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Abstract

The purpose of this investigatiomasto investigate whether or not it would be possible to separate
blow moulded and injection moulded waste plastics usiwg techniques air classificationand
ballistic separationAir classificatiomnd ballistic separation are twechniquesthat separatedifferent

types of material according to size, shape and density. Previous research, together with new
measurements, has suggested that blowutftbplastics tend to be thinner in terms of wall thickness
than injection moulded plastianeaning that air classification could be used to separate each type of
plastic.The material used for the study was supplied by a Romanian recycler and was a ofikligie
DensityPolyethyleneand polypropylene Two additional samples, ori#lyethylenaich and the other
polypropylenerich, were also included in the research.

The first part of the study involved measuring different charactesstif the material to determine
how to go about performing the different air classification experimemtsesecond part of the study
focused on separating the different material samples using different air classifier syeteraballistic
separation sgtem. The third part of the study focused on processing the samples from part 2 (air
classification) into tesspecimendor further mechanical and melt flow property measurements.

After measuring the mechanical and melt flow properties of the different samples itouad that air
classification did not substantially improve the mechanical or melt flow properties ofithierial The
study did however,show that there isa strong correlation between polymer type and melt flow
properties. High Densitypolypropyleneis generally used for blow mould applications whereas
polypropyleneis generally used for injection mould applicatioBgparating the materialccording to
polymer type therefore means that the material is, to an extent, also sorted according to melt flow
properties.
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Nomenclature

Polymer—a macromolecule that is composed of a number of repeating units or monomers
Polyolefin-any polymer that is part of the alkene group

Melt FlowIndex—the measure of the viscosity of a material

Virgin Polymerprimary polymer materials synthesised from hydrocarbons such as oil and gas
Plastic-the general term for polymer based products

Monomer—a molecule that has the ability to bind to otherolecules

Polyethylene-a polymer derived from the ethylene monomer

Polypropylene-a polymer derived from the propylene monomer

Polystyrene-a polymer derived from the styrene monomer

Polyethylenelerephthalate-a polymer derived from the ethylene terephthalate monomer
Recyclate-recycled material

NIR spectroscopyNear Infrared spectroscopy

Rheology-the study of the flow of materials in a liquid state

Chemical recycling recycling by meansf chemically breaking down a material into its individual
molecules and resynthesizing them into a new material

Mechanical recycling recycling by means of mechanical technologies



List of acronyms

PP-Polypropylene

PE-Polyethylene

HDPE- High densitypolyethylene

LDPE- Low densitypolyethylene

LLDPE Linear low densitpolyethylene

MFI—Melt flow index

MFR-Melt Flow Rate

MDS-Magnetic density separation

EU- European Union

P1—Magnetic Density Separatigiolypropyleneprodud
P2—Magnetic Density Separatid?Polyethylengoroduct
FTIR- Fourier Transform Infrared Spectroscopy
DSG- Differential Scanning Calorimetry
PS-Polystyrene

PVG-Polyvinylchloride

PET- PolyethyleneTerephthalate



CHAPTER 1

1 Introduction

Ever since the discovery of synthetic polymers during the early decades of tree@@iry, plastics
have become an integral past modern societyPlastics are relatively cheap, easy to manufacture and
durablemaking them the choice material for applicationginumber of industriesuch as agriculture
andplastic packagindg?lasticsare ideal materials for packaging applications anel used tgpackage
almost every consumable product on the market tod@kis makes thelpstic packagingectorthe
largest plasticonsumer— it accounts for39% of thetotal European plastics markéPlastics Europe,
2015.

Plastic packaging products can be manufactured from a range of different plastics dependirey
intended applicationFigure 1-1 outlines the most common packagimplymersand their typical
applicationsThe most widely usedolymersin the packaging industry aRolyethyleneT erephthalate
(PET), High Density and LDensityPolyethylendHDPE & LDPBndPolypropylengPP).

WATER AND SOFT DRINK BOTTLES, SALAD DOMES,
I'® § BISCUIT TRAYS, SALAD DRESSING AND PEANUT

L BUTTER CONTAINERS

MILK BOTTLES, FREEZER BAGS, DIP TUBS, CRINKLY SHOPPING
BAGS, ICE CREAM CONTAINERS, JUICE BOTTLES, SHAMPOO,
. CHEMICAL AND DETERGENT BOTTLES

COSMETIC CONTAINERS, COMMERCIAL CLING WRAP

SQUEEIE BOTTLES, CLING WRAP, SHRINK WRAP,
RUBBISH BAGS

MICROWAVE DISHES, ICE CREAM TUBS, POTATO
CHIF BAGS, AND DIF TUBS

- CD CASES, WATER STATION CUPS, PLASTIC CUTLERY,
IMITATION *CRYSTAL GLASSWARE', VIDEQ CASES

FOAMED POLYSTYREWE HOT DRINK CUPS, HAMBURGER

TAKE-AWAY CLAMSHELLS, FOAMED MEAT TRAYS,
PROTECTIVE PACKAGING FOR FRAGILE ITEMS

WATER COOLER BOTTLES, FLEXIELE FILMS,

- MULTI-MATERIAL PACKAGING

Figurel-1 Common packaging plastics and their associated resin cqédlen Mac Arthur Foundation, 20}6



Despite these polymers having marmfgvourable physical propertiesthe majority of packaging
products are designefr single usage after whighis subsequentlydiscardedThe result is thaplastic
packagingiccounsfor the majority of plastic wastendingup in thetotal waste streammost of these
plastics then endip in landfills orin our natural environment wittonly 2%being closedoop* recycled

and 8% being cascatieecycled(seeFigurel-2). The overwhelming majority of the value locked in
packaging materials is lost to the economy every year; the reclamatid recycling of these materials

is therefore becoming an increasingly important topic for many industries and governing bodies across
the globe.

Figurel-2 Plastic packaging flow¢Ellen Mac Arthur Foundation, 2016

Plastic recyclings undertakenby one of two methods: chemical recycling or mechanical recycling.
Mechanical recycling is thiavoured approach as it idess energy andost intensive. Mechanical
recycling is the process of sortingixed plastics into homogeneopasticfractions so thait may be
melted and formed into new products. Referring backrtgurel-1, resin code3are often imprinted

onto packaging produstto assist recyclers in sorting mixed plastics into homogengaastic
fractions.In order to achieve closed loop recycling the purity of the recyclate should, depending on the
polymer in question, b the order 0f90%or higher

! Closed loop recycling is the process of using recycled materials to produce a product of a similar quality
compared to the original product

2 Cascade recycling isdlprocess of using recycled materials to produce a product of a lower quality compared
to the original product

3 Resin codes refer to polymer type



In conjunction with separating plastics according to polymer type, plastics need to be sorted according
to other physical properties such as colour amglt flow (rheological)properties to produce
recyclates that closely resemble the physical characteristics of the original or virgin material.

Viscositywith regards to plastigsefers to the melt flowor rheological properties of a molten polymer

at a given temperature. Viscosity is an important physical property when it comes to the manufacturing
of different plastic products because different manufacturing processash as blow moulding and
injection moulding require polymers with different viscosities in molten forifypically, injection
moulding applications require polymers with low viscosities in molten form whereas blow moulding
applications require polymers that are far more viscous in moftem (see sectior2.4 for more
information). If two or more different polymers with different melt flow properties are melawn
together the result is a produetith melt flow properties that are not suitable to either manufacturing
process.

For all the research focused on plastic recycling, very little research has been carried out on how to
separate plastics based on their melt flow propertis®re specificdy, how to separate plastics that
were initially blow moulded from plastics that were initially injection moulded this study two
techniqueswere used to attempt to separate a plastic recyclate mixture into a blow mould rich fraction
and an injetion mould rich fractionAfter separating the material, the physical properties of each
fraction were measured to determirte what degreehe physical properties and melt flow properties
were improved or worsened.

1.1 Project background
1.1.1 Magnetic Densit§geparation

Thisresearchwas conductedin conjunction with another project that focused on sorting different
polymers according to polymer type by using a newly developed technology known as Magnetic
Density SeparationMagnetic Density Separation (MD$kveloped by theEuropean Commission
funded ‘Waste to Plasti¢gproject, has theprovenability to separate complex mixes of plastic waste
into anumber of high quality products in a single st@me of its strong applications is the separation

of mixed polyolefir® wasteinto high purityPolyethyleng(PE) angolypropylene(PP) recyclatesBut

to create a truly versatile recyclate the material must also be sorted accotdiitg melt flow or
rheologicalproperties Figurel-3is a simple flow diagram of the proposed process

Injection mould
polypropylene
Mixed Blow mould
" polypropylene polypropylene
Valuable plastics
(mixed)
Mixed Blow mould
polyethylene polyethylene
.| Injection mould
polyethylene

Figurel-3 Plastic separation overvieydeveloped by author)

4 Melt flow (rheological) properties refer to the behaviour of the polymer in molten form
SPol yolefin refers to any plastic synthesised from an
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1.1.2 Melt Flow Index

The Melt Flow Index (MFI) of a polymer is the measurement of the viscosity of a molten polymer or
the ease of flow of a molten polymer. It is defined as the mass of a molten polymerdhat, fh ten
minutes, through a capillary under a specific pressure and has the st "QEShenoy and Saini,
1986). This term will be used repeatedly throughout the repavhen referring to melt flow
(rheological) properties

For the purposes of thistudy, the two grades of plastic will beferredto as blow mould (BM) grade
and injection mould (I M) grade. BM w@monlg belusdéd gr ade
for either blow moulding or injection moulding applications.

1.1.3 Recycling facility

The sample material for this project was suppliedéyecycling facility that is in the process of
integrating an MDS system into their recycling line. fdweycling facility is located in Romania and it
currently produces four products by means of manual hand sorting, namely:

1. HDPE blow mould grade (mixed colours)

2. PP injection mould grade (black)

3. PP injection mould grade (mixed colours)

4. HDPE blow anishjection mould grade (mixed colours)

Figurel-4is a simple process flow diagram of the operation at the recycling facility in Romania.
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Figurel-4 Recycling plant process overvieydeveloped by author)

4



Material sourced from municipal waste collection services enters the facility without any prior
treatment. It isfed, as is, into the primary sorting facility where the rubbish bags are opened to liberate
the contents. It passes through a series oftsos that remove most of the organic materials, Ron
ferrous and ferrous metals, paper and cardboard. preescreenedmaterial isfed onto two conveyor
lines where hanesorters sort out different types of plastics. Tdiferent plastics ardransferred to

the secondary hand sorting facility where hand sorters manually somnikedinto the four products
listed at the beginning of this chapter. Manual sorting the materiddeiievedto achievepurities,
according ® polymer type, of betweeB0 and90%.

In order to test the MDS systea®0 tonnesample of material was prepared by the Romanian recycler

for processingThis material was also the sample mateneed inthis investigation. The material
supplied was a mixture of three out of the four products they produce. The PP injection mould (black)
sample was not included because it was deemed unsuitable for MDS processing. The composition of
the sample material is slwn inTablel-1. The material was shredded, washed and dried before it was
mixed together.

Tablel-1 sample material compositiorfinformation supplied by Romanian recycler

Product name Percentage of total
HDPE blow mould grade (mixed colours) 50%
PP injection mould grade (mixed colours) 33%
HDPE blovand injection mould grade (mixed colours) 17%

In addition tosupplyinga 20 tonne sample, the recycling company also supplied 10 kg individual
samples of the products listed Trablel-1.

1.2 Objectiveof the study

Theprimary objectiveof the project was to investigate the possibility of improving thelt flow and
mechanicalproperties ofrecyckd polypropyleneand Polyethyleneby separating the materiahto
blow mould rich and injection mould rich fractiorseparation based on Melt Flow Index (MAWo
conventional recycling technologieair classificatiorand ballistic separationyere investigated to
determine whichmethodwould yield the best separation resulBlow moulded plastics and injection
moulded plastics tend to have different thickness ranges ESgarel-5) meaning that air separation
can be used to sort the material into two fractions; a thialled fraction (blow mould rich) and a thick
walled fraction (injection mould rich)
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Figurel-5 Correlation between wall thickness amanufacturingprocess (Hu et al., 2013)



Themethod, or separation technologihat yielded the best separation results was useatiempt to
produceblow mould rich and injection mould ricdamples

To enable thigprocess,it was important tomeasure the physical characteristisize, density and
thickness characteristicef the material before and after separation fdiree purposes:

1. To determinehow to optimally configure the air classification and ballistic separation systems
2. To determinemass fractions of each materia¢fore and after separation
3. To use as input information flature processing models

Onceit was decided which separation technology to us&p processing configurations were
investigated; separating thdifferent samples into a thick and thifnactionsbefore MDS processing
(seeFigurel-6) and separatinghem after MDS processing (séégurel-7). The samples were then
processed into test samples féurther mechanical and melt flow property measuremeni$ie aim
was to be able to compare which process configuration yielded the best results; specificiiyns
of the melt flow propertieof each sample.

