reference
Samples Samples
Wavenumber | Wavenumber | Wavenumber | Bonds Wavenumber Compound
(cm™) (cm™) (cm™) (cm™) Type
2919t0 2935| 2915t02919| 2919t02953| C-H 28502960 Alkane
169810 1713 | 1705t0 1708 | 1697t01731| C=0O 16701760 Ester
1521 t01605 | 1503 to 1574 | 1503 to 1574| C=C 15001600 EsterAr. Ring
622 to 867 410 to 867 493 to 869 C-H Below 900 EsterAr. Ring
108510 1239 | 1084 to 1236| 1081to1233| C-O 10001260 Ester

Table4.22FTIR Data of non contaminated rP#§ Flakes, Extruded drinj. Moulded

Samples

4.19 MFR results of Injection Moulded Samples

In experimeng®, the MFR analysis yielded the data below.

Material Inj. Moulded Samples of rPET
i i MFR
Extrudates weight Time )
(9) (s) (9/10min)
Runl 2.123 15 84.920
Run?2 1.532 10 91.920
Run3 0.932 05 111.840
Mean (&) 96.23
STDEV () 13.97
ST.Error (Se= 8% n 8.06
Cl(95%), (¢ N d). 96S e N 15.81

Table 4.23 MFR of non contaminated rRE@ Inj. Moulded Samples

Bachir ITIM

122

PhD Thesis




Thecomparativenelt flowresults shown inTable 4.24andFigure 418 below, showed
thatthe averageanjection moulded sampléMFI of 96.23+15.80g/1&inincreased

t

compared to thextruded samplesnd theflakes 1 ndi cating additi
resulting in increased short chains of low molecular weights which |ledettease melt
viskmsity The increased short chains | ead
explained the increase of % crystallinity previously discussed.
MFR (g/10ming
Materials Mean ST. Error ClI (95%)
(€) (Se= 8% n e N 8.9

rPET Flakes 61.35 0.78 e 12

rPET Extruded Samples 74.30 0.52 e 1ND2

rPET Inj. Moulded Samples 96.23 8.06 e 18.80

Table 4.24 MFR of non contaminated rR&J Flakes, Extruded and Inj. Moulded

Samples
MFR
(Non Contaminated rPET-bg)
110 -
© 90 - %
&
—
S 70 ¢
04
=
50 -
30 . .
0 2 3
Samples
—&— rPET-bg Flakes —&— rPET-bg Extruded Sample: —a&— rPET-bg Inj. Moulded Samples

Figure4.18MFR of non contaminad rPEFbg Flakes, Extruded and Inj. Moulded

Samples

onal

o hi
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4.110 Tensile Testingresults of Injection Moulded Dumbbells

In experimeng, the tensile testing yielded the data below.

Load - Elongation

(Non Contaminated rPET-bg)
2000 -

1500 -

1000 -

Load (N)

500 -

0

0O 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15 16

Elongation (mm)

— "Specimen 1"—— Specimen 2"—— "Specimen 3"—— "Specimen 4"—— "Specimen 5" "Specimen €

Figure4.19Tensile Curves of norootaminatedPET-bg Dumbbells

Theload-elongationcurves, shown ifrigure 4.19above were converted into
stressstrain curves, as shown igure 4.20below, from which the tensile data were
extractedas previously described Bection 3.2.4.2nd theresults are listed in

Table 425 and the extracteshodulus, Eis shown inTable 4.2@elow.
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StressStrain

20 (Non Contaminated rPET-bg)

25

Stress (MPa)

0 T T T T T T T T T T 1
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 0.011

Strain

—— Specimen 1 —— Specimen 2 Specimen 3 —— Specimen 4 —— Specimen 5 —— Specimen €

Figure 4.20 StresStrainCurvesof non contaminated rPEBg Dumbbells(1 to 6)

Modulus, E YieldStress , | St ress @ ) )
Dumbbells GPa (MPa) (MPa) Strain @ Yield
1 3.11 13.50 13.50 0.004
2 3.05 21.31 21.31 0.007
3 3.11 24.37 24.37 0.008
4 3.33 7.50 7.50 0.002
5 2.98 20.27 20.27 0.007
6 2.77 26.42 26.42 0.010
Mean () 3.06 18.90 18.90 0.007
STDEV (0) 0.18 7.12 7.12 0.00
ST.Error (Se= 89 0.07 2.91 2.91 0.00
Cl(95%), (¢ N ). e ON5 e 5N\69 g 59 e 0NO

Table4.25 Tensile Data ohon contaminatedPET-bg Dumbbells
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Material rPET -bg
Stress , (MPa) Strain, e, E= (/8)
Specimen Sy1 Sy2 Sy ea €0 € MPa GPa
1 3.361| 12.675| 9.314 0.001 0.004 0.003 | 3104.67 3.11
2 3.419| 9.511 | 6.092 | 0.001 | 0.003 | 0.002 | 3046.00 3.05
3 4.175| 13.503| 9.328 | 0.001 | 0.004 | 0.003 | 3109.33 3.11
4 2.667 | 5.999 | 3.332 | 0.0005| 0.0015| 0.001 | 3332.@ 3.33
5 7.237 | 19.150 | 11.913 | 0.003 0.007 0.004 | 2978.25 2.98
6 6.327 | 14.639 | 8.312 | 0.003 | 0.006 | 0.003 | 2770.67 2.77
Mean (&) 3.06
STDEV ({) 0.18
ST.Error (Se= 89 n 0.07
Cl(95%), (¢ N d.968S e ON5

Table4.26 Tensile Modulisof non contaminatedPET-bg

The tensile results alumbbells shown inFigure 4.0 andTable 4.25bove showed a

yield stress,Uyrs, vValue 0f18.90+5.69NPawhich is less than half the valueET range

of 55-75MPaq, indicating that thdlakesoriginated fronrecycledmateial which lost its

strength due to degradation in tensile properties. The strain at yi@ld03=+0.00s still

within the PET range 0f0.0050.015Paas reported in the literature . Thetensile

stress at break];, of 18.90+5.69MR which is less tha half the value oPET of 50MPa,

as reported in the IiteratuPeSn, indicated again that the flakes originated froreeycled

material Under tensile testing, all tileimbbelldailed and broke sharply without

yielding, as shown ifigure 4.1 above ad Figure 4.21below, indicating a

characteristic of arittle material such a®ET.
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l

Figure 4.21 Sharp Failure of a non contaminated rBgDumbbell

The averagelasticmodulus E, of 3.06£0.15GPas still within thePET range of
2.83.1GPa"*". The aboveequalityof yield stressandstressat breakshowed that the

materialin question wasery brittle The above combination of degreelwittienessand
elastic tensile modulugadicated similarities witlPET characteristics.
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4.111 Impact Testing results of Injection Moulded Impact Bars

In experimeng, the impact testing yielded the data below.