Mixed material

[

1 Blows=injection:mould :

! separation 1
" ]

Mixed injection Mixed blow
mould rich mould rich

Figurel-6 PreMDS separation

Mixed material

HDPE mixed
material

Blow:injection

PP mixed
material

Blow-injection

separatioh separation
HDPE injection HDPE blow PP Blow PP injection
mould rich mould rich Mould rich mould rich

Figurel-7 PostMDS separatior{developed by author)

The secondary objective of thesearch was tatudy the operatiorand performance of the chosen
separation system in more detail to understand the throughpurtitationsof each systenif it were to
be implemented into a plastic recycling processing (gezFigurel-8).
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Figurel-8 System throughpt and performancemeasurement (developed by author)

1.3 Scope of the study

This researcfocussespecifically on HDPE and PP household packaging waste. PET and other plastics
were not included in the test sampleBhe sample material was supplied by a single plastic recycling
facility. The focus area of the study is the European Un{gb)) area (EQ7 plus Norway and
Switzerlan8) because the sample material used in this investigation is &&@uropean source.

1.4 Limitations and constraints

Although this researckakes an in depth look at the different characteristics of different plelfjo
samples, it is limited to one recycling plant in one region of Romania. If this study were to be repeated
elsewhere it may yield different results.

The material samples used twnductthis research was also supplied by the recycler shredded,
cleanal and dried. The prreatment of this material by means of hand sorting means that certain
plastic items are intentionally left out of the mix before shredding takes place.

Furthermore, he research report only studied the properties mfaterial sampleghat had been
separated into twavall-thickness rages;0.0 and 0.9 mnand 0.9 mm.Amore comprehensive study
could separate the material into a number of different thickness rartgemore comprehensively
understand the correlation between wéliickness and melt flow properties.

1.5 Structure of the report

This reportcomprise offive chapters;introduction, Literature review, Experimental methods, Results
and discussion and Conclusions and recommendatiédrshort description of each chapter is given
below.

CHAPTERALiterature review
The literature review provides important information about plastics, recycling, and air separation.
CHAPTER@Experimental methods

The first part of theexperimental methodghapterdeals with the measurement archaracterization
of the plastic material. This serves as important information for the air classification part of the
investigation.

8 EU27 plus Norway and Switzerland will be considered as Western Europe throughout this report
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The air classificatiomand ballisticseparationsectiors describethe experimentsconductedon the
plastic material.

The final sectiofocusses on the measurementthie mechanical and melt flow propertied material
samples from the air classification section.

CHAPTERd®Results and discussion

Theresults and discussiosection examines the resultsf the research and discuss¢he observed
trends in the data

CHAPTERGCortlusionsand recommendations of future work

Thischapterprovidesa brief discussion ansomeclosing remarken the findings of the research. It
also includes a small subsection discussing the potential for further research on the topic.



CHAPTER 2

2 Literature review
2.1 European polymendustry

Europe is one of the biggest producers and converters of polymers with an industry turnover of roughly
€320 billion in 2013. The industry directly empl
the majority of which operate within thelastics conversion sector of the plastics indugiiastics

Europe, 201p

In 2013 the aggregated padaction of plastics in Europe was an estimas&tiMtonneaccounting for

20 % of global plastics production. The demand for plastic products within Europe was approximately
46.3 Mtonnewith five countries accounting for the majority of plastics consumpt®armany, Italy,
France, the United Kingdom and Spétiastics Europe, 2015

Plastics have become an integral part of nearly all industrial sectors because of their versatility,
relatively low production and manufacturing costs, and their ability to be reused through recycling or

energy generation. Plass in Europe are used widely among a number of important markégsre

2-1 gives a breakdown of the European plastics market. It can be seen that the largest demand for
plastics is for application as packaging material.

21,7%

m Others

m Agriculture

A 4,3% u Electrical & Electronics
Automotive
‘ 5,6% m Building & Construction
m Packaging
8,5%

20,3%

Figure2-1 Plastics @mand bysector in 2013plastics Europe, 2035

2.1.1 Plastigpackaging

Plastic packaging accounts for approxima@o of total plastidemandwhich areused for primary

(sales packaging), secondary (grouped packaging) and tertiary (transport packaging) applications
(APME, 2001 Plastics are manufactured from a variety of polymers with varying mechanical and
physical properties. Different applications require different properties such as mouldability, barriers
to moisture and other environmental elements, transparency and temperature prote¢koldv et al.,

2000. The plastics that are predominantly used for the manufacturing of packaging materials are
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polyethylene(PE) polypropylene(PP)and polyethyleneterephthalate (PET). PE consumption can be
categorizedurther according to its specific type; low density PE (LDPE), linear low density PE (LLDPE)

and high density PE (HDPE). Other notable polyntédizedin smaller fractions are polyw! chloride

(PVC), polystyrene (PS) and polyurethane (P@Ristics Europe, 20L5Figure 2-2 provides a
breakdown of European plastics demand by polymer type for the purposes of packaging

manufacturing.

Thermosets Packaging polymers

Other Thermoplastics
EPS
PVvC

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
(x 1000 tonneneslyear)

Figure2-2 Packaging plastics consumptidsy polymer type in Europe 199APME, 200}

FurthermoreFigure2-3 provides insight into exactly what these polymers are converted into and the
means by which they are manufactured.

Packaging products

Other (extrusion, laminates)
Foams
Thermoformed products

Injection moulded products

Hollow pieces

Films

0 500 1000 1500 2000 2500 3000 3500 4000
(x 1000 tonnenes/year)

Figure2-3 Packaging product$APME, 2001

2.1.2 Waste management

Plastic recycling has, since the 198@scome an increasingly important topic for the EU as it attempts
to reduce and reuse postonsumer waste materials. Waste management remains a major challenge
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for Europe and as a result the EU has developed a general waste management hierarchy for EU
member states to followGascoigne and Oglivie, 1995

1 Prevent wastes generation at the source
1 Reuse the materials through recycling and energy generation
9 Effectivelydispose of waste residues that cannot be reused

Figure2-4 illustrates the various options available in terms of plastic waste management. Regarding
recycling there are two options; mechanical recycling or feedstock recycling. Mechanical recycling
refers to processes that mechanically sort and separate plastic waste streams to recover different
types of polymers. Feedstock recycling refers to the process of chemically converting waste plastics
into valuable chemicals or monomers that may be resynttegbinto usable plastic products.

Extraction of raw
materials

\I/ N
Synthesis of P Feedstock _
polymeric materials [~ recycling ~
. \L . Mechanical
Plastic processing < ec amca <
recycling
Application and P
. Re-
service life -~ e-usage
N
>
residue
A4
Landfilling

> Energy recovery

Figure2-4 Plastic waste managemenVilaplana and Karlsson, 2008

Mechanical recycling technologies are not yet ablestoove all plastics from complex waste streams
meaning that a large fractioof material containing valuable plastiesds up being incinerated for
energy productionpr being deposited on a landfill site.

Legislation and environmental policies driven by the European Commission have helped move Europe
away from landfilling all postonsumer waste but there is still anlg way to gogeeFigure2-5).
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Figure2-5 European landfill scenarioflastics Europe, 2015

2.1.3 Plastic recycling

Sorting and recycling of complex polymer waste streams remains a difficult and costly @oddss

the reason why only a small fractiof postconsumer plastics are recycled. The value of the recyclate

is also lower than the value tife virgin material. Manufacturing processes, exposure to the elements
and mixing different types and grades of polymers renders a secondary material with inferior
properties compared with virgin polymers. Virgin polymers used by plastics convertersatjener
conform to strict product standards that ensure the finished products adhere to standards imposed by
standards authorities, manufacturers and consumers of products packaged in plastics. In addition to
product quality, manufacturing machinery requireolpmers that adhere to strict technical
specifications to guarantee desired operational performance. In most cases recyclates do not meet the
required specifications for the production of most primary packaging products.

Additionally, it is mostly the eagp-sort materials that are fully recycled such as PET bottles and plastic
drinks crates because of their homogenous nature and ease of identification by conventional recycling
technologies. Other plastic packaging materials are more difficult to sortyNankaging products

that look similar may indeed be manufactured from different polymers or may contain additives and
pigments that make them non compatible with one another; the recycled product therefore does not
resemble the quality of the virgin matet (Luijsterburg and Goossens, 2)1&ubsequently, the
market value of recyclates is significantly lower than virgin polyrbecausehe value of recyclates

are directly linked to the market value of virgin polymers.

The EuropealCommission is aware of the problem and understands the scale of the value locked in
packaging waste. As a resutie European commission hasovided funding for a number of projects
aimed at increasing the fraction of plastics that are recycled. Addilipnthey want to establish a
circular economy whereby materials that are recyclable are reused several times for the same purpose
thus reducing the demand forrgin polymers.

”Commonly referred to as downcycling or cascade reayctire value of the recyclate is lower than the value of
the original product
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One of the projects funded by tieu r o p e a n  C BR¥progransnie(titied “¥/2Plastic¥) has
developed a unique and powerful technology that has the ability to separate a complex polyolefin flake
stream by polymer type in one step: Magnetic Density Separation (MDS) is able to sort these complex
waste streams into attractive sendary products of high quality and @onomically feasible volumes
(Serranti et al., 2015

2.2 Magnetic Densityeparation

Magnetic Density Separation (MDS) spacializednethod of separating polymer flakes according to
their density. Different polymers have different densities; separating on density thus separates
polymer flakes according to polymer type. In tbase, the polymer sample is alpolefin mixture of

PP and PEigure2-6 shows a crossectionaldiagramof an MDS system.
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Figure2-6 Magnetic Density Separatio(Serranti et al., 201p

MDS works by creating an artificial gravitational field using specialized permanemetaatyat
influence a magnetic flutf(Figure2-7). The magnetic fluid is then channeled slowly over the magnets
by conveyor belts to ensure that the flow remains laminar. Polymer flakes are fed into the MDS system
at one end and as they pa®ver the magnets the flakes will translate vertically as the gravitational
and buoyancy forces reach equilibrium. The flakes will settle at a fluid height that corresponds to its
density and the density of the fluid at that heigi®terranti et al., 2005Oncehe flakes reach the other

end of the separation channel they are collected.

Preliminary tests have proven that MDS technology has the potential to accurately separate complex
waste streams quickly and cost effectively. A trial of Dutch and Romanian household waste showed
that the MDS system was able to generate high purity prosluct certain instances it generated a PE
product with 100% purity and a PP product with 94% pyB8rranti et al.2015.

The trials on the MDS system were under controlled circumstances where waste samples were cleaned
of all foils and only blow moulded and injection moulded PE and PP materials were séRsateahti

et al., 2019. It is important to note that research concerning MDS technology and the pre or post
treatment processing of the material is ongoing. The goal is to develop a robust process model that is

8 Seehttp://www.w2plastics.eu/for more information

0The Magnetidluid is made up of Iron Oxide particigsagnetite)which are roughly 120 nm in size suspended
in water HU, B. 2014Magnetic Density Separation of Polyolefin Wastesst Doctoral Dissertation, Delft
University of Technology.
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able to separate complex polyolefin waste streams into high purity products quickly and cost
effectively.
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2.3 Polymers

Polymers have become an integral material in modern society with plastics being used for various
applications in a number of industries ranging from consumer goods to building and construction. The
unique range of physical properties and relatively lowteagtributed to polymers makes them a
versatile group of materials for both manufacturers and designers.

2.3.1 Types opolymers

Polymers are either referred to as natural or synthetic polymers. Natural polymers are materials such
as starch, rubber and cellide and occur naturally whereas synthetic polymers (the focus material for
this report) refer to all polymers that have beeynthesizedrom feedstocks such as crude oil.

Synthetic polymers are more commonly referred to as plastics and are divided intmain groups:
thermoplastics and thermosetting plasticEhermoplastics account for approximately 80% of total
plastic consumption because of their durability and manufacturing versatfBiyon, 2012
Thermoplastics soften when heated and solidify when cooled and undergo a phgensdbrmation

that is reversible. Thermoplastics are suited for recycling applications because the process of softening
and solidifying may be repeated without compromising the mechanical and chemical integrity of the
plastic(Biron, 2012, however, if thermoplastics are exposed tohigmperatures for instance well

above the melting temperature of a specific thermoplagticnay lead to degradation of the polymer
(Callister, 200%.

Examples of common thermoplastics grelyethylene(PB, polypropylene(PB, polyvinyl dloride
(PVQ and plystyrene (PS)PE (of differig densities), PP, RBd R/Cmake up 70% of total plastics
production because of their relatively low costs, durability and versathity makethem ideal for
plastic packaging applicatiofanthos, 200p

14



Thermosetting plastics refer to the group of polymers that are liquid at low temperatures and as they
solidify they undergo a chemical reaction that is irreversible. Once they have taken their desired form
they cannot be reheated or melted and formed into another shape. Examples of thermosetting plastics
are polyurethanes and epoxy resins. This groupladtics remains challenging to recycle because it is
not possible to melt and reform them agdfiron, 2012. For recyclingurposes,only thermoplastics

are considered in this investigatiomjs therefore important to understand thehysical and chemical
propertiesof different thermoplastics.

2.3.2 Propertiesof thermoplastics
2.3.2.1 Polymer molecules

Polymers are groups of simple monoreauch as ethylene or propylene that bond together during the
reaction in the presence of an initiator and a catalfsgure2-8 illustrates the transformation from an
ethylene monomer to ethylene polymefhe polymer molecule iRigure2-8 is the repeating unit in a
particular polymer chain. Polymer chains can vary in length but still have the same repeating unit;
paraffin wax angbolyethyleneare both made from ethene but have very different chain lengths giving
each very differat mechanical propertie@Blackman et al., 2032
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Figure2-8 Bhylene transformation topolypropylene(University Of Cambridge

2.3.2.2 Moleculaiweight

Molecular weight is an important property of a polymer. Molecular weight or molecular mass refers
to the length of a polymer chain; the longer the polymer chain, the higher the molecular weight. During
polymerizationpolymer chains grow to different lengths depending on the process itself and the
intended application of the polymer. As a general rule the melt transition temperature of a polymer
increases as the length or molecular mass of the polymeindhareases. Mechanical properties also
depend on the molecular mass of a polymer; elastic modulus and tensile strength increases as
molecular mass increaséGallister, 200).