Cl(95%), (¢ N 4

Material Non contaminatedrPET -bg
Specimen Impact Bars
Number Width (B) Thickness (t) | Energy Absorbed | Impact Strength
(mm) (mm) ) (kJ.m?
1 10.04 4.01 0.09 2.24
2 9.98 4.00 0.10 251
3 10.01 3.99 0.08 2.00
4 10.06 4.02 0.11 2.72
5 10.01 4.04 0.09 2.23
6 10.03 3.97 0.12 3.01
7 10.00 4.03 0.07 1.74
8 10.01 4.05 0.11 2.71
9 9.99 4.01 0.10 2.50
10 10.03 4.02 0.09 2.23
Mean 10.02 4.01 0.10 2.39
STDEV 0.024 0.024 0.015 0.38
ST.Error (5= 89 0.008 0.007 0.005 0.12
e 0015 e 00015 e 0N09 e 03

Table4.27Charpy ImpacDataof non contaminatetPET-bg Impact Bars

The averagen-notched impacstrengthof 2.39:0.23 kJ.nf is within the equivalent

theoreticalun-notchedPET value of2.76 kJ.rif, where thditerature

[15

9 reported that a

notchedPET of 3.6kdm? is theoretically equivalent to am-notchedPET of 2.76kJni?

Once again, the reducedpact strengtlsuggested eecycledmaterial which aginated

from aPET source.
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4.1.12 Overall Data Comparison

Ty Tm P Hn Xe MFI
(°C) (°C) 3.g% (%) | (9/10mins)
Extruded SamplesCompared td-lakes 9 y y S‘/ y
Inj. Moulded SamplesCompared to Z Z A A A
Extruded Samples y y y

Table 4.28 Comparisoof non contaminated rPERg Samples

Where: ¥ means increase means decrease.

The above comparison, shownTiable 4.28 showed overall increase of properties
following the extrusion and injection moulding of flakes. These variations showed the
effect of the processing heat in generating themmechanical degradation and resulting

I n c {sa@ssiongasulting ihigher number of smallesporadicchainsdispersed alll
over the matrix and helped the formation of more tiny sporadic crystallites under
favourable conditions of cooling. Similarly, the processing allowed the increase of
mo | e c ul ascissionBvehichresdted in increasatiort chainswith high ability of
orientation and packing and ease of shearing at high rate which lead to increased

crystallinity, decreaseuliscosityand increasethelt flow rate
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4.2 Conclusion

In light of the above investigatiothe determined thermal, spectroscopic and flow
properties showed thateflakesoriginated from ammorphousnaterialwhich
underwent cooling stages at elevated cooling ratesy@essing techniquesing
engineering materials of excellent ease of flow coupled with excellent stieidly,

such a$?ETandintendedto produce clear anlansparentproducts, such dsottles

Also, the determined tensile and impact properties showed characteristics, such as
brittlenessandimpact strengthsimilar and inherited frorRET. Furthermore, some
characteristics showddstory of processinganddegradationn properties and preses
of contaminantssuch as soil particulates, whichnfirmed that the flakesriginated from
arecycledsource of mixed batches of different coloansl encountered direct contact
with solil either before or at recycling stage. The obtained informatiowed the
identification of theflakessupplied byClosed loopRecyclingimited asrecycled bottle
grade PET orrPET-bg.

Bachir ITIM 130 PhD Thesis



Stage 1

Chapter 5

rPET-bg Contaminated wittHDPE

5.1 Results and Discussions

This sectiondiscusgsthevarious experimental results G?ET-bg contaminated with
HDPE obtainedn experiments 80 5. The purpose was to identify the influence of small
amounts of HDPE on the properties and processability oEantaminated rPEbg

previously studied ilChapter4.

Samples of rPETbg were contaminated witfo, 10%and15% of HDPE and

investigated. For comparative reasons, same methodology was performed as previously
done inChapter4 and as described Bection3.2andExperiments 3o 5, Section 34,

i.e. contaminated samples were extruded, injection moulded and analysed by DSC, FTIR,
MFR and tested for their tensile and impact properties. A step by step comparison was
performed and the results of the influelné¢éDPE on the main matrix of rPEAg are

discussed below.
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Thecontaminated samples showed good, uniform heat distribution which allowed
apparent decrease in twicrew speed in the increasing order of contamination %

loadings, as showin Table5.1andFigure 5.1 below, indicated homogeneous melt

mixture of the two materials and the capability of HDPE in reducing the viscosity of the
melt translated by the decreased sespwed. In theory, the viscosity is inversely
proportional to theshear rate, translated into material processing behaviour, this means
that the screw speed is inversely proportional to the viscosity; the higher viscosity
conveys lower screw speed and higher % torque. The results below showed decreased
screw speed whicimeant increased viscosity in the ascending order of % contamination,
but the % torque, which is proportional to viscosity, decreased rather than increasing; this
suggested a homogeneous mixing coupled with unbalanced overall dispersion of the
HDPE in therPET-bg matrix; where very small HDPE and matrix chains were created as

a result of thermanechanical degradation, especially at the high processing temperatures
applied. Also, the inclusion of these small amounts of HDPE cannot be dispersed at equal
rateswithin the matrix. And, the increased viscosity is attributed tortak flowproperty

of HDPE, which i8g /10min as shown ifTable 3.1, Section 3.1.2ompared to the non
contaminated rPEb g f | &6k 3@ 1®mimpréviously determined and shownTiable4.3,

Sectiord.1.3, increased the viscosity of the contaminated materials quantitatively by interaction.

Screw Speed % Torque
Extruded Samples Min. Max. Min. Max. Mean
Mean (rpm)
(rpm) (rpm) (%) (%) (%)
Non contaminatedrPET -bg 110 115 112.50+ 2.5 50 60 55+5
95% rPET-bg/ 5% HDPE 100 105 102.50+ 2.5 40 50 45+5
90% rPET-bg / 10% HDPE 95 100 97.50+ 2.5 35 45 40+5
85% rPET-bg/ 15% HDPE 85 90 87.50+ 2.5 30 40 35+5

Table5.1Screw Speed and % TorqakextrudedPET-bg contammated withHDPE
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Screw Speed- % Torque

(Extruded Samples)

A rPET/HDPE (%T)

Linear (rPET / HDPE (S.Speed

120 i - 120
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20 . . . 20
0% 5% 10% 15%
% HDPE Contamination
® [rPET(S.Speed ® PET/HDPE (S.Speed A [PET (%T)

Linear (rPET/HDPE (%T))

Figure 5.1Screw Speed an&b Torqueof extrudedPET-bg contaminated with HDPE

Theproducedextrudates as shown imable 5.2below, showed low swelling, medium to

high degree of brittleness almv degree of ductility compared to non contaminated

rPET-bg. These variations showed the balanced mixing of the melt, combination and

interchange in properties, resulting in increased crystalline fractions after cooling.

Extruded Samples Swelling Britt leness | Ductility Colour
Non contaminatedrPET -bg No High No Grey Transparent
95% rPET-bg/ 5% HDPE Low High No Grey Transparent
90% rPET-bg / 10% HDPE Low Medium Low Grey Transparent
85% rPET-bg/ 15% HDPE Low Medium Low Grey Transparent

Table5.2 Extruded Pellets of rPEDg contaminated with 5% HDPE
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5.11 DSCresults of Extruded Samples

In experimerg 3, 4and5, the DSC analysis yielded the data below.

Heat Flow (Wig)

94.32°C()

P

T
100

132.10°C
7.688J/g

V

137.40°C

200

239.61°C
19.924/9

t—=

\

263.26°C

300

Figure 5.2 Thermogram of Extruded Samplef tPET-bg contaminated

with 5% HDPE

Iniversal V3,04 TA Instruments

Tg Tm D"m Tc D"c D"mo Xc Td

(°C) (°C) (J/9) (°C) (9 | (/9) (%) (°C)

Run 1 94.32 253.26 19.92 Nil Nil 140 14.23 Nil

Run 2 76.79 252.03 30.40 | 123.63| 14.23| 140 21.71 Nil

Run 3 75.13 251.98 26.60 Nil Nil 140 19.00 Nil
Mean (¢) 82.08 252.42 25.64 18.31
STDEV (0) 10.63 0.72 5.31 3.79
ST. Error (SE: 83 n 6.14 0.42 3.06 2.19

Cl(95%), (¢ N g.|& 1R03| & ON2| & 6NO e 49

Table5.3 DSC Dataf Extruded Samples of rPEIg Contaminated with 5% HDPE
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Figure 5.3 Thermogram of Extruded Sample tRET-bg contaminated
with 10%HDPE
Tg Tm mm TC D_|c D"mo Xc Td
(°C) (°C) (J/9) (°C) J9) | (J9) (%) (°C)
Run 1 106.98 | 253.38 22.88 Nil Nil 140 16.34 Nil
Run 2 108.09 | 254.54 25.44 Nil Nil 140 18.17 Nil
Run 3 85.28 252.49 24.27 Nil Nil 140 17.34 Nil
Mean (c) 100.12 | 253.47 24.20 17.28
STDEV ({)) 1286 1.03 1.28 0.91
ST.Error (Se= 89 n| 7.42 0.59 0.74 0.53
Cl(95%), (¢ N Q2. |¢ M55 ¢ IN6 | & 15 e 107

Table5.4 DSC Dataf Extruded Samples of rPEdg Contaminated with 10% HDPE
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Figure 5.4 Thermogram of Extruded Sample tRET-bg contaminated
with 15%HDPE
Run 1 79.17 251.82 26.28 | 124.34| 15.45| 140 18.77 Nil
Run 2 85.12 253.54 24.77 Nil Nil 140 17.69 Nil
Run 3 74.41 252.59 22.94 Nil Nil 140 16.39 Nil
Mean (&) 79.57 252.65 24.66 17.62
STDEV (0) 5.37 0.862 1.67 1.19
ST.Eror (Se= 89 n| 310 0.497 0.97 0.69
Cl(95%), (¢ N g.|¢& 607 & 0075 & 1N\89 e 1\85

Table5.5 DSC Dataf Extruded Samples of rPEdg Contaminated with 15WDPE

Note: Additional DSC Thermograms are availableAppendix 5(1, 2, 3.

Bachir ITIM

136

PhD Thesis




Compared to non contaminated rREg, as shown ifable5.6 andFigure 5.5below, the
inclusion of HDPE decreased tfig in all cases, indicating dispersed veryall HDPE
chains which filled the interstices by sliding between the matrix chains and creating
certain degree of disorder which lead to narrowed range of glass transition; with the
processing temperatures applied, the HDPE chains were more prone ttatiegrand
scissions than those of the matrix, so the assumption is that more very small chains of

HDPE and érmation of cyclic low molecular weight oligomeran be created in PET
matrix, when processed at various temperatures, as repor&arbyeri et h'° and

Romao et al®” . During the cooling, in extrusion process, these very small HDPE chains
cooled at lower temperature and did not allow the matrix chains to reach that
supercooling point easily and crystallise in time. This allowed reducsthtiiye

domains due to the branching phenomena exerted by the HDPE chains which filled the
interstices. So, during the DSC heating mode, the very small HDPE chains started their
transition earlier than those of the matrix and allowed quick transitidreafvterall
contaminated materials, resulting in decreakgdith increasing % HDPE loadings.

Except for the 10% which showed rather higher value, this may be attributed to soil
contamination which can trigger fast formation of very localised crystalbnead,

which increased the time and temperature scales of glass transition.

Ty (°C)
Bxtruded Samples Mean ST. Error Cl (95%)
(€) (Se= &9 n € N 3. ¢
Non contaminatedrPET -bg 102.63 2.59 e 5N7
95% rPET-bg / 5% HDPE 82.08 6.14 e 1R.03
90% rPET-bg / 10% HDPE 100.12 7.42 e 1M.55
85% rPET-bg/ 15% HDPE 79.57 3.10 g 6N7

Table5.6 Glass Transion Temperature dExtruded Samples of rPEIg Contaminated
with HDPE
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Glass Transition Temperature

) (Extruded Samples)
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Figure 5.5Glass Transition Tengpatureof Extruded Samples of rPEHIg Contaminated
with HDPE

Compared to non contaminated rREJ, as showin Table5.7 andFigure 5.6 below, the
HDPE played a role in decreasing thg in all cases. The increased degree of melting of
the primary crystals and the shifting to lower melting temperatures explained the fast
sliding of layers because of the abseofcehemical secondary bonding or adhesions
between the molecular chains shown by the exhibitiondifidual melting peakshis
indicatedincompatibilityandimmiscibility of the polar PET and the non polar HDPE, as

[113]

reported byKim et al , Which esulted in lack of chemical secondary bonding, as

[108]

reported byvaoandBeatty . Secondary bonding promotes intaolecular interaction

and especially in thermoplastics, where it is improved by the presence of polar groups,
such agC-O, GCl, C-F, O-H and N-H bonds It is possible that the very small dispersed
chains, created during extrusion, which filled the interstices, melted earlier and helped the
earlier and faster melting of the matrix crystalline domains, where the degree of entropy
of the very mall crystalline domains was higher and the melting completed at lower
temperatures. One can see, the effect of soil contamination exhibited by a sfii},Hagh

the 10% HDPE which required higher temperature for achieving total melting of the very

localised crystalline domain, assumed around a soil particulate
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Tm (°C)
Extruded Samples Mean ST. Error Cl (95%)
(e) (Se= &% n ¢ N 9.9
Non contaminatedrPET -bg 254.62 0.65 e 1N7
95% rPET-bg / 5% HDPE 252.42 0.42 e ON82
90% rPET-bg/ 10% HDPE 253.47 0.59 e 1N6
85% rPET-bg/ 15% HDPE 252.65 0.50 g 0007

Table 5.7Melting Temperaturef Extruded Samples of Extruded Samples of riRgT
Contaminated with HDPE

Melting Temperature
(Extruded Samples)
255 l
)
e
o 254 -
=
©
g
= 253 A
o
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o
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® (PET Extruded Sample: @ rPET/HDPE Extruded Sample Linear (rPET/HDPE Extruded Sample

Figure 5.6Melting Temperaturef Extruded Samples of rPEbg Contaminated with
HDPE
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Compared to non contaminated rREJ, as shown ifable5.8andFigure 5.7 below, the
HDPE decreasefiH, is attributed to the fast melting of thEODPE crystals which

improved the overall balanced rate of melting, resulting in less heat absorption, in all
cases; the premature melting of the very small dispersed HDPE chains entangled within
the matrix chais, allowed an overall melting equilibrium which required less heat

absorption for melting.