2.3.2.3 Molecular shape and structure

The molecular shape of a polymer is an impottproperty as a number of characteristics of the
polymer depend on the shape of the polymer. Because single chain bonds have the ability to rotate in
three dimensions, a polymer chain can bend and twist entangling itself into something that resembles
a bowl of spaghetti. This property allows a certain degree of rotational flexibility making the polymer
tougher. Polymers with double carbon bonds or large side groups tend to have a higher rotational
rigidity making them more brittléSivasankar, 2008
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The structure of a polymer refers to the manner by which polymer chains join togdtlgene2-9
shows common polymergtructures linear, branched, crodikedand network structures

Linear Branched Cross-Linked Network

Figure2-9 Polymer structures (Adapted fror@allister, 2007)

The structure of a polymer is a characteristic of the polymer thatettgos during its synthesis.
Different processes are designed to achieve certain polymer structures in order to produce a material
with desired properties and characteristics such as density and tensile stréPgjipropyleneand
polystyrene are linearlptructured whereas polymers such &slyethylene(LDPE and HDPE) are
branched polymer¢Callister, 2007.

2.3.2.4 Polymecrystallinity

Crystallinity in any material refers to the ordering of the molecules of a specific material in its solid
phase. Metals are a good example of crystalline materials as they are almost always crystalline in solid
phase. Polymers, however, have a more complicated structure in solid form. The relative size and
complexity of polymer molecules means that crystallization is only possible under certain conditions.
To achieve crystallinity, polymer melts need to cool sloallgwing time for the polymer chains to

align themselves into a lattice configuration. Linearly structured polymers are fairly easy to crystalize
because there are few restrictions to alignment whereas branched polymers have significant
restrictions makig it more difficult for polymer chains to alig@allister, 200).

Most polymers are therefore semi crystalline; polymers with crystalline regions embedded in the
amorphous phase of the polymer. Crystallinity may have an influence on the mechanicdiyesnchp
properties of a specific polymer; polymers with a high crystallinity are generally stronger and more
resistant to heat and dissolutigiCallister, 200%

2.3.2.5 Stereoisomers

Stereoisomers refers to monomer molecules that have the same formula thabared] together
uniformly from head to tail but differ in their three dimensional arrangement. Three spatial
configurations are possible: isotactic, syndiotactic and atactickgpae2-10).

Typically, a given polymer is not defined or characterized as having a single configuration; the
configuration of a polymer is usually a combination of the above with the dominant configuration
resulting from the method of synthesi€allister, 200y
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Figure2-10 Tacticity (Adapted fromCallister, 2007)

2.3.2.6 Polymer densities

Understanding the density differences beten different thermoset plastics is important because a
number of mechanical recycling techniques rely on the plastics density for separation. It should also
be noted that manufacturers are moving towards using plastics of lower densities for economic
reaons(World Economic Forum, 201®able2-1 lists the densities the various polymers.

Table2-1 Density ranges of various polymers adapted frqivark, 2007

Chemical name Density & o )
Low densitypolyethylene(LDPE) 910-925

Linear low densitpolyethylene(LLDPE) 918-935

High densitypolyethylene(HDPE) 941-965
Polyethylendgerephthalate (PET) 1330-1420
Polyporopylene (PP) 850-920
Polystyrene (PS) 1040-1090
Polyvinyl Chloride (PVC) 13001450

2.3.2.7 Mechanicaproperties

Polymers can have very different mechanical properties depending on riaiecular structure

Plastic packaging polymers need to be tough and ductile to ensure they do not fracture or tear. Other
applications, such as computer keyboards, require a material that is harder and stiffer than flexible
polymers.The mechanical properties oféhypical packagingolymers of are listed ifiable2-2.

Table2-2: Mechanicalproperties of common polymeradapted from(Callister, 2007)

Material Elastic Modulus  Yield Strength ~ Tensile Strength Percer_1t

g Ik d ¥ A+ Elongation
LDPE 0.1720.282 9.014.5 8.331.4 100-650
HDPE 1.08 26.2-33.1 22.1-:31.0 10-1200
PET 2.764.14 59.3 48.372.4 30-300
PP 1.141.55 31.037.2 31.041.4 100-600
PS 2.283.28 - 35.951.7 1.2-25
PVC 2.41-4.14 40.7-44.8 40.751.7 40-80

1R groups refer to any atom or side group other than Hydrogen
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2.3.3 Virgin polymer production

Synthetic polymers are polymers whose chemical makeup is basedeocarbon atom.Synthetic
polymers are therefore mostlgynthesizedrom natural resources such as coal, natural gas and crude
oil. The process of polymer manufacturing begins by separating the hydrocarbons from the raw
material input. Once the desired hydrocarbons have been extracted they are then converted into
monomerssuch as ethylene or propylene through a process commonly known as créCkiagvel

and Lefebvre, 1989 In this form, the individual monomers can be chemichtinded into chains
through one of two basic mechanisms: condensation or addition reacfi®hesh, 2001

Condensation reactions are chemical reactions where two monomers join together to form a larger
molecule with a smaller molecule being eliminatecin@ensation reactions are used to produce
materials such as polyamides, polyesters, polycarbonates and polyurethigpésally, thermoset
plastics. Addition reactions are chemical reactions where monomer units bond together without the
elimination of anyatoms. Addition reactions are used to produce materials sugbhobgthyleneand
polypropylene typically thermoplastic§Blackman et al., 20}2

2.3.3.1 Polyethylen@roduction

Addition reactons are used to manufactufeEand are carried out in the presence of a catal8IPE
is produced in the presence of peroxide catalysts whereas Zibigita'? systems are common
commercially used systems for the productiof HDPEBIlackman et al., 20}2

LDPE has a density range between 910 and I8##i® with a melt transition temperature of
approximately 115°C. LDPE has a lower density compared to HDPE a$ ef theuthains of LDPE

being highly branched. As a result, LDPE cannot be used in applications where it is exposed to
temperatures in excess of its melt transition temperature. 65% of LDPE is used for the manufacturing
of films for the packaging of consemgoodgBlackman et al., 20)2

HDPE is a much stronger material than LDPE with a density range of approxgvateng65 kg/m?

anda melt transition temperature of approximately 133°C. The improved strength comes from the fact
that HDPE is more crystalline than LDPE; less branching yields a material that is far more crystalline
with stronger intermolecular forces. HDPE is used iniegipbns where strength is important such as
bottles, bottle caps, rigid food packaging containers and hard (Bitsckman et al., 20}2

2.3.3.2 Polypropylengroduction

polypropyleneis also the product of an addition reaction where the asymmetric propene alkene is
polymerized Since propene is asymmetrical iplymerization may result in three types of
polypropylene associated with the arrangement of its ethyl branch; isotagiimypropyleneg
syndiotactic polypropylene and atactic polypropylene Isotactic polypropylene is the type of
polypropylenethat exhibits desirable commercial properties. It is produced in the presence of a
modified ZiegleiNatta catalyst and results in a matdnigith high strength and stiffneg8lackman et

al., 2012. As a resultPP tends to be stiffer, and more rigid than HPBRosh 2007).

2.3.4 Polymeradditives

Additives play an important role in polymer manufacturing. Additives refer to any material or
compound that is added to the polymer mix that modify its properties. Additives include fillers,
colorants,stabilizersand plasticizers Additives for plastic @ycling purposes are beneficial as certain
types of additives have the ability to improve the recyclability of a polyjAfMaaded ¢ al., 2014.

12 ZieglerNatta catalysts are Titanium based catalysts used to support addition reactions.
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Additives are also used for cosmetic reasons such as pigments that give a particular plastic object a
desired colour.

2.3.4.1 Fillers

Fillers refer to organic or inorganic particlesfisresranging from nanoparticles to continuous fibres

of vaning shapes and profiles that are added to a given polymer during manufacturing. One of the
primary reasons for adding fillers is to reduce the overall volume fraction of the more expensive
polymer; this makes manufacturing cheaper as less polymer matenised(Xanthos, 2005 Fillers

can also be added to reinforce a polymer; adding fillershedp to increase the modulus and strength

of a polymer(La Mantia, 1998 If improved electrical or thermal conductivity properties are required,
the addition of a conductive filler may help to improve these properties. The addition of fillers can
assist in manufacturing; certain fillers can help to prevent warpage during fimetating (Xanthos,
2005.

Fillers are mostly used for plastics in the following industrieddimg and construction, automotive

and consumer goods. Packaging materials do not usually contain fillers. Fillers do, however, play an
important role in plastic recycling. Fillers can be added to recycled PP to improve the elastic modulus
and tensile sength(La Mantia, 1998ahowever,in terms of density separatigtthe presence of fillers

can have a negative impact. Fillers change the density of a pglgxgoiting the density differences

of a recyclate mix is no longer possible if the densities are modified.

2.3.4.2 Colourants

Colourants are added to plastics to change their colour, mostly for aesthetic purposes. Colourants are
typically organic and inorganjgigments or synthetic dyes but significant progress has been made
regarding the development of polymeric colorarfMiley, 1996. The appropriate type of colorant
needed depends on the application of the plastic object; certain dyes are toxic making them unsuitable
for food packaging, however, dyes and pigment colorants are still used in packaging materials raising
guestions as tohe safety of such practic§Robertson, 201

In terms of mechanical properties, the addition of colorant additives does not have significantly
adverse effects. In a studgcusingon PP it was found that, in some instance, the addition of organic
and inorganic pigments actually improved the Elastic Modulus and Tensile St(&magit et al., 2001
However, colourants create a significant challenge when it comes to plastic recycling. Recycling
different coloured plasics together renders a grey coloured product which limits its commercial
versatility.

2.3.4.3 Stabilizers

Polymers in general are often susceptible to degradation when exposed to heat or ultraviolet light
during manufacturing or exposure to sunlightinsken et al., 1991To prevent or hinder degradation,
stabilizers- such antioxidants or UV absorbergan be added to the polymer. In sonmstances,
stabilizers are added to monomers to prevent premature polymerization during the conversion of
monomers to a polymer.

Stebilizers are important additives regarding plastic recycling. Repeated processing can lead to
considerable chain scission increasing the Melt Flow Index (MFI) of the reqyed#antia, 1998a
Chain scission can be reduced by adding a stabilizer before each recycling st&m(seg-11).

Stabilizers are therefore important additives concerninpe r ecycl i ng of polyol ef
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Figure2-11 Impactof stabilizers on recycled RPFAdapted from(La Mantia, 1998

2.3.4.4 Compatibilization

Polymers of different types have difent properties defined by an array of characteristics unique to
each polymer; density, molecular characteristics, polarity and degree of crystallinity to name a few.
The unigue characteristics of different polymers also dictate their degree of comipatibimiscibility

if blended with another polymer or group of polymers. Polymers are said to be miscible if they
resemble a single phase material in solid phase and immiscible if they separate into phases of the
individual fractions of each original polgm(Robeson, 2007

Polymers made up of combinations of different polymers amevkn as polymer blends. Polymer
blends are produced because they often have superior mechanical and physical properties compared
to the original constituents. An example of a commercial polymer blend is Nyrol® that was developed
in the 1960s by General Etec. Nyrol® is a poly(2d@methyt1,4-phenylene oxidepolystyrene blend

and is used in electronics, and coating applications. It has a higher glass transition temperature than
its individual constituents as well as improved impact resistance andeesiséingth(Robeson, 2007

Compatibilization refers to the practice of processing immiscible polymers in such a way that they
resemble a single phase material in solid state. There are two main compatibilization practices: block
or graft copolymer addition and reactive compatibitiva (Robeson, 2007

Block or graft copolymer addition refers to the processadfling a copolymer to a binary polymer
blend in order to lower the interfaciagénsion between each phaséowering the interfacial tension
between each face improves adhesion between each phase, stabilizing its morphology and improving
its mechanical prperties(Robeson, 2007

Reactive compatibilization is the practice of creatirmpntinuous single phase polymer blend between
two highly immiscible polymers by adding a reactive polymer to the mix. The reactive polymer is
miscible with one of the polymers in the blend and reactive to certain functional groups on the other
polymer.lt leads to the formation of irsitu graft or block copolymers that reduce interfacial tension
and improve dispersion leading to an improvement in mechanical propgRiglseson, 2007

Polymer compatibilizers are especially important when it comes to plastic recyclingcdPssimer

packaging waste is a complex mixture of a numbedifiérent types of plastic; most of which are

immiscible in one another. Separating complex mixes of-pogtn s umer waste into “pu
each type of polymer remains challenging and even the smallest amount of contaminant material can
compromisethe properties of the recyclate. Compatibilizers therefore make it possible to recycle
different polyolefin t®gether to render a recyclate with acceptable mechanical properties.
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2.4 Rheology of plastics