Hy (3.7
Extruded Samples

Mean ST. Error ClI (95%)

(€) (Se= 8F n € N 3. ¢
Non contaminatedrPET -bg 33.75 4.65 e ON2
95% rPET-bg/ 5% HDPE 25.64 3.06 e 6NO0
90% rPET-bg / 10% HDPE 24.20 0.74 e 1INI5
85% rPET-bg/ 15% HDPE 24.66 0.97 e 1N89

Table 5.8Heat of Fusiorof Extruded Samples of rPEJg Contaminated with HDPE

Heat of Fusion
(Extruded Samples)

40 +
\a 35 P
S L
_5 30 -
7}
Z
s 25° {7 —— =
g
T 20 -

15 T T T

0% 5% 10% 15%
% HDPE Contamination
® PET Extruded Sample: ® [PET/HDPE Extruded Sample Linear (rPET/HDPE Extruded Sample:

Figure 5.7Heat of Fusiorof Extruded Samgls of rPETbg Contaminated with HDPE
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Compared to non contaminated rREJ, as shown ifable5.9andFigure 5.8below, the
absence of cold crystallisation peaks confirmed that very small chains of HDPE were
created as a result of thermmechanicbkdegradation and as discussed previously, these
very small HDPE chains cooled at lower temperature in the interstices of the matrix
chains and did not allow crystallisation to occur normally during the cooling stage of
extrusion, and resulted in very degped crystalline domains. So, during the DSC heating,
the absence of cold crystallisation peaks is attributed to the fast meltingHDBte

crystals which improved the overall transition phases, where orientation and packing of
the chains were overridddoy a fast melting, except in rare cases. And the redticed
confirmed the pattern of the crystalline domains as being numerous but dispersed as a
result of HDPE inclusion.

Xc (%)
Bxiruded Samples Mean ST. Error Cl (95%)
(€) (Se= 8% n e N 8.9
Non contaminatedrPET -bg 24.11 3.32 e 6%l
95% rPET-bg/ 5% HDPE 18.31 2.19 e 4N9
90% rPET-bg / 10% HDPE 17.28 0.53 e 1004
85% PET-bg / 15% HDPE 17.62 0.69 e 1885

Table5.9% Crystallinity of Extruded Samples of rPEHIg Contaminated withiDPE

% Crystallinity
Extruded Samples
30 - ( ples)
25 4
S ¢
2 20 -
c
% &
Py
O
10 T T :
0% 5% 10% 15%
% HDPE Contamination
® (PET Extruded Sample ® PET/HDPE Extruded Sample Linear (rPET/HDPE Extruded Sample:

Figure5.8% Crystallinity of Extruded Samples of rPEIg Contaminated with HDPE
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5.12 FTIR results of Extruded Samples

In experimerg 3, 4and5, the FTIR analysis yielded the data below.
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Figure5.9FTIR Spectraf Extruded Samples aPET-bg contaminated with 5 DPE

Wavenumber Bond | Wavenumber Range| Compound
(cm™) (cm™) Type
Scan1 | Scan2 | Scan 3
2918 2916 2916 C-H 28502960 Alkane
1713 1710 1710 C=0 16761760 Ester
1504 to 1574 | 1504 to 156 1574 c=C 15001600 EsterAr. Ring
422 t0 871 426 to 869 431 to 868 and CH Below 900 EsterAr. Ring
1086 to 1236 | 1088 to 1237 1089 to 1238 C-O 10001260 Ester

Table5.10 FTIR Dataf Extruded Samples of rPEdg Contaminaad with 5% HDPE
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Figure5.10Spectra obf Extruded Samples ePET-bg contaminated with 1044DPE

Wavenumber Bond Wavenumber Compound
(cm™) (cm™) Type
Scan 1 Scan 2 Scan 3
2916 2916 2917 C-H 28502960 Alkane
1711 1708 1699 to 1712 C=0 16701760 Ester
1503 to 1573 | 1503 to 1574 1504 c=C 15001600 EsterAr. Ring
720 t0870 719 to 868 666 to 870 C-H Below 900 EsterAr. Ring
1090 to 1240 | 1086 to 1235 1082 to 1235 Cc-0 10001260 Ester

Table5.11 FTIR Daa of Extr. Samples of rPEbg Contaminated with 10% HDPE
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Figure5.11 Spectra obf Extruded Samples ePET-bg contaminated with 15%DPE

Wavenumber Bond Wavenumber Compound
(cm™) (cm™) Type
Scanl ‘ Scan?2 ‘ Scan 3
2916 2916 2918 C-H 28502960 Alkane
1708 1707 1713 C=0 16701760 Ester
1503 to 1574 ? 1503 to 1573 Cc=C 15001600 EsterAr. Ring
718 to 869 718 to 868 719 to 869 C-H Below 900 EsterAr. Ring
1086 to 1235| 1085to0 1234 1087 to 1237 C-O 10001260 Ester

Table5.12 FTIR Dataf Extr. Samples of rPEbBg Contaminated with 15% HDPE
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The results, shown ihable 5.13elow, showed additional absorpticats

(2847-284%m*) which fall into the range expected ftire broad C-H stretchof an

alkane(28502960cnT) resulted from the vibration frequencies of the includ&PE
molecularalkane bondsThe absorptions of most bonds, #tematic estering C-H, the

aromatic estering C=C, theester C=0 theester CO and theallkanegroup broadC-H,

showed instability in vibration levels, which indicated, as seen previously, unbalanced

molecular strainas a result of heterogeneous absorptions and dispersion of sporadic

crystals and as a result of various levels of absorptions due to the varioastions

generated by the inclusion of HDPE. As #reergy level of infrared light corresponds to

the energy required to cause molecular vibrations, therefmextruded samplés

molecular bonds in the batchesrBET-bg contaminated with HDPEomparedo their

counterpart ohon contaminated rPEIbg showed slight increase and stability of

vibrations; this indicated additional intermolecular hydrogen interaesaaresult othe

infrared light interaghg with the resonant vibrational frequency of tlends. The shown

levels of absorptions and interactions between bonds indicated decreased strains as a

result of further processing awdnfirmed theslight stabilityof % crystallinityshown by

the DSC analysis

Material Extruded Samples of rPET-bg (1) Compared torPET-bg / HDPE (5%, 10%and15%)
Samples(1l) | 5% HDPE) | 10% HDPE | 15% HDPE Reference
Wavenumber Bonds Wavenumber Compound
(cm™) (cm™) Type
2916 to 2919 2916 to 2917 2916 to 2918

2915 to 2919 2847 t0 2849 2848 2847 t0 2849 C-H 28502960 Alkane
1705to0 1708 1710to 1713 1699to 1712 1707 to 1713 C=0O 16701760 stretch Ester
1503 to 1574| 1504 to 1576 1503 to 1574 1503 to 1574 C=C 15001600 EsterAr. Ring
410t0 867 | 422t0 871 | 666 to 870 718 to 869 C-H Below 900 EsterAr. Ring
1084 to 1236 1086 to 1238 1082 to 1240 1085to 1237| C-O 10061260 Ester

Table5.13FTIR Data of Extruded Samples of rPE§ contaminated with HDPE
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5.13 MFR results of Extruded Samples

In experimerg 3, 4and5, the MFR analysis yielded thetdebelow.

Material Extruded Samples 0f95% rPET -bg Contaminated with 5% HDPE
[ i MFR
Extrudates Weight Averages Time
) (s) (9/10min)
Runl 1.09 15 4352
Run2 0.68 10 41.00
Run3 0.32 05 38.84
Mean (g) 41.12
STDEV ({i) 2.34
ST.Eror (Se= 8% n 1.35
Cl(95%),(¢ N &.96S e 265

Table 5.14 MFR of Extruded Samples of rREJ Contaminated with 5% HDPE

Runl 1.24 15 49.48
Run2 0.82 10 49.50
Run3 0.40 05 48.48
Mean (g) 49.15

STDEV (&) 0.58

ST.Eror (Se= 8% n 0.34
Cl(95%),(¢ N &.96S e ON66

Table 5.15 MFR of Extruded Samples of rREJ Contaminated with 10% HDPE

Runl 1.41 15 56.45
Run2 0.95 10 57.08
Run3 0.46 05 55.08
Mean () 56.20

STDEV (0)) 1.02

ST.Eror (5= 8% n 0.59
Cl(95%),(¢ N &.96S e IN6

Table 5.16 MFR of Extruded Samples of rREJ Contaminated with 15% HDPE
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Compared to non contaminated rREJ, as shown ifable5.17andFigure 5.12below,

one can see the effect of HDPE in decreasing/fRR in the contaminated rPERQ,

which is attributed to thmelt flowproperty of HDPE o8g /10minas shown imrable 3.1,

Section 3.1.2if the inclusion of HDPE influenced the MFR of contaminated samples because of
its low MFR, so the decrease shouldhigher with increasing % HDPE contamination, instead, at
5% HDPE contamination, the MFR is lower than at 15% HDPE contamination. This indicated
that at 5% HDPE, the chains of HDPE were easily dispersed homogeneously within tHegrPET
matrix, between thimterstices, and entangled the main chains. This sort of entanglement acted
and delayed the shear rate of lamellae and increased the viscosity during the flow of the melt, i.e.
decreases the MFR. Whereas, at 10 and 15% HDPE contamination, the contardispditsion

is more localised than widely dispersed, which in terms of flow, the viscosity was unbalanced and
larger areas were unaffected by the contamination and therefore the average MFR followed the
flow behaviour of the matrix, resulting in higher HRverage at higher % HDPE contamination.
Additionally, the incompatibility of HDPE and rPEJg was a predominant factor in promoting
chains scissions during degradation and increasing shear of the contaminated lamellae. And this
incompatibility, can oyl be overcome by the use gffaropriatecompatibilisersespecially

when the dispersed phase concentration excee$0% weight, as reported by

Utracki [105].

MFR (g/10ming
Extruded Samples
Mean ST. Error Cl (95%)
) (Se= &Y n € N 8.9
Non contaminatedrPET -bg 74.30 0.52 e 102
95% rPET-bg/ 5% HDPE 41.12 1.35 e 265
90% rPET-bg / 10% HDPE 49.15 0.38 e 0\66
85% rPET-bg/ 15% HDPE 56.20 0.59 e INL6

Table 5.17 MFR of Extruded Samples of rREJ Contaminated with HDPE
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Figure5.12MFR of Extruded Samples of rPEJg Contaminated with HDPE

By analysis oFigure 5.13below, the curves of rPEDg contaminated with HDPE

showed the inverse proportionality between MFR and % torqués ttoeque of the

screw during extrusion indicates the melt flow behaviour in terms of viscosity, i.e. %

torque and viscosity are proportional and consequently, the MFR is inversely proportional

[168], [169]

to the viscosity. As reported in the literature , the higher shear rate of melt

lamellae yield a higher MFR and results in low viscosity, and this rule is obeyed in this

case.
MFR - % Torque
(Extruded Samples)
100 - 100
2 80 - 80
§
— (<8}
=) 60 - 60 §
o I~
S 40 40 X
20 T T T T 20
0% 5% 10% 15%
% HDPE Contamination
® PET Extruded Samples (MFI ® PET/HDPE Extruded Samples (MF
A rPET Extruded Samples (%1 A rPET/HDPE Extr. Samples (%T
Linear (rPET/HDPE Extruded Samples (MF!| Linear (rPET/HDPE Extr. Samples (%T

Figure5.13MFR Compared t&6 Torque of Extruded SamplesrPET-bg Contaminated

with HDPE
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Furthermore, by analysis &figure 5.14below, the curves of rPEDg contaminated with

HDPE showed inverse proportionality between MFR and screw speed; the screw speed in
extrusion is inversely proportional to viscosity, so if screw speeds decreased thss mean

that chainsscissions were happening at high rate and increasing the concentrations of the

very small HDPE and matrix chains, which lead to increased viscosity resulting in

extruded samples which yielded increased MFR.

MFR - Screw Speed
(Extruded Samples)
130
- 110
2 110 3
§ 90 £
= 90 g
o)
~ L o
T 70 0o
L =
= o
50 ./.,/‘ 50 3
30 + T T T 30
0% 5% 10% 15%
% HDPE Contamination
® (PET Extruded Samples (MFI ® PET/HDPE Extruded Samples (MF
A rPET Extruded Samples (Screw A rPET/HDPE Extr. Samples (Screw !
Linear (rPET/HDPE Extruded Samples (MF! Linear (rPET/HDPE Extr. Samples (Screw ¢
Figure 5.14MFR Compared té&crew Speed dixtruded Samplesf rPET-bg
Contaminated with HDPE
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In experiments 3, 4nd5, theextruded pelletsf rPET-bg, contaminated respectively
with 5%, 10%and15%HDPE,wereinjection mouldednto dumbbds andimpact bars
Again, injectionmoulded samplesereanalysed bypoSC, FTIR, MFR and thdumbbells
andimpact barswvere tested for their tensile and imppobperties and investigateehd

the results are shown and discussed below.