Rheology is the science of the flow of matter in molten form or as a soft solid that deform plastically
instead of elastically under the influence of an applied force. The applied force can be compressive,
tensile, torsional, shear or a combination offallr resulting in a specific type of flow. For the purposes

of this report only shear flow (sd€igure2-12) and extensional flow (sé&gure2-13) will be considered

as these are the fundamental flow mechansmegarding injection moulding and blow moulding
applicationgWilkes, 1981

2.4.1 Shealflow

The shear force acting on a polymer melt results in the chains of the polymer to slide past one another.
The degree to which these layers deform relative to on another is known as shear strain and is denoted
as the symbal & @(Figure2-12). The rate at which these layers slide past one another is termed
the shear rate and is usually denoted as the symbolQ[j Q di ) (Wilkes, 1981

Taken one step further the resistance to fluid flow can be described by its viscosity and is often denoted
by the symbol--. Viscosity is a function of the applied shear force and the shear+atetj[ © o

which is a linear function. It is important to note that polymer melts deviate from this rule and are
categorizedas nonNewtonian fluids when in molten forngWilkes, 1981

Velocity ——>

S

Figure2-12 Deformation by shear adapted from(Wilkes, 198)

2.4.2 Extensionallow

Extensional flow is the result of a polymer melt experiencing elongation in molten form during
processing. Extensional flowagher uniaxial, biaxial or planaFigure2-13) in nature depending on
the forces acting on the polyméAho, 201).
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Figure2-13 Extensional flow of a polymer melt adapted from(Aho, 201}

2.4.3 Viscosity and Melt Flow Ind@®FI)

The viscosity of a polymer melt is dependent on a number of factors and ceattdgorizedas being
either external or internal factors. External factors refer to variables that act on a particular polymer
such as temperature, pressure and time.elmtal factors refer to properties intrinsic to the polymer
such as molecular weight, molecular shape and molecular archite@vitkes, 1981

The Melt Flowindex (MFI) of a polymer is the measurement of the viscosity of a molten polymer or
the ease of flow of a molten polymer. It is defined as the mass of a molten polymer that flows, in ten
minutes, through a capillary under a specific pressure and has ik& gé10 min The apparatus used

to test for MFI is known as an extrusion rheomgt@henoy and Saini, 1986

2.4.3.1 Standardised/IFI testing; ISO 1133.:2011

The standard test used by most polymer manufacturers and converters for testing the MFI of a given
polymer is the ISO 11332011 international standard. The standard is used to test both PE and PP
polymer types. It is a sintg process of heating the polymer (190°C for PE and 230°C for PP) for a set
time and then forcing it under a standard mass (usually 2.16kg) through a die of standard length and
crosssectional area and profile. After a set period of time a sample is tekée weighed(Shenoy

and Saini, 1986

2.4.4 Manufacturing and recycling considerations

The internal factors of a virgin polymer asgnthesizedand manipulated to render a product with
specific mechanical and rheological properties suited for various applications and manufacturing
processes. Concerning manufacturing type, different grades of polymers are used for different
applications. Injection mouldg requires low viscosity (high MFI) raw materials whereas blow
moulding requires high viscosity (low MFI) raw materials. For injection moulding and extrusion
applications shear thinning rheological properties are exploited whereas extensional rheological
properties are exploited for secondary processing applications such as blow ma@dmg201).
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2.4.4.1 Virginpolymemelt flow properties

Polymer producers manufacture various polymers for use by plastics converters who process virgin
polymers into usable products such as drink bottles and food packaging. Difégnglications require
polymers suited for the application and the manner in which the product is manufactured; in this case
either injection or blow moulded. Many commercial polymer producers therefore have extensive
polymer product ranges suited for aimber of uses and processing applicatiofecusingon melt

flow properties most polymer producers offer a variety of products with different melt flow properties
suited to a specific manufacturing applicatiofable2-3 gives MFI information for virgin polymers
manufactured by three major virgin polymer producers in Europe.

Table2-3 MFI properties of virgin polymerggenerated by author)

Application Total Basell Orlen Chevron Phillips
Injection mould grade 2.0110 4.0-100 4535
Blow mould grade 0.2-20 0.36.5 0.32.0

Note: All values are standard MFI units (g/10min) tested using the ISO 1133 tesioeglpre

Table2-3 clearly shows the correlation between MFI (or viscosity in molten form) and manufacturing
process. Pol ymers with higher MFIl s are gener al
whereas polymers with | ower IdWHnbuldsg applicatiomseTheser al |y
is, however, an overlap where polymers can be used for both manufacturing processes. Depending on

the sophistication of the manufacturing equipment and the type of product being manufactured, a

given polymer may be used fbtow and injection moulding purposes; however, this study attempts

to determine by what factor the BM and IM fractions can be improved.

2.5 Plastigpackagingharacterisation

Since the discovery of polymers mvigiy through the 20 their use has become ubigous in modern

society. The unigque and diverse range of mechanical, thermal and manufacturing properties of
polymers (specifically polyolefsr such as PE and PP) make them the ideal raw materials for the
production of plastic packaging products; plagi@ c k agi ng’' s account for alm
market shargHu et al., 2013

Unfortunately,most of these plastic packaging materials ased once before being discardedfter

the product inside the packaging has been removed it is usually disposed of along with other plastics
or waste materials (depending on the waste disposal legislation and infrastructure of a given region).
The valueof plastic packaging waste materials is largely lost because only a small fraction of the total
waste stream is effectively recycled and reintroduced into the market. This is changing as a result of
clear directives from the European Union regarding theovery and reuse of waste materials by
means of reuse and recycling.

Recycling is an obvious solution; however, it has its own set of fundamental challenges. Part of the
challenge regarding plastic recycling is the separation of a mixed waste streatmoimimgeneous
fractions. In order to realize the full economic value of waste plastics it is important to understand the
composition and characteristics of the waste stream. New and existing technologies exploit a number
of intrinsic polymer properties inrder to sort them according to type and colour; by understanding
the physical and geometrical characteristics of the waste stream, new and conventional recycling
technologies and processes maydy@imizedto achieve good separation.

23



2.5.1 Densitydistribution

One of the most important characteristics of a polyolefin, and key to the success of Magnetic Density
Separation, is the densitype correlation of common polyolefis. A study looking at Romanian
household waste clearly identified the correlation betwekmsity and plastic type: PP is concentrated

in the density range between 88@/m3and 920kg/m?, whereas the density range of PE (specifically
HDPE) is between 93@/m3and 980kg/m?3(Hu et al., 201B Figure2-14 illustrates the densityange

of PP and PE for Romanian household waste.
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Figure2-14 Density distribution of Romanian PP afrE(Hu et al., 2013

2.5.2 Rheologicgbroperties

As discussed in previous sections rheological properties are an important parameter when it comes to
the processing of a polymer into a usable product; typically, blow moulded polymers have a higher
viscosity than injection moulded polymers. What is also clear is that it is important to try and separate
waste plastics based on viscosity or Melt Flow IndiéiI) to render a recyclate with the rheological
properties that resemble that of a virgin material. This may prove possible as there is a clear correlation
between mold type, polymer type and wall thickness distribuiidn et al., 2018

2.5.2.1 Polymetype correlation

According to the same study investigating the characteristics of Romanian packaging waste it was
found that there was a strong correlation between polymer type and mould tiggire2-15 shows

that injection moulded plastics are mostly PP (>80%) whereas blow mopldstics are mostly PE
(>80%)Hu et al., 2018

2.5.2.2 Wallthicknessorrelation

The correlation between wall thickness and mould type is somewhatesglént. Blow moulded
plastics are typically fairly thin in comparison to injection moulded plastics. There is however an
overlapping region where the thicknesses of blow moulded anpekciion mould plastics match.
Referring again to the studypcusedon Romanian household packaging waste this assumption was
verified by measuring the wall thickness of plastics known to be either blow or injection moulded (see
Figure2-16) (Hu et al., 2018
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Figure2-16 Thickness distribution of Romanian blomould and injection mould plastic§Hu et al., 2013

2.6 Mechanicatecycling

Mechanical recycling of plastic packaging waste is a process involving a number Hftstapsean

and sort different polymers according to typmlour, density and rigidity. Each step in the process is
conductedmechanically and no chemicathange of the polymer takes place during the process. The
goals of mechanical recycling facilities are to sort different plastics (in this case polgolefnand
HDPE) into cleaned, uncontaminated, homogeneous material streams that are suitable to be
processed into new products (s€égure2-17).

Mechanical recycling @nductedusing a number of systems and technologies from rudimentary hand
sorting lines to moresophisticated Near InfraredN(R spectroscop¥t sorting systems. Most
mechanical recycling plants are integrated process lines that take advantage of a number of
technologies and processes to optimally sort different plastics into homogeneous streams.
Manufacturing purely homogeneous polyolefin waste streams are possible but difficult to achieve with
current technologies; the vast number of different grades, types and colours of plastic packaging
materials in circulation makes it a complex task.

B Different recyclers have different process lines tailored to the material they are processing

1 NIR spectroscopy sorting exploits the né@rared spectral fingerprint of different plastics to sort them by
resin type.
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Figure2-17 Mechanical recycling scenaricAdapted from(Rajendran et al., 2013

Aside from sorting the waste stream into homogeneous fractions, the challenge remains that the
polymer, once processed into a recycled granulate, may not exhibit the same molecular, mechanical
and physical properties as exhibited by the virgin material. A number of factors are at play when it
comes to the degradation of a polymeprocessing conditiongxposure to heat and ultraviolet light
during its lifetime and chemical attack are some of the mechanisms that lead to degradation of the
polymer. The quality of the recyclate is also affected by the amount of contamination of one type of
polymer in anothe (see 2.3.44 regarding polymer compatibility)in the case ofPolyethylene
Terephthdate (PET) recyclinggmall amounts ofolyvinyl Chloride (PV@pntaminationmay have
severe impacts on thquality of a recyclatéLa Mantia, 1996

The following sections address the topics surrounding polymer degradation and the challenges and
opportunities surrounding mechanical recycling.

2.6.1 Polymer degradation

Recyclers are constantly improving their processes and technologies in order to imipeayestity of

the recyclate to be used for an increasing number of applications. The end goal is to be able to use the
same material for the same application a number of times wimigimizingwaste residues and the
reliance on virgin materials. The chaliee remains that, no matter how careful the manufacturing
process or how sophisticated the disposal and collection system is, the polymer will inevitably become
compromised by one or other mechanism. This is known as polymer degradation and is precipitated
by a number of factors at dlbaMdnearl®FPt points in

2.6.1.1 Processingonditions

Polymer parts (plastic packaging specifically) are generally formed under high pressures and
temperatures. Injection moulding forces molten plastic into atisafar die under high temperatures

and pressures to ensure that it fills the mould entirely. Blow moulded and sheet formed parts are also
processed under high temperature and pressure conditions. Heat during processing is particularly
harmful to the integity of the polymer; melting the polymer often leads to chain scission of the
polymer (causing a reduction in molecular weight) and the formation of crosslinking and branched
polymer groups changing its mechanical properles Mantia, 2002 Mechanical force has also been
observed to result in chain scission during procesghiign and Edge, 1992A study comparing the
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mechani cal properties of wvirgin and recycled HD
propetties indeed differed from the virgin materials properties (Jedle2-4).

Repeated processing also impacts the quality of a polymer; degradation increases as thex ofim
processing cYVablé2bshowscheasexuafter 15 processing
mechanical properties have reduced. Multiple reprocessisg kads to a decrease in the viscosity of

a polymer by the reduction of molecular weight caused by chain scission after each processing cycle
(seeFigure2-11).

Table2-4 Mechanical properies of virgin and recycled HDRBdapted from(La Mantia, 2002

Property Virgin HDPE Recycled HDPE
Modulus (MPa) 596 640
Tensile strength (MPa) 33.7 34.2
Elongation at break (%) 69.7 36.9
Impact strength (N) 135 120

Table2-5 Change of properties of aRiDPE part reprocessed 15 timesdapted from(La Mantia, 2002

Property Change in each property, %
Modulus of elasticity -8.2
Yield stress -3.0
Elongation at yield -20.7

Processing of virgin materials and reprocessing of recycled materials is therefore a common cause for
the degradation of a p oForiumatly,a mimberetadditives designedpr op e
specifically to counter the effects of repeated processing are widely available to plastic converters and
recyclers (see sectidh3.4).

2.6.1.2 Environmentahttack

All plastic packaging materials come into contact with an environmental element at some point during
their lifecycle; be it exposure toltwaviolet light, heat, moisture, oxygen, chemical and biological
compounds, an applied foraa a combination of a number of these elements. Each element has the
ability to attack a given polymer causing some degree of chain scission, crosslinking or oxidation
degrading the polymer to some extefftllen and Edge, 1992

In terms of recycling environmental degradation only complicates the matter further. Since products
enter the environment at different times and are exposed to different elements for varying lengths of
time it is difficult to anticipate the degree of deglation of a given polymer. Blending a mixture of
used plastic packaging material therefore renders a complex product of different materials yielding a
product with variability in terms of mechanical properties. Again, the use of additives plays an
instrumental role in the recycling of plastics into usable products with good mechanical properties.

2.6.1.3 Mixingand composition

Mixing and reprocessing different types of plastics often leads to a reductjmrfiormance of desired
mechanical properties because tipelymer blend is most likely incompatible. Most polymer blends
tend to be immiscible in one another meaning that at the molecular level there is typically a clear
interface between the two polymers which usually translates into poor or less than desirable
mechanical propertieEastwood et al., 2005
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2.7 Fundamentalsf particles in a fluid flow

For the purposes of this research project air classification is the mechanismibly pdrticles of
varying thicknesS are to be separated. Before air classification can be discussed the fundamentals of
particles in a fluid flow is discussed.