During injectionmoulding, theoptimised processing conditions resulted in variations of
injection and packing pressures, aswh in Table5.18below,the decreased injection

and packing pressures with increasing % HDPE contamination, indicated ease of flow,
balanced disibution, orientation and packing of the contaminated materials in the mould
cavity. Compared to non contaminated rP&g[ the contaminated materials showed
homogeneous blending and melting of the extruded pellets in the barrel of the injection

machine andhdicated good flow properties of the contaminant, HDPE.

Injection Packing | Mould Injection Packing

Injection Moulded Samples Pressure | Pressure| Temp. Time Pressure
(Bars) (Bars) (°C) (s) (%)
Non contaminated rPET-bg 180 75 60 1.35 45%
95% rPET-bg / 5% HDPE 170 72 60 1.35 45%
90% rPET-bg / 10% HDPE 170 70 60 1.35 45%
85% rPET-bg / 15% HDPE 170 67 60 1.35 45%

Table 5.18variation of Injection Moulding Conditionf rPET-bg Contaminated with
HDPE
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5.14 DSCresults d Injection Moulded Samples

In experimerg 3, 4and5, the DSC analysis yielded the data below.

T
100

1

i
50

T
200

Ffemperature (7C)

238.54°C
a3.00J/g
—

300

Figure 5.15 Thermogram of Inj. Moulded Sample tRET-bg contaminated
with 5% HDPE

Tg Tm mm Tc D"c D_lmo Xc Td
(°C) (°C) (J/9) (°C) (J/9) (J/9) (%) (°C)
Run 1 76.50 253.20 33.00 117.52 17.21 140 23.57 Nil
Run 2 74.77 254.18 37.10 117.08 21.17 140 26.50 Nil
Run 3 77.43 253.77 34.31 118.01 21.98 140 24.51 Nil
Mean (¢) 76.23 253.72 34.80 117.54 20.12 24.86
STDEV ({i) 1.35 0.49 2.09 0.46 2.55 1.50
ST. Error (SE: 83 \ 0.78 0.28 1.21 0.27 1.47 0.86
Cl(95%),(c N /¢ 13| e O66|c 2087 | ¢ OB3 | e 2089 e 1N9

Table5.19 DSC Dataf Inj. Moulded Samples of rPERg Contaminate with 5% HDPE
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Figure 5.16 Thermogram of Inj. Moulded Sample 1RET-bg contaminated
with 10%HDPE
TQ Tm mm Tc D"c D_lmo Xc Td
(°C) (°C) (J/9) (°C) (J/9) (J/9) (%) (°C)
Run 1 79.47 253.77 26.48 118.54 9.13 140 18.91 Nil
Run 2 75.00 251.68 26.28 118.06 15.48 140 18.77 Nil
Run 3 72.79 251.88 25.22 119.25 15.42 140 18.01 Nil
Mean (c) 75.75 252.44 25.99 118.62 13.34 18.57
STDEV ({) 3.40 1.15 0.68 0.60 3.65 0.48
ST.Error (Se= 89 | 1.96 0.67 0.39 0.346 2.11 0.28
Cl(95%), (¢ N /¢ 385 e 180 |c ON7 e O677| & 4N3 e O5

Table5.20 DSC Data&f Inj. Mould. Samples of rPEbg Contaminate with 10% HDPE
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Figure 5.17 Thermogram of Inj. Moulded Sample tRET-bg contaminated
with 15%HDPE

nts

TQ Tm mm Tc D"c D_lmo Xc Td

(°C) (°C) (J/9) (°C) (J/9) (J/9) (%) (°C)

Run 1 71.60 252.38 23.04 122.24 16.67 140 16.46 | Nil

Run 2 73.05 251.97 26.08 122.15 14.72 140 18.63 | Nil

Run 3 75.28 253.24 28.45 121.15 16.08 140 20.32 Nil
Mean (¢) 73.31 252.53 25.86 121.85 15.82 18.47
STDEV () 1.85 0.65 2.71 0.60 1.00 1.94
ST. Error (&= 83 ‘ 1.07 0.37 1.57 0.35 0.58 1.12

Cl(95%),(c N /& 2M0| & OV3 | e 307 | ¢ O3 | & 1N3 e 2N9

Table5.21 DSC Dataf Inj. Mould. Samples of rPEbg Contaminatedith 15% HDPE

Note: Additional DSC Thermograms are available Appendix 5(7, 8, 9.
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Compared to non contaminated rREJ, as shown ifable5.22andFigure 5.18below,

the T4 of the rPETFbg contaminated with HDPE decreased orderly witheasing %

HDPE contamination in all cases, indicating presence of small amorphous domains of
very small chains; these amorphous domains were restricted by the decreased packing
pressure in cavity, which promoted balanced orientation, straightening ekidgaf the
material chains during the cooling process of injection moulding and formation of ordered
crystalline domains. The chains of the amorphous domains required short scales of time
and temperatures to-serange during the DSC heating processjltieg) in decreasedy

with increasing % HDPE contamination.

Ty (°C)
Inl. Moulded Samples Mean ST. Error Cl (95%)
(€) (Se= &9 n € N 3. ¢
Non contaminatedrPET -bg 79.60 3.29 e 6M5
95% rPET-bg/ 5% HDPE 76.23 0.78 e 163
90% rPET-bg / 10% HDPE 75.75 1.96 e 385
85% rPET-bg/ 15% HDPE 73.31 1.07 e 2MO

Table 5.22Glass Transitio Temperaturef Inj. Moulded Samples of rPEbg
Contaminated with HDPE

Glass Trans. Temperature

e (Injection Moulded Samples )

o 90 -

=

o

3 A

g 80 A

() L

c — 1

c

o

= 70+

0

c

o

|_

@ 60 - : .

o 0% 5% 10% 15%
% HDPE Contamination

A PET Inj. Moulded Samples & rPET/HDPE Inj. Moulded Sample— Linear (rPET/HDPE Inj. Moulded Sampl

Figure 5.18Glass Transition Tengvatureof Inj. Moulded Samples of rPEIhg
Contaminated with HDPE
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Compared to non contaminated rREJ, as shown ifable5.23andFigure 5.19below,
following injection moulding, and due to optimised cooling, additional crystalline
domains were created as a resulivefl balanced flow, orientation and packing which
allowed stress relaxation of the materials molecular chains and the enhancement of
straightening. Tha@ of the rPETbg contaminated with HDPE are still lower than that of
non contaminated rPEBg which indcated that HDPE chains entangled the matrix
chains and decreased their relaxation, and decreased the packing pressure. The increase of
T¢ in the contaminated materials is proportional to the increase in % HDPE
contamination, which indicated that the iresed very short chains, allowed additional
creation of crystalline domains. During the DSC heating mode amorphous domains
resulting from retained in samples were able torystallise and release certain amounts
of energy, as shown by cold crystallisatexotherms, which also indicated chains

relaxation and straightening.

T.(°C)
Ini- Moulded Samples Mean ST. Error Cl (95%)
(€) (Se= &9 n € N 3. ¢
Non contaminatedrPET -bg 120.23 1.07 e 2N9
95% rPET-bg / 5% HDPE 117.54 0.27 e O3
90% rPET-bg / 10% HDPE 118.62 0.3 e 063
85% rPET-bg / 15% HDPE 121.85 0.3 e 068

Table 5.23 Cold Crysligsation Temperaturef Inj. Moulded Samples of rPERg
Contaminated with HDPE
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Cold Crystallisation Temperature
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Figure 5.19Cold CrystallisationTemperatureof Inj. Moulded Samples of rPElg
Contaminated with HDPE

Compared to non contamiegt rPETbg, as shown iffable 5.24andFigure 5.20below,

the decrease of enthalpy of cold crystallisatidf indicated presence of very small
crystalline domains coupled with very small and sporadically dispersed large number of
very small chains whicheteased reduced amounts of heat to straighten during the DSC
heating mode and that HDPE chains by melting prematurely prevented the completion of

cold crystallisation, which was overridden by overall melting.

H. (.97
Inj. Moulded Samples
Mean ST. Error Cl (95%)
(e) (Se= 8% n e N 8. ¢
Non contaminatedrPET -bg 23.46 2.72 g 5N\83
95% rPET-bg/ 5% HDPE 20.12 1.47 e 2M89
90% rPET-bg / 100 HDPE 13.34 2.1 e 4N3
85% rPET-bg/ 15% HDPE 15.82 0.58 e 1IN3

Table 5.24Heat of Cold Crymllisationof Inj. Moulded Samples of rPERg
Contaminated with HDPE
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Heat of Cold Crystallisation

(Injection Moulded Samples)
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Figure 5.2(Heat ofCold Crystallisatiorof Inj. Moulded Samples of rPElg
Contaminated with HDPE
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Compared to non contamated rPE¥bg, as shown ifable5.25andFigure 5.21below,
following injection moulding, thd , slightly decreased in all cases and depended on
particular packing of crystalline domains in the various contaminated materials. Again,
the presence of prertuaely melted crystalline domains including HDPE coupled with a
low degree of packing of very small chains allowed fast melting and resulted in reduced
Tm. The extra processing heat of inj. moulding did not affect the miscibility factor; the
incompatibility andimmiscibility persisted as shown by the presence of both individual

melting peaks.

Tm (°C)
Inj- Moulded Samples Mean ST. Error ClI (95%)
(€) (Se= &9 n € N 3. ¢
Non contaminatedrPET -bg 253.86 0.80 g 167
95% rPET-bg/ 5% HDPE 253.72 0.28 e 066
90% rPET-bg / 10% HDPE 252.44 0.67 e 1N80
85% rPET-bg/ 15% HDPE 252.53 0.37 e ON3

Table 5.25Velting Tenperatureof Inj. Moulded Samples of rPEflg Contaminated with

HDPE
Melting Temperature
(Injection Moulded Samples)
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Figure 5.21 Melting Temperatucd Inj. Moulded Samples of rPEBg Contaminated
with HDPE
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Compared to non contaminated rREJ, as shown ifable 5.26andFigure 5.22below,

the balanced melting of the ordered crystalline domains created certain balanced in heat
absorption, resulting in a gradual decrease of the overall enthalpy of nigttjng

Without doubt, the inclusion ¢iDPEand the created very sihcrystalline domains,

which included HDPE chains, were predominant factors in quantitatively easing the

melting process and consequently in reducing the melting enthalpy.

Hy (3.7
Inj. Moulded Samples
Mean ST. Error ClI (95%)
(¢) (Se= 8F n (¢ + 1.96%)
Non contaminatedrPET -bg 46.22 3.21 e 6N9
95% rPET-bg/ 5% HDPE 34.80 1.21 e 2087
90% rPET-bg / 10% HDPE 25.99 0.39 e ON7
85% rPET-bg/ 15% HDPE 25.86 1.57 e 307

Table 5.26Heat of Fusiorof Inj. Moulded Samples of rPEBg Cortaminated with
HDPE

Heat of Fusion
(Injection Moulded Samples)
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Figure 5.22Heat of Fusiorof Inj. Moulded Samples of rPElg Contaminated with
HDPE
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Compared to non contaminated rREJ, as shown ifable5.27andFigure 5.23below,

the % crystallinity X., of the rPETFbg contaminated with HDPE decreased orderly with
increasing % HDPE contamination in all cases, indicating that the very small HDPE
chains filled the interstices existing between the matrix chains and created entanglement
and prevented ordered pa@uy. The degree of disorder was proportional to the % HDPE
contamination; higher % HDPE contamination conveyed higher disorder of chains and
resulted in lower crystallinity and vice versand the reduce®. confirmed the pattern

of the crystalline domas as being numerous but dispersed as a result of influence of
HDPE inclusion.

X (%)
Inl. Moulded Samples Mean ST. Error Cl (95%)
(€) (Se= &9 n € N 3.9
Non contaminatedrPET -bg 33.01 2.29 e 4NI9
95% rPET-bg/ 5% HDPE 24.86 0.86 e 19
90% rPET-bg / 10% HDPE 18.57 0.28 e OG5
85% rPET-bg/ 15% HDPE 18.47 1.12 e 2M9

Table5.27 %Crystallinity of Inj. Moulded Samples of rPEfg Contaminated with

HDPE
% Crystallinity
(Injection Moulded Samples)

40 ~
357
g pl
> 30 -
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g
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0% 5% 10% 15%
% HDPE Contamination

A PET Inj. Moulded Samples 4 rPET/HDPE Inj. Moulded Sample— Linear (rPET/HDPE Inj. Moulded Sampl

Figure5.23 %Crystallinity of Inj. Moulded Sample of rPEFbg Contaminated with
HDPE
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5.15 FTIR results of Injection Moulded Samples

In experimerg 3, 4and5, the FTIR analysis yielded the data below.
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Figure5.24 FTIRSpectraof Inj. Moulded Samples oPET-bg contaminated
with 5% HDPE
Wavenumber Bond Wavenumber Compound
(cm™) (cm™) Type
Scan 1 Scan 2 Scan 3
2914 2916 2915 C-H 28502960 Alkane
1708 1710 1709 C=0 16701760 Ester
1503 1503 1503 to 1574 Cc=C 15001600 EsterAr. Ring
494 to 868 494 to 868 494 to 870 C-H Below 900 EsterAr. Ring
1082 t0 1232 | 1082 to 1232 1084 to 1234 C-O 10001260 Ester