2.7.1 Shapeconsiderations

The majority ofresearch covering particles in a fluid flow deals with particles that have been
considered spherical in shape for ease of analysis and calcul@timis not a satisfactory approach
as the geometric profdl of a particle in question may significantly influence the way in which it behaves
in a fluid flow(Concha and Barrientos, 198® must also be noted that the flow regime (transitional
or turbulent) also affects irregularly shaped particles differently to spherically shaped paflicies
Cong et al., 24).

It is therefore important to give the patrticles in question some form of general classification. Plastic
flakes between 124mm have varying dimensions and thicknessiethe shape is not satisfactorily
defined by approximating it to a flat cylinder it may be classified as being axisymmetric and orthotropic
and can be described graphically as foll¢@kft et al., 1978

(hok+b)

(h—a.K) (h+a,k)

(hk—b)

Figure2-18Ellipse for representing approximate dimensions of a parti(@ift et al., 1978

WhereO ¥y andOO mfor disks as the spheroid becomes increasingly oblate. The shape of the
particle becomes increasingly important as the R

Irregularly shaped particles generally undergo rotational and translational motion during their fall
through a fluid. The translational coefficient of drag and Reynolds number is related to the surface of
the particle that moves parallel to the surface péeof the particle. The rotational motion, however, is
related to the dimensionless moment of inertia described ®lift et al., 1978

O “Tr¥pqd (Equation 1)
Where:
O 0MNaQe i e @@ @e T o
' 0Q¢ i MW aQE
1 YROQEEQR I Q
O YOQeWQI 0

5 The assumption is that particledll be separated based on thickness
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2.7.2 Internalflow through a duct

Air classifiers are typically ducts of a specific ceesdional geometry, length and longitudinal profile
(either constant or changing along the length of the classifier). It is important to understand the
dimensions of the classifier as it will haveluehce on the flow characteristics at different velocities.
The Reynolds number is the ndimensionalized number that traditionally describes the nature of the
fluid flow. The Reynolds number can be describe@dsite, 2008:

YQ — (Equation 2)
Where:
© QA OV £ QO W
0 & QeSO E &€ Qa
T Q0& QauWei Qe Hbrai ab 20 degrees Celsiup® p 1 m?/s (White, 2009

Generallythe Reynolds number corresponds to a specific flow regime. The kinematic viscosity and the
velocity of the air flow for this investigation means that the flow regime is most likely turbulent where
there is a slight Reynolds number depende(\éhite, 2009:

10°<Re <10 - turbulence, moderate Reynolds number demence
10°< Re < oo turbulence, slight Reynolds number dependence

2.7.3 Patrticledn a fluid flow

Particles immersed in a fluid are acted on by three forces; the force of weight induced by gravity, drag
induced by the viscosity of the fluid, and buoyancyicet by fluid displacement. The viscosity of the
fluid creates shear forces on the surfaces of a particle leading to a drag force as the particle moves
through a fluid. At low velocities this is known as viscous resistance and at high velocities itns know
as turbulent resistancéWills, 201). The magnitude of the resistance thfe immersedparticlein a
flowingfluid is influenced by a number of factors associatéth the particleitself, and the fluid it is
immersed in. In terms of the fluid that the particles are immersed in, the parameters that influence
their movement argTaggart and Behre, 19515

1 The flow velocity and direction

1 The pressuwr and any pressure gradients within the fluid
1 The viscosity of the fluid

1 The temperature and humidity of the fluid

Investigating the manner in which a particle or a collection of particles of the same or differing size
behave in a fluid flow is a complegience that requires the use of a combination of fluid dynamics,
numerical modelling and experimentation and is beyond the scope of this project.

2.7.4 Terminalsettling) velocity of a particle in the presence of buoyancy force

The terminal or settling velogitof particles in a fluid flow is the velocity at which the drag force and
force of gravity equate one another resulting in the particle falling at a constant velocity. Depending
on the velocity of the fluid flow the particles will either sink or becomeagned in the flow depending

on the velocity of the fluid flow and the settling velocity of the partiqi@élls, 201). In terms of
separation, heavy particles will continue to fall under their weightgie being in the presence of an

air flow flowing in the opposite direction. The lighter particles, having a lower settling velocity than

29



their heavier counterparts, become entrained in the flow and exit the classifier in the opposite
direction.

2.7.4.1 Basighysics

If a particle falls through a fluid under its own weight it reaches terminal velocity when the weight of
the particle is balanced by the sum of the drag and buoyancy f@Bresvn and Lawler, 2003

w O O (Equation 3)
Where:
© 0 QWO M HGi 0 QDA Q
0 QWi 0OQ
0 ©0 ¢ AR G Q
Furthermore:
W Q) "— (Equation 4)
O 6-— “© (Equation 5)
0 " —"® (Equation 6)

2.7.4.2 Analyticalhpproximatbn

It is important to consider the mechanism by which particles are separated. The air flow velocity and
particle density are important considerations in terms of balancing the forces of buoyancy, weight and
friction. Equation 3 simply defines the relationglietween these forces and the settling velocity at
which these forces balang@omas and Grdger, 2001

0 —8—8-8Q (Equation 7)
Where:
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Equation 7 is a simplification of the force balance of the forces described by Equatiofis This

equation defines a specific settling velocity based on a particles terminal velocity in an air flow. It is a
simple analytical solution that may be usedjuaickly approximate the settling velocity of a particle. It
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is a rudimentary analytical solution and does not accurately describe the settling velocity of an
irregularly shaped patrticle in an air flgifranCong et al., 2004

2.7.5 Ballistiarajectory

The ballistic trajectory or trajectory of a projectile is considered the path that a particle follows after it
has been launched by an external force and acted on by an aerodynamic drag component. In the case
of material separation ballistic trajectorie$ different particles can be exploited in order to separate
based on particle mass and geometric profile.

To determine the distance travelled of a given particle in the presence of air resistdeae, 0o n’ s
second law is applied and solved for displacenzed function of mass and geometric profftecising
on horizontal movementjBedford and Fowler, 2007

10 O a® (Equation 8)
Where:
O "QUassuming direct proportionality between air resistance and velocity)
WhereQ - 66
Integrating thesecond order equation:
i a o P Q (Equation 9)

Equation 9 describes the relationship between mass and displacement of the ballistic trajectory of a
particle in the presence of air resistance. As the mass of a particle increases, so dsggatement
(assuming the geometric profiles remain the sarfBgdford and &wler, 2007.

2.8 Airclassification
2.8.1 Introduction

Air classification is the process of separating particles in an air flow according to the particles settling
velocity, which is a function of the particles size, shape and weight. Air classifiers are either static or
dynamic in the way that they functiofAltun and Benzer, 20)4Static air classifiers do not have any
moving parts whereas dynamic classifiers have a rotating plate onto which the material is fed,
imparting a centrifugal force on the particle to assist in separation.

Air classifiers are further defined by the chaeatitics of the air flow through the system. The fluid
flow through an air classifier is dependent on the geometric profile of the classifier and whether the
air flow velocity is varied or kept constafiiverett and Peirce, 1990The composition, particle size
range, and relative particle geometry will have an influence on W of air classifier would be best
suited to separate polyolefin flakes of differing thickness and density. Air classification separates
material based on one of these parameters meaning that all other parameters should be kept constant
to limit the inluence of other variable§fomas and Groger, 20P0

Typically air classification has been used to separate particles according to particle size rather than
sorting a binary mix into two distinct fractiorfaggart and Behrel945. Air classification takes
advantage of the aerodynamic profile of a particle; perfect separation is not possible for a material
feed of particles that differ in shape, size and dengessel and Pelz, 1994&ach product from an

air classifier will have a degree of contamination.
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2.8.2 Types obeparatiorzones

The design of an air classifier depends on the type of material that is to be separated. The separation
zone of a classifier is the area where separation occurs. The most common separation zone types are

(Shapiro and Galperin, 20P5

Gravitational counterflow
Gravitational crossflow
Centrifugal counterflow
Centrifugal crossflow
Cascade classifiers

O O O O O

Cascade classifiers are best suited for the application in question and are discussed irditaher

2.8.3 CascadéZigzag) air classifiers

Cascade air classifiers refer to air classifiers that are constructed from a series of rectangular ducts
joined together at a specific angl€igure2-19. a). The configuration can be slightly adjusted as is
shown inFigure2-19. b, where angled plates aresed to create a zigzag profile. The system can also
be used in parallel with horizontal scavenging to improve the cut efficigfigyune2-19. c) (Shapiro

and Galperin, 2005

The purpose of introducing a zigzag profile is to create vortices in the flow where coarse patrticles are
captured, thrown to the opposite side of the separation chamber andtéalhe bottom of the
classifier Zigzag classifiers have two distinct flow streams; a stream of particles that moves upwards
and one that moves downwards at the lower point of each sedi@enden, 1980 Cascade classifiers

are best suited for this application because of their superior separation sharpness compared to other
conventional air classifiers.

Cascade classifiers improve separation but increase opgrabsts. Cascade classifiers consume large
amounts of energy because of the pressure drop they have to overcome as a result of the zigzag profile
creating a larg@ressure drop over the channel.

Feed

Feed Air+fines
Air+fines { x I { _\u finest
TN . _A_.

]
- / =
’.o ‘/Y |'I .T/ [
/ ,‘ "'l ||
." / {

Alr _L______/__/' 4
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Coarse Fines

Air
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(a) (b) (c) (intermediate)

Figure2-19 Cascade classifiers, (a) zigzag, (b) shelf, (c) horizontal scaveli@hmapiro and Galperin, 2005
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Figure2-20 Cross section and velocity profile of a typi@djzag air classifie(Rosenbrand et al., 1986
2.8.3.1 Experimentation with zigzag classifiers

In experimentally studying the sharpness of particle separation for a number of varying configurations
it was found thatRosenbrand et al., 1986

1 The separation sharpness between classifiers of 90 deg. And 120 deg. Were roughly the same
but the capacity of the 120 de@lassifier was larger

9 If the classifier channel is broadened the separation sharpness decreases but the capacity
increases. This the same result if the feed point is closer to one of the classifiers exit points

1 Wall roughness plays a role in affecting the efficiency of the system by affecting the
interactions of the falling particles with the lower zigzag walls of the separators

2.8.3.2 Paticle behaviorinside zigzag air classifiers

Particleparticle interactions increase as the feed rate increases. When the feed rate increases particles
interactions with other particles and the air classifiers walls increases rendering separation less
efficient(Rosenbrand et al., 1986

Transit times of the particles also vary. Heavier particled termove downwards in a constant path
quicker than the lighter particles moving upwards. The lighter particles also do not follow a constant
path profile compared to the heavier particlRosenbrand et al., 1936
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2.8.3.3 Zigzag aiclassifiercut points and performance

Any air classification processulisedto separate a mixed input material into twa more products

(in this case it is a light and a heavy fraction). Air classification is not capable of perfect separation
meaning that there will always be some amount of contamination of each product fraction in the other.
The point at which the materidlas a 50% probability of either ending up in the heavy or light fraction

is referred to as d(50%) and itlisked to the sizeor thickness of the particle (depending on what
parameter the separation is based on). Therefore the d(50%) point is calctdatietermine the cut

point meaning that material smaller will most likely end up in the light fraction and material larger will
most likely end up in the heavy fraction.

The efficiency of an air classifier can be measured in a number of ways. The firetidescussed is

based on the massof the different fractions entering and exiting the air classifier and is considered
the general efficiency of an air classifier. The general efficiency equation for air classifiers is given as
(Everett and Peirce, 19%0

O —8-nm (Equation 1)

Where'O= efficiency;w = mass of light particles exiting as lights through the top of the classifier;
= mass of light particles entering the classifier= mass of heavy particles exiting as heavies through
bottom of classifierpo = mass of heavy particles enterirfgetclassifier.

An important finding was the basis on which the performance of a zigzag separator is measured. If
separation is based on efficiency of separation (defined by equation 1) then performance is
independent of particle size of the feedstock.Hwever, performance is based on operating range
(defined by equation 2 where "Yrefers to the operating range of the classifi&prefers to recovery

as a percentage an@refers to contamination as a percentage):

0Y Qo Qo Qw (Equation 2

then patrticle size affects performance. To improve operatamgye,the input particle size should be
small. The operating range also increases with the increase in number of zigzag stages and stage angle
(Peirce and Wittenberg, 1984

Another measure of the performance of air classifiers is the sharpness mdére sharpness index is
the ratio of the d(25%) and d(75%) probabilities and it represents the sharpness of sepdration;
‘Qx v B Q¢ v bltis calculated independent of the masseaifch fractiorentering and exiting the air
classifier making it suitablef measuring the efficiency of the classifier without knowing the nadiss
each fractionbefore and after air classification. Perfect separation is representdd by but most
classifiers have sharpness indexes between 0.5 an(KQuépar et al., 1986

In terms of the perfomance of gravitationatounterflow versus zigzag classifiers, zigzag classifiers are
known to have a lower diffusivity (higher efficieneyEquation 1) than gravitationaounterflow
classifiergBiddulph and Connor, 1989

2.8.3.4 Effect of feed rate and classiffe@ighton air classifier performance

Findings from research showed that tall pasgiutse stacked triangle aglassifiers perform better

than tall active pulse and nonpulse air classifiers. The study also found that increasing the feed rate
also decreased the efficient separation range. Increasing the height of the classifier also showed that
it improved the effetiveness of the separatiofHagemeieet al., 2014.
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Air classifier performance has also been found to be dependent on the moisture content of the
feedstock(Crowe and Peirce, 1988This is important to note; the plastic feedstock that is to be
separated must be cleaned and dried to prevent moisture conit@piacting airclassifier efficiency.

2.9 Literature summary

The most relevanaspects to take note diefore progressing to the next chapter are:

1 Polymer densities (sectio®.3.2.9: important information forsection3.5.3and 4.3
regarding the density measurements of the plastic samples

1 Polymer mechanical properties (secti@rB.2.7): important information for sections
3.9and4.8regarding the mechanical properties of the plastic samples

9 Characteristics of plastic packaging (sec®dp): important information for sections
3.5.2 3.6and3.7regarding the correlations between wall thickness and injectioth a
blow moulded plastic packaging materials

1 aracteristics of plastic packaging (sectiB): important information for sections
3.5.2 3.6and3.7for air classification purposes

9 Air classifier cut points and performance calculatigasction2.8.3.3: important
information for section8.7and3.8regarding air classification and ballistic separation
performance calculatins
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CHAPTER 3

3 Experimental methods

This chapter provides a detailed description of the equipment, experimental setup and methodology
applied to carry oukach part of theinvestigation The aim of the research is to determine, using
conventional recycling technologies, whether or not fiessible to separate blow mouldéBM)from
injection moulded(IM) plastics or vice versa using air classificatioballistic separatiotechniques

As stated in previous sections aimdprevious studies it has been shown that BM and IM plastics have
different thickness ranges providing a parameter that may be exploited in pursuit of separating BM
and IM plastics.

3.1 Overview

The flow diagram of the experimental sectiorsimwn inFigure3-1.

: ; g 3 : ) Information .
: Step 1 Mix plastics Physn':al ' Settling Yelo.uty required for step !

samples characterisation determination 5 !
' i S i : Separated samples.
i Step.2 Air.classification and ballistic separation . .
: required for step 3.
Step 3 Mechanical Melt ﬂc‘>w Composi'Fion B
! properties properties analysis !

Figure3-1 Overview of experimentamethod

Before the air classification and ballistic separation experiments could be carried out, the physical
characteristics (wall thickness ranges, size ranges and settling velocity) of the test samples had to be
measured. After each sampleasseparatednto two fractions, the new samples were processed into

test bars for analysis of mechanical and melt flow properflége Melt Flow Index (MFI) measurements
indicate whether or not sorting on wall thickness affects the melt flow properties of a recyclate by
comparing the MRvaluesof each sample before and after separation

3.2 Experimental equipment

The experimental equipment used for this research is listéhinle3-1.
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Table3-1 Experimental equipment

Equipment Description Measurementrange Measur(?m'ent
uncertainties
Vernier caliper Used to measure T8t T p vatd T3 & &
material wall
thickness
Hydrometer Used to measure TRt 1 P8UT T T8 TT ¢
liquid density (specific gravity)
Mass scale Used to measure T8t T 08t 1KQ T8t [
sample mass
Drying oven Used to dry wet
samples
Vibrating screen Used to sieve sample
Stopwatch Used for timing TR i
purposes
Digitalimpeller Measure air flow p8t T 0 Bim/s T m/s
anemometer velocity
Stopwatch Used to measure droy & S

Nihot air classifier

Herbold air classifier

Note: Uncertainties were disclosed on the technical data sheet of each piece of equipment and are at a confidence level of

95%.

The equipment used to measure varioparameters were sufficiently accurate with the required

test time

Used for air
classification
experiments
Used for air
classification
experiments

No measurement
device

No measurement
device

measurement resolutions for the purposes ofhesearch.

3.3 Results

To validate the results of the research, the mechanical and melt flow properties ofesied sample

are compared witlthe properties ofvirgin polymers outlined in the literaturasthe aim is to produce

a recyclate with similar properties to that of the virgin materighe results are also compared with
samples that were not processed by means of air classification on density separation to determine, to
what degreegach sample was upgraded worsened

The performance of the air classifiers is also validated by comp#ranseparatiorefficiency results
with the results of previous studies outlined in the literature
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3.4 Description of the plastic samples
3.4.1 PreMagnetic Density Separation (MDS) samples

The material used toonductthis research was supplied by a Romanian plastic recycling company that
produces four distinct packaging recyclates:

1 HDPE blow mould grade (mixed colours)

1 PP injection mould grade (black)Not included in sample
1 PP injection mould grade (mixed colours)

1 HDPE blow and injection mould grade (mixed colours)

The sample that was prepared for testing excluded the PP injection grade (black) product because it is
deemed an inferior product and not suitable for MDS processing. To produce the products listed above,
a team of hand sorters sort through piles of mixed plastics that have been separated from other
materials such as metals, organic materials and paper.

The first group of hand sorters are trained to sort out all plastic bottles (mostly HDPE blow mould
bottles with injection moulded PP lids and caps) into a separate bunker. The result is a predominantly
HDPE blow mould grade product containing small amounts of PP injection mould grade plastics. The
second group of hand sorters are trained to sort out alsptafood containers (mostly PP injection
moulded food containers with a small amount of HDPE injection moulded food containers) into a
separate bunker. The third group of hand sorters are trained to sort out all the large plastic items such
as water drumsnd drinks crates (a mixture of blow and injection grade HDPE) into a separate bunker.
Hand sorting is able to produce proeta with a purity of between 80 ar@D%.

For MDS testing and for this investigatiorR@tonnesample (a mixture of the three products with a
composition corresponding to the ratio outlinedTablel-1) was supplied by the Romanian recycling
company. In addition to the mixed material sample, 10 kg samples of the recycling plants current
products as shown ifiablel-1 were also supplied. The size, density and thickness distributions of each
of these samples was measured.

Figure3-2is an image othe material. It is important to note that the material is irregular in shape and
size as a result of the shreddingopess. For the purposes of the MDS test investigation, the material
had to be screened to a nominal sized® mmto ensure that it did not cause blockages in the system.
Theoversizedraction was then reshredded and mixed back into the mixed samplavoid changing

the composition of the material. Five samples in total were measured for size, thickness and density:

1 Mixed sample

Mixed sample ( 10 mm)

HDPE blow mould (BM) grade (mixed colours)

PP injection mould (IM) grade (mixed colours)

HDPE blow anihjection mould (BM + IM) grade (mixed plastics)

= =4 =4 4
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Figure3-2 Material sample

3.4.2 Testmatrix

Section3.5 describes the tests that wereconductedon the different samples described abovie
matrix shown inTable3-2 outlines which tests wereonductedon which samples.

Table3-2 Test matrix

Sample Size Thickness Density Polymer
measurements measurements measurements type/thickness
X

Mixed sample

Mixed sample ( 00g)
HDPE BM grade

PP IM grade

HDPE BM + IM grade
Sized samples (sectidh5.1)

X X X X X
X X X X X
X X X X X X

3.4.3 PostMagnetic Density Separation (MDS) samples

This project waglonein conjunctionwith the MDS projecand it was important to alsoonducttests

on the products from the MDS systeto determine whether upgrading before or after MDS was
possibleThe MDS system has the ability to sort a mixtwff®P and HDPE into products with a purity
in excess of 90¥&Gerranti et al., 20156

Two samples of each pradt from the MDS project were collected for use in this investigation; a PP
product with a purity of approximately 90% and an HDPE product with a purity of approximately 95%.

3.5 Physical characterization of the material

A canplete analysis of thenaterial samplesreceived fromthe recycling plant in Romaniwas
undertakento understand what is possible in terms of separation; especially separation based on the
wall thickness of the material. Specific techniqueseusedto measure the size, thickness aehsity
distributions of each sample
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3.5.1 Sizemeasurements

Each of the five samples described in sectB# were separated into different size fractions to
determinethe compositionof each samplén terms of sizeThe size of the material is an important
parameter with regards to air classificatiasthe drag of a particle immersed in a fluid is a function of
the surface area of a particleParticles with a largesurface area generate more drag than particles
with a smallsurface area. To separate the material based on wall thickalesethe settling velocity

of each particleinfluenced by surface drag forgeshould be limitedsee sectior?.7).

In the case of the material needing to be sorted into different size ranges for air classification purposes,
it is important to understand the fraction obeh size range for throughput calculations of the recycling
system as a whole.

3.5.1.1 Method

The distribution of particle sizes of each sample were determined by separating the material into
different size fractiongapproximately0-5 mm, 5-11 mm 11 mm) usinga laboratory stacked
vibrating screen machinwith T & & and & & square sievegFigure3-4). Figure3-3 showshow
material larger thart & & and@ & & is able topass through these squasgeves.

The sieves were stacked with the larger grid size onApproximatelyl kgof material, considered a
representative sampleithout overloading the screenwasplaced on the top grid before the vibrator
wassealed. The vibrator then vibrated the material until it was completely separated into different
size fractiongeachsample was processed for enough time to ensure complete separatiath
fraction wasremoved, weighed andeightrecorded. This proess was repeated for each samfdee
Table3-2). Seeappendixl for astep by step procedure.

“:\&&
© VY
b{“
(o by
4mm 8mm

Figure3-3 Square grid dimensions
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Stacked vibrating screen

Square sieves

Figure3-4 Apparatus for size measuremenests

3.5.2 Thickness measurements

The thickness distributiomeasurementsare used tdhelp determine theseparation cut points when
attempting to separate thirwalled from thickwalled plastics. The thickness distribution
measurements also given an indication of the expected masses of each fraction after they have been
separated into a thirwalled andhick-walled fraction. Additionallyt elso becomes a useful tool when
calculating theseparationcurve chartsof air classifiers and ballistic separatdsgee sectio.7). The
thickness distributionsvere measured for all the samples (SEgble3-2).

3.5.2.1 Method

Thickness measurements wezenductedby measuring the wall thickness of individual plastic flakes
from each sample using a vernier caliper. The measurements were recorded anctednsito
histograms that graphically display the thickness distribution of each sampkeh column in the
histogram represents a thickness intervalDof mm Seeappendix2 for step by step procedure.

3.5.2.2 Correlation between wall thickness and polymer type

Previous researclinas suggested that different categories of products are made from different
polyolefins; blow moulded plastic bot8eare generally made fronHDPEand injection moulded
plasticsare generally made from PPHu et al., 2013)It was therefore worth investigating the
relationship between wall thickness and polymer type. From the saned sample used in section
3.5.2 the type of polymer okadc flakewasrecordedusing a technique known &urier Transform
Infrared (FTIRspectroscopy.
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FTIRspectroscopy is a technique that measures how much light (at different frequencies) is absorbed

by the sample at which théght is directedGriffiths and de Haseth, 200bb The “ Fouri er Tr
part of the name refers to the exploitation of the mathematical process tuatverts the raw data

into a readable spectrur(Griffiths and de Haseth, 200ba Once a sampl e’ s infrar
analyzedthe system determingthe composition of the material by matching it to known materials in

the laboratoriesselfpopulateddatabase A PerkinElmer Spectrum R spectrometer was used for

this investigation.

3.5.3 Densitymeasurements

The densityistributionfor each sample was assessed to determine the mass fractions of FHDBEd
in each of the samples outlined ihable3-2. A series of simple siFfloat tests wereundertakento
separate each sample accordingth® densityof HDPE and PP in each sam@ace completedhe
ratio of each density fraction was calated.

3.5.3.1 Method

The method used to determine the density distributions of each sample was the same method used in
a study that did a similar density distribution analysis on packaging waste mdtéuiadt al, 2012)
Firstly, two solutions of water and pure propanol were prepared so that one solution had a density of
920 kg/nt and the othe30 kg/n?. Material that lighter thar®20 kg/n?is regarded as PP and material
heavier thanw o W is regarded as HDPE (see secdh2.9. Sink float tests wereonducted

on each sample using the solutions described above to separate the material into darsity
fractions: 920 kg/n¥, 920 to 930 kg/m, 930 kg/n¥. Seeappendix3 for a step by step procedure.

3.5.4 Bulk density measurements

The bulk density of the material represents the mass of the material per volume. It is not an intrinsic
property of thematerial but rather a measure of how much mass of a specific material occupies a given
volume. It is important to understand the bulk density of the material as it has implications when
determining the economic aspects of a process.

The purpose of the bullensity measurements for this study was show thatbulk density varies
according to material wall thickness. The bulk densities of the material before and after air
classification were measured for comparigeee sectior8.7 regarding air classification)

There are a number of standardized measuring methods for measuring bulk density; mostly oriented
to soils and powders (materials of relatively small grain sie) the purposes of this study the bulk
density of each material was measured using a simple metal tray and an electronic scale.

3.5.4.1 Methodc bulk density measurement

For thebulk density measurementmaterial is placed into a tray of known volur(@92 cni) and
weighed. The mass of the material in the tray is then divided by the volume to give the bulk density.
This procedure was repeated for each sample.