Table5.28 FTIR Dataf Inj. M/ Samples of rPETg Contaminated with 5% HDPE
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Figure5.25FTIR Spectra otnj. Moulded Samples aPET-bg contaminated
with 10%HDPE
Wavenumber Bond Wavenumber Compound
(cm™) (cm™) Type
Scan1 | Scan 2 Scan 3
2914 2916 2915 C-H 28502960 Alkane
1710 1709 1710 C=0 16701760 Ester
? 1503 1503 Cc=C 15001600 EsterAr. Ring
495 to 869 495 to 869 495 to 869 C-H Below 900 EsterAr. Ring
1084 t0 1233 | 1088 to 1239 1084to 1233 C-O 10001260 Ester

Table5.29 FTIR Dataf Inj. M/ Sample of rPEIbg Contaminated with 10% HDPE
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Figure 526 Spectra otnj. Moulded Samples aPET-bg contaminated
with 15%HDPE
Wavenumber Bond Wavenumber Compound
(cm™®) (cm?) Type
Scan 1 Scan 2 ‘ Scan 3
2848 102919 2851 to 2922 2846 102920 C-H 28502960 Alkane
1707 1700 1713 C=0 16701760 Ester
1503 1574 1574 c=C 15001600 EsterAr. Ring
718 to 86 719to 869 718 to 869 C-H Below 900 EsterAr. Ring
1083t0 123 108 to 1237 108510 123 Cc-O 10001260 Ester

Table5.30 FTIR Dtaof Inj. M/ Samples of rPETg Contaminated with 15% HDPE
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The results, shown imable 5.3 below, showedlight stability in the absorption dfroad

C-H stretchof HDPE The range of absorptions of most bonds aitognatic estering

C-H, thearomatic estering C=C, theester C=0 theester GO and theallkanegroup

broadC-H, in theinj. mouldedsamplessompared to their counterpartmdn

contaminatedPET-bg, showed apparent stability and increase of vibrations due to dipole

changes and mosttiie strong dipole of thester GO; this indicated high lesl of

vi br at

of dispersed and reduced crystalline domdimstevin et al

i onal

freedom due

to
(179

reduced

andGuerrero et al

chai
(171

in their studies on PET / HDPE blends reported changes in digokto the inclusion of

graft copolymers and compatibilisers; which indicated that the inclusion of HDPE

affected the overall vibrational behaviour of the matrix molecular bonds.

Material Injection Moulded Samples of rPET-bg (1) Compared torPET -bg / HDPE (5%, 10%and15%)
Samples(l) | 5% HDPE | 10% HDPE | 15% HDPE Reference
Wavenumbers Bonds | Wavenumber Range| Compound
(cm™) (cm™®) Type
2914 to 2916 2914 to 2916 2919to 2R2

2919 to 2953 2846 t0 28471 2846 to 2851 C-H 28502960 Alkane
1697 tol1731| 1708 to 1709 1709 to 1710 1707 to 1713 C=0O 16701760 Ester
1503 to 1574| 1503 to 1574 1503 1503 to 1574| C=C 15001600 EsterAr. Ring
49310869 | 49410870 | 495 to 869 718 to 869 C-H Below 900 EsterAr. Ring
1081 to 1233 1082 to 1234| 1084 to 1239 1085to 1237| C-O 10001260 Ester

Table5.31FTIR Data of Injection Moulded Samples of rRBEF contaminated with

HDPE
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5.1.6 MFR results of Injection Moulded Samples

In experimerd 3, 4and5, the MFR analysis yielded the data below.

i i MFR
Extrudates weight Time
) (s) (9/20min)
Runl 1.22 15 48.92
Run?2 0.80 10 47.88
Run3 0.43 05 51.72
Mean () 49.51
STDEV (f) 1.99
ST.Eror (Se= 8% n 1.15
Cl(95%),(¢ N &.96S e 25

Table 5.32 MFR of Inj. Moulded Samples of rRBd contaminated with 5% HDPE

Runl 1.41 15 56.40
Run2 0.91 10 54.72
Run3 0.50 05 59.88
Mean (g) 57.00

STDEV ({i) 2.63

ST.Eror (Se= 8% n 1.52
Cl(95%),(¢ N &.96S e 2008

Table 5.33 MFR of Inj. Moulded Samples of rRBF contaminated with 10% HDPE

Runl 1.53 15 61.36
Run2 1.30 10 78.06
Run3 0.56 05 66.72
Mean (g) 68.71

STDEV (0) 8.53

ST. Error (Se= 492
Cl(95%),(¢ N &.96S e N5

Table 5.34 MFR of Inj. Moulded Samples of rREF contaminated with 15% HDPE

Bachir ITIM

165

PhD Thesis



The comparativenelt flowresults, shown ifable5.35andFigure 5.27below, showed

thatthe inclusion of HDPE ineased the viscosity of non contaminated rlRigTone can

see the influence of the HDPE chains, by entangling the matrix chains, especially in the
interstices, allowed reduction of sliding and shear and increasing the viscosity, especially
at low % HDPE cotamination. The increase of MFR in the contaminated materials was
proportional to the % HDPE contamination, which indicated gradual increase of shear in
the HDPE lamellae; the more % HDPE included, the more shear was encountered

resulting in increase of MEwithin the contaminated materials, as result of the influence

of molecular weights on the viscosity ratio, as reporteibgrek etal. (72

MFR (g/10ming
Inj. Moulded Samples
Mean ST. Error ClI (95%)
) (Se= &Y n € N 8.9
Non contaminatedrPET -bg 96.23 8.06 e 18.80
95% rPET-bg/ 5% HDPE 49.51 1.15 e 25
90% rPET-bg / 10% HDPE 57.00 1.52 e 208
85% rPET-bg / 15% HDPE 68.71 4.92 e 965

Table 5.35 MFR of Injeatin Moulded Samples of rPEIg contaminated with HDPE

MFR
(Injection Moulded Samples)
125 ~
g 100 ];
E L
o
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2 50 T
25 - T :
0% 5% 10% 15%
% HDPE Contamination
A PET Inj. Moulded Samples A rPET/HDPE Inj. Moulded Sample Linear (rPET/HDPE Inj. Moulded Sample

Figure5.27MFR of Injection Moulded Samples of rPE contaminated with HDPE
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5.17 Tensile Testingresults of Injection Moulded Dumbbells

In experimerd 3, 4ard 5, the tensile testing yielded the data below.

The collected data were converted istessstrain curve as shown iRigure 5.28and

from which the tensile properties were extracted and showabie5.36below.

Figure5.28 StressStrainCurvesof Dumbbells off PET-bg contaminated with 5% HDPE
(1to 6)
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