3.6 Settling velocity measurements

The settling velocity of a particle immersed in a fluid defines the paimthich the forces of gravity,
buoyancy and frictional drag are balanced. The result is that the particle falls at a constant velocity
under free fall or remains somewhat stationary when placed in an air flow stream. The force balance
that describes seling velocity explains that settling velocity is a function of a number of properties of
both the particle in question and the fluid into which it is immersed. Particle shape, size, density, profile
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and surface roughnesand liquid viscosityand densityall influence the settling velocitfsee section

2.7).

To accurately calculate or compute the settling velocity of irregular particles is challenging and
subsequentlyfalls outsile of the scope of this projechowever, it is possible t@xperimentally
determine the settling velocities of a number of different plastic partidiecause the material is not
homogeneous in terms of shape and siaenumber of plastic flakes of different size and shape were
included in the experimenWWhat ismost important is to determine how the settling velocity changes
as the wall thickness of the material changes.

The settling velocitgxperiment wasconductedwith material from the mixed samplelhe settling
velocity was determined by using tvdifferent methods

9 dropping individual particles from a height
9 constructing a simple air flow chamber that particles can be immersed in

Each method will be discussed individually. For both experiments the same plastic flakes were used in
order to comparehe results directly.

3.6.1 Material preparation

The thickness and size of individual flakes were measured and the general shape of the flake recorded
for each particle from a representative sampletioé mixed material After measurement each flake

was placedn a container that corresponded to its thickness. Flake thickness variedOffsito 1.64

mm.

Once a sufficient number of particles had been measured and separated according to thickness, each
thickness batch was ftirer sorted down to 5 particlegachhaving a different shape and size as shown
in Figure3-5.

Figure3-5 Settling velocity flake selection

3.6.2 Settling velocity determinationDrop test

After measurement and sorting a flake was dropped from a heidl m(the height between ground
level and the first floor athe laboratory) with all the doors and windows nearby closed. The time taken
for the plastic flake to hit the grund was recordedThis step was repeated for each flake.

3.6.3 Settling velocity determinationFlow chamber

The experimental setup for the settling velocity measurements in a laboratory flow chamber is given
in Figure3-6. The flow chamber was a square Perspexchannelwith dimensions45 by 48 mmA
digitalimpelleranemometer and a flow meter were used to record the air velocity.

Tocarry outthe experiment a single plastic flake was first placed in the flow chamber. The pressure
valve was then slowly opened to allow air to flow through the chamber. The valve was opened
incrementally until the particle began tgently flutter. The volumetriciaflow rate and anemometer
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readings were recorded.he average air velocity was calculated for plastic flakes that fell into the same
wall thickness range.

Flow chamber

Pressure valve

Flow meter

Figure3-6: Flow chamber setup

3.7 Air classification

Air classification wasarried outon the mixed samplematerial to determine how efficiently the
material could be separated into two fractions; one resembling-tisatled (blow mouldich) material
and the other resembling thickvalled (injection mouldrich) material. The air classification
investigation wagonductedon (see sectio3.4for more information)

1 Mixed sample materigl 10 mm)

1 Polypropylenanaterial-MDS product
1 Polyethylenematerial-MDS product
1 Mixed sample materiab¢10 mm)

The first round of air classification tests waesried outon a Nihot® W zigzag classifier. The focus
of the firstround of tests was to determine:

1 the effect of air flow rate on the separation cut point,

1 what cut points (in terms of wall thickness) were possible on a typical zigzag air classifier setup,

1 the corresponding massof each fractiorfor each experiment

1 the correlation betweenparticle surface areaifferencesand separation efficiencysee
section2.7 for more information)
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The second round of air classificatiorst® wasconductedon a more advanced air classification
system; the second machine, A Herbold® SZS 630/212 zigzag air classifier, had a much taller zigzag
separation chamber, frequency controlled fans and a frequency controlled vibrating feeder. The
Herbod® configuration was not as powerful as the Nihot® setup but more precise control of the feed
rate and air flow rate was possiblEhe purpose of the second round of testing was:

1 to determine the whether there is a correlation between classifier height segaration
efficiency
1 to determine effect of feed rate on separation efficiency

3.7.1 Material preparation

3.7.1.1 Mixedmaterial
Mixedmaterial was included in the air classificatiomestigationto determine whether or not it would
make practical sense to place the classification step before density separation (Begure3-7). Air
classification was alscarried outto determine by how much the material can be upgradsiore
being separatedoy the MDS systemit also serves as a point of reference for comparison with
separation of the MDS PP and HDPE products

Mixed material

Mixed IM rich Mixed BM rich
: MDS processing : L MIDS processing:
PP IM HDPE IM PP BM HDPE BM
rich rich rich rich

Figure3-7 Air classification before polymer type separation

3.7.1.2 PP and HDPE MDS products
Air classification othe MDS PP and HDPREbducts may prove to yield higher quality IM and BM
products. Themixed material sampleis a polyolefin mix made up of three streams of material
produced byromaniarprocessing plant; isia mixture of IM grade PBM grade HDP&nhd an IMBM
HDPE mixture (see sectiBm). The MDS system has the ability to separate this mdtetiaa PP rich
fraction anda HDPE rich fractioif.this informatia is accurate it means that tiePproductis already
a product which isninjection mouldrich productand the HDPE produds an IMBM mixture (see
Figure3-8). Air classification could prove to be a refining step that upgrades the product further after
MDS processing
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Figure3-8 MDS processing

3.7.1.3 Mixedmaterial 6-11 mnj
This sample was included in the study to determine the impact flake size has on separation efficiency.
By reducing the nominal sizange,it is believed that separation based on wall thickness would
improve as the influence @nother variableflake surface areais reduced.

Before testing each material sample had to be prepared, packaged and labellechixgtematerial
did not require ay screening or washing; it was simply weighed, packaged antieldizecordingly.
Theuv p ™ & samplehad to be prepared bgieving mixednaterial (20 kg sample) using a vibrating
screen. Once enough material was screened it was weighed, packaged altetlab

PP and HDPE (MDS produatsiterial had to be washed and dried before werghand packaging. A
sample of PRvas taken from a batch that corresponded to a PP quality of 90%. The material was then
washed in cold water and drained to remove all residual magnetic fluid. The material was then dried
by spreading it out over a plastic sheet to speed up the dryinggaocOnce dried it was vghed,
packaged and labelled. HDPiaterial wasgprepared in the same way as RRterial.

3.7.2 Nihot® Amsterdam W5zigzagir classifier

The Nihot® WS air classifier is a typical zigzag air classifier fgpee3-9). Material is fed into the

top of the zigzag channel by a vibrating screen where initial separation occurs. The light material
immediately becomes entrained in the airflow and is remd from the top of the chamber whereas

the heavy material falls under its weight to the bottom of the channel. The transitional material (the
material with a settling velocity that closely resembles the velocity of the air flow through the channel)
becomes partly entrained in the air flow and, depending on a number of physical processes within the
separation chamber; either falls to the bottom or exits the top of the channel.

The initial investigation focused atetermining different thickness cut pointsy varying the air flow
rate through the systemThe feed rate for all tests was therefore kept constant. Since most
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manufacturers do not directly measure the air flow velocity inside the separation channel, the air flow
rate is adjusted mechanically: ihis case it is adjusted by changing the aperture of the air flow duct
and fine tuning the air flow rate by allowing air to flow in through an adjustable opening at the top of
the channel (sed-igure 3-10). The operator increases the aperture to increase air velocity and
decreases it to reduce air velocity. The air inlet at the top of the separation chamber is used to fine
tune the air velocity (opening it reduces aita@ty in the chamber and closing it increases air velocity).
See appendi® for more images.

3

Figure3-9 Nihot® laboratory setup
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Figure3-10 Nihot® W& zigzag shifte

3.7.2.1 Methodc Nihot® air classification
Firstly,a starting point (in terms of air flow) was established by passing small amounts of material
through the classifier and examining the product fractions. Slight adjustments were then made to
achieve a cut point at around 0.8mm. 1/3 of thdxeds a mp b leg) afd=1/3 of the5 to 11 mm
scr eened 6&dgwapthem prgcessed by the air classifier to produce two products for each
sample

By adjusting the air flow duct aperture tocdrease the air velocity, the testas repeated cutting the
material at aproximatelyl mm By adjusting the air flow duct aperture to reduce the air velotitg,
test was repeated cutting the aterial at approximatel§.6 mm Once all tests were completed, each
sample bag was weighed to determine the mesis of the product factions

Using the sample splitter, a small sample from each sample bag was collected and labelledrfesshick
distribution measurementsUsing the Verniercalipers each flake from thickness sample was
measured to determine the thickness distributionrieesponding to each fractiorMeasuring the
thickness distribution of each fraction was important for generating the separation curves.

3.7.3 Herbold® SZS air classifier

The Herbold® air classifier setup was somewhat different to the Nihot® setupi¢eee3-11); the
zigzag separation chamber was much taller than
was also powered by two fans; one fan induced the air flow through the chamber witttiie fan

being used to feed material into the zigzag chamber. In this case material diastdea rotary air
separator (gclone) by means of a fan which then fed into the zigzag chambeliF{gaee3-12). See
appendix5 for more images.
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Figure3-11 Herbold® SZS 630/212 Air classifie
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Figure3-12 Herbold® SZS 630/212 engineerargwing
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The focus of testing on the Herbold® system was to determine if a r@djeag air classifier would
result in a better separation of the material. In addition, since it was possible to adjust the material
feed rate, the effect of feed rate on separation was also investigated.

3.7.3.1 Methodc Herbold® air classification separationcefficy
Before processing eadample a starting point was estimated. A few handfulsmikedmaterial were
fed into the air classifier at specific valve and aperture settings. Each fraction was then measured to
determine if the settings corresponded ta acceptable cut point (wall thickness range). This was
repeated several times; each time adjusting the fan frequency settings, until the desired cut point was
achieved (between 0-8mm).

Each sample2Q kd® was then processed with the same settings rening a light andheavy fraction
for each sampleOnce all tests were completed, each sample bag was weighed to determineaise
ratio of the product fractiongor each test.

Using the sample splitter, a small sample from each sample bag was colledtiadbelhed for thickess
distribution measurementsUsing the ernier calipers each flake from each thickness sample was
measured to determine the thickness distributicarresponding to each fractiof.he material from
the testing phase at Herbold® wdeeh saved for further laboratory analysis.

3.7.4 Herbold® feed rate assessment

3.7.4.1 Methodc Feed rate study
To determine the effect of feed rate on separation efficiency the fan frequency settings were kept
constant. A fraction of the test material was then fed ithe system at a feed rate 400 kg/h This
wasthen repeated at a feed rate &00 kg/hwith the fan frequency settings as they werefan the
first test

Once all tests were completed, each sample bag was weighed to determine theratiassf the
product fractionsfor each testUsing the sample splitter, a small sample from each sample bag was
collected and labelled for thickness distritmn measurementsUsing the Verniecalipers each flake
from each thickness sample was measutedietermine the thickness distribution corresponding to
each fraction.

3.8 Alternative separation methodBallistic separation

An alternative to air separationith zigzag type air classifiers is ballistic separation. Ballistic separation
is hot a conentional separation method used for plastic flake materlt has shown potential in
terms of separation based on mass and geometric profile. For the purposes of this study a simple,
laboratory scale ballistic separation setup was used to determine tieetereness and efficiency of
separating plastic flake material in comparison with traditional zigzag classifier systentsSgiges

3-13).

The principle of separation is the exploitation
mass and geometric profile (see sect@id.5for mathematical explanation). Material is fed onto the
vibrating screel and gains momentum as it moves down the ramp under the force of gravity. The

16 20kg had to be processed to ensure that there was enough material from each fraction for further laboratory
testing

" The vibrating screen ensures the feed rate is kept constant and also to ensure that mateniahis epenly
over the Aluminium ramp.
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ramp is fixed at an angle with the bottom edgesedl to impart velocities in the vertical and horizontal
directions. As the patrticles leave the ramp they are acted upon by the forces of gravity and air
resistance meaning that the heavier (thialalled) particles tend to travel further than the lightehif-
walled) particles.

Included in the study is the use of a fan as an air knife to improve the sharpness of separation. The fan
is placed close to the trajectory of the particl
impart an impulsedrce vector on each particle as it passes the faguyre3-14). Both configurations

were investigated; with and without the air knife.

Vibrating feeder \\

fan

S 5
e 158m ———> E
N
<— 0.79m ——> <

Heavy fraction Light fraction j ,

Figure3-13 Ballistic separator setup

A)
Fy
A) B) Fpes
FQ’
/ / Fp
Fy Fp
Fy Fy

Balance of forces A) no fan B) with fan

Free body diagrams A) no fan B) with fan

Figure3-14force diagrams
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3.8.1.1 Methodc Ballistic separation

Firstly,the ballistic setup was arranged to represent the dimensions as showigime3-13. The
plastic trays were positioned accordingly with foam boards placed along each edge to ensure no
material falls outside of the trays (s€gure 3-15).

A S

Ballistic separator with air knife in place Foam board barriers

Fgure 3-15 Ballistic setup

Approximately2 kgof material was then placed onto the vibrating screen. The vibrating screen was
set at a frequency that fed material slowly and evenly over timeninimizethe effect of partcle
interactions on separatiofas statedn the literature review- Section2.8.3.2. Once all the material

had been fed through the system each fraction (light andviggavas collected and weighedsingthe
sample splitter each fraction was then split down to a manageable size ready forabéclistribution
measurements. This walsen repeated with the air knife turned on.

3.9 Material property measurements

Part of the investigatiomvolves measuring the mechanical and melt flow propettiefre and after
air classification to determine whether or not the melt flow and mechanical properties of each material
improved or worsened

Themeasurement of the various material properti&as conductedon material samples from the two
proposed processing scenarios: air classification before MDS proce$smge 1-6), and air
classificatiorafter MDS processind-{gurel-7).
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In total, seven samples were tested for its mechanical and rheological propétigddighted in grey
in the above figures)

1 Mixedmaterial (control sample)

1 Mixed, air separatednaterial (preMDS material separated into two fractions)
1 PR air separatednaterial (postMDS material separated into two fractions)

1 HDPEair separatednaterial (postMFD material separated into two ftdons)

The mixed material represents the control sample. It provides information about the composition,
mechanical and rheological properties of the recyclate before any processing and upgrading has taken
place. By comparing the results from theasuremats of all other samples it makes it possible to
determine by what degree the recyclate has been upgrasiedowngradedn terms of composition

and rheological properties for each of the two scenarios outlinedrigure 1-6 and Figure 1-7.
Complimentary to determiningow the main research question is answered (is it possible to improve
the melt flow properties of a recyclate by separating it into two fractions: awatedfraction and a
thick-walled fraction) results will also shed some light on the optimum process configuration.

3.9.1 Test sample preparatianinjection moulding

I n order to undemesharical dnd matdldwropedaiesghe 8akesmaterial from

ead sample had to be processed into standardized, homogeneous test bars suitable for further
analysis. Injection moulding involves melting and homogenizing the polymer mix in the heated
chamber of the injection moulding machine before it is injection mouldeid test bars. A
representative sample of more thankgis needed in order to produce test bars that are homogeneous
and without voids or other defects.

3.9.1.1 Materials and equipment

The test bars were injection moulded using the Arburg Allrounder® 320-8580@jection moulding
machine (sedigure3-16) fitted with a die machined with the profile of the desired test samples (one
tensile and one impact specimen). The relevant technical specifications of the machine include:

2 hodl ‘ 4

Figure3-16 Arbrurg Allrounder® 320 S 5a&0 injection moulder

54



In order to produce 25 homogeneous test sampleskgof each sample had to be prepared for
injection mouldng to ensure that the material was propeitymogenizednside the barrel of the
machine.

3.9.1.2 Method

Injection moulding each sample into test bars is a straightforward process. Material is simply fed into
the hopper where it then feeds into the heated barrel. A combination of heat, friction and pressure
ensures that the polymer melt mixes effectively dirg a homogeneous melt (séegure3-17). Each
discrete cycle produces a single tensile specimen and a single impact specimeiy(seg-18).

55
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Impact specimen

Tensile specimen

Figure3-18 Injection moulded tensile and impact specimen

Once all the parts have been moulded they need to be stored in a temperature controlled
environment where the temperature was kept constant 21°C for a period of three days. This is
done to ensure that morphology of the polymer has stabilized (it continues to crystalize even after it
has cooled to room temperature). Once it has rested the specimens may be used for testing.

3.9.2 Tensile properties

Tensile testing wasonductedon each sample to determine thmechanicaproperties of the material.
The test determines the:

Elastic modulus

Yield strength

Ultimate tensile strength
Maximum tensile strain
Strain at yield

= =4 =4 4 =4
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These material properties are imgant for manufactures for the purposes of product design and
manufacturing.

3.9.2.1 Materials andequipment

Tensile tests wereonductedin compliance with ISO 527 Type la. The tensile tests were done using
an Instron® 5565 electromechanical testing system (GSeere 3-19) using an extensometer to
carefully measure the stia during elastic deformation. Thrasiform, defect free tensile samples
were chosen from each batch for tensile testing. The extensometer used was an Instron® axmal clip
extensometer. The tests wednductedat 23 °C.

Figure3-19 Instron® 5565 Electromechanical tensile tester

3.9.2.2 Method
To carry outthe tensile tests a test bar is first placed in thgdraulic grips of the systenThe
extensometer ighen clipped onto the specimei.he process is then activated; the hydraulic grips
then begin to pull the specimen apart at a testing spee8@®Mmmper minute.

When the strain reaches 2.5% of th@0 mmgauge length the process stops to allow the operator to
remove the extensometer. Thextensometer must be removed to prevent damaging it at strain rates
higher than its maximum strain of 2.5%. The operator then reactivates the system to continue the test.
The sensors coupled to each hydraulic grip continue to measure the strain ane tenséd until the
specimen fractures or reaches a maximum predefined strain (most polymer samples do not fracture).
The information is recorded and stored in PDF and .csv format.
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3.9.3 Impact testing

Impact testing wagarried outin compliance with ISO 17R The preferred impact test in Europe is

the Charpy impact test. The Charpy impact tesindertakenby breaking a test specimen using a
weighted pendulum. The energy taken to break the specimen is measured by taking the height
difference between the heighif the pendulum after an impact before and after impact (taking friction
losses into account seeFigure3-20). The specimen has a notch machined into it that asta atress
concentrator allowing a crack to propagate in the transverse directionKgpee3-21).

E, =mgh

impact energy = AE = mh(H — h)

Ep=mgh » .~
bl bbbk T
Specimen
Figure3-20 Charpy impact energy calculation
Support Support
Notch
Specimen

A
r

Strike direction

Figure3-21 Charpy impact specimen

3.9.3.1 Materials and equipment

Tocarry outthe impact tests an Instron® CEAST 9050 impact pendulum was usddgises-22).
Test bars that were injection moulded along with the tensile specimertreen prepared (machining
the notch) according to ISO I-19International Organisation for Standardizatjon

3.9.3.2 Method

The first step is to set up the Instron@plellum in its primed positiornT he test specimen is then placed

on top of the supports, ensuring that the notch is aligned equidistant from each supporFigee

3-23). Once the specimen is in place the pendulum can be dropped. The impact energy can then be
readoff directly from the machine.
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Instron® CEAST 9050 Impact pendulum

Figure3-22 Impact test equipment

Figure3-23 Impact specimen in place

3.9.4 Melt Flow Rate test

Melt Flow RatdMFR)}testing was undertakein compliance with ISO 1133. The test involves heating
the sample (190 °C faolyethyleneand 230 °C fopolypropyleng and forcing it through a standard
sized orifice under a weight (usually 2.16 kg, depending on the type of plastic). The rate at which the
polymer is forced through the orifice is termed thelt Flow IndexA) with units, g/10 min.

58



3.9.4.1 Materials and equipent

The system used to measure the MFR properties of each sample was the Géttfert® MoOe(sbtP
Figure3-24). It is an automated MFR measuring device ttahplies to ISO 1133 testing standards
(Shenoy and Saini, 198@he samples used are either tensile or impact test bars that have been cut
into pieces in order fothem to fit into the system.

Figure3-24 Gottfert® Modell MPD MFR test machine

3.9.4.2 Method
Firstly,the system needs to be set up according to what sample is being testeplollypropylenethe
temperature is set to 230 °C and fpolyethylenethe temperature is set to 190 °@ccordingto ISO
1133) Themass of the weight is 2.16 k@nce the system tgbeen configured correctly the test
material is place in the system. It should be gieeough time to melt completelyOnce the material
is completely melted the weight can be dropped (the machine is automated and does this
automatically). The materiahen flows through the orifice; the machine then takes samples at a given
time interval (sed-igure3-25). The average of the results is then taken as the MFR of thplealhe
mixed and thaiir separated material was tested at both temperatures as it is a mixtyselpéthylene
andpolypropylene
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Figure3-25 MFR test system

3.9.5 Differential Scanning Calorimetry test

DSC (differential Scanning Calorimetry) is a thermal analysis technique that looks at how a samples
heat capacity changes with a change in temperature; keeping the temperature constant (over tlifferen
temperature rangedetween 20°C and 200y &llows the heat flux through the sample to be accurately
measured. This, coupled with the understanding of the enthalpies of different materials allows the
user to determine the purity of different material friagns in the sample. DSC in this case is used to
measure the amounts giolypropyleneand polyethylenein each sampleThe heat rate chosen was
10°C/min and the sample size was 10 mg.

3.9.5.1 Materials and equipment

To conductthe DSC analysis a Mettler Toledo® DSC822 machine was usétg(ses-26). Small
amounts of each sample were tested to determine its composgiceording tdSO1.357.

3.9.5.2 Method
The first step was to prepare a small amount of material from each sampledodigzedoy the DSC
machine. This was done by cutting a small piece of material from one of the spare tensile or impact
samples angblacing it in a metal crucibl@he crucible is then placed in the DSC machine. The machine
then heats up the crucible and measures the amount of gpgrassing through the sample.

Figure3-26 Mettler Toledo® DSC822
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CHAPTER 4

4 Results and discussion

The results and discussion section presents the results from all the tests descrikddhprer3.
Sectionst.1to 4.4describe and discuss the physical characteristics oflitierent material samples;

the measurements are unique to this report and are not compared withigemature. Sectiong.5to

4.7 present and discuss the results from the air classification and ballistic separation Tésts
performance results for each setup are compared with findings from other studéssiibed in te
literature review). Sectiod.8 presents and discusses the results from the mechanical property and
melt flow measurement test The results are compared withe properties of related polymers
discussed in the literaturd@he final sectior4(9) presents and discusses the current and future process
configurations basedrothe findingsrom the research.

4.1 Size measurements

Thissection presentand discusses the resulbé the size measurement test§able4-1 describes the
massof each size rangas a percentage of the total mafs each sample discussed in sectia.2

Table4-1 Size measurement results

Mixed Mixed sample HDPEBM HDPEM + IM
PPIM grade
sample (< OO grade grade
oo 11% 29% 10% 14% 6%
0o 50% 70% 54% 60% 76%
0o 39% 1% 36% 26% 18%

Thetable shows that themixed sampleontained a large fraction of materiabove a nominal size of

p @ &. This was an important finding as both density separation and air classification are impacted
by the flake size of the material. The MDS system requires flakes to be petawd in order to
prevent blockageshroughout the systemThis result was anticipad; the ¢ 1 € ¢ gixed sample

was subsequently screened (using a rotary screen wit axmround mesh) to remove the large
material fraction.The oversized material was then-shredded and mixed back into the sample to
avoid changing the compositioof the samplémixed sample10 mm).

Table4-1 shows thatthat the majority of the material is in the size rangetween5 mmand11l mm
Reshredding the materiahicreased the)-5 mmfraction by almost 20 % possible reason for this is
the fact that PP is usually a more brittle polyntean HDPENd tends to fracture into small pieces
when shredded(Ghosh 2001). The material was also passed a few times through the shredder and
the rotary screento ensure that all thematerial was correctly sized. Each time the material was
shredded small pieces of brittle material broke away from the larger flakes.

The results also show that if the material were to be screened for air classification purposegidhe
would be adollows (seeFigure4-1):
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0-5mm

|—b (30%)

Mixed material Size
(100%) separation
| 5-11mm

(70%)

Figure4-1 Size separatioomassratio

Screening the material into more than one fraction means that each fraction would have to then be
processed in batches. This has implications for the process as a whole as provisions would need to be
made for the storage of each fraction before ipimcessed

The table also shows thgarticle size distribution of each of the individual components of the mixed
material HDPE BM grad®P IM gradeandHDPE BM + IM grage

4.2 Thickness measurements

The thickness measurement results for easdmple are shownon individual histograms in the
subsections that followsee sectior.4for a description of each sample)

4.2.1 Mixed sample thickness distribution

Figure4-2 provides a cleadescription of the wall thickness distribution of the mixed samflee
distribution is positively skewed as less and less material is measured as wall thickness increases. As a
result, the majority of particledrom the samplehavea wall thickness somevehne between0.5 and

1.2 mm Thisaccounts for 64% of the materiaiich is a mixture of blow and injection mould grade
material (seeFigure2-16 for more information).With reference to all four chartsf separation is

carried outat a wall thickness of approximately to 1.0 mnthe result would be a mixed fraction of

blow mould BM) and injection mould (IM) materigd.0 to 0.9 mmandan IM rich fraction( 0.9

mm).
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Figure4-2 Mixed sample wall thickness distribign
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4.2.2 HDPE blownould grade sample thickness distribution

Figure4-3 shows the results from the measuremestnductedon the HDPE BM grade material. What
is interesting is that the material wall thickness distributionasrower and symmetrical compared to
the mixed sample thickness distributiolt is a useful result because it reinforces the statement that
the BM materials are generally thimalled. The fraction above.1 mmis most likely material from the
bottle caps; the bottle caps are injection mouldadd tend to have a thicker wall thickness than the
bottle itself. The fraction 1.1 mm makes up approximately 13% of the total sample.
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Figure4-3 HDPE BM grade sampleall thickness distribution

4.2.3 PP injection mould grade sample thickness distribution

Figured-4 shows the results from the measuremearinductedon the PP IM grade material. The wall
thickness distribution for this sample is spread over the entire thickness range and has a flatter profile
compared to the mixed sample thickness distribution. In this case, the majority of the material lies
somewhere baveen0.6 and 1.6 mnand accounts for 72% of the total sample. This result is also useful
because it shows injection mould grade material is spread over a wider thickness range. Using the
information found in the previous subsection it is clear that it mat be possible to create a very good
guality blow mould material; the thickness distributions of BM and IM grade material bet@:€esmnd

1.0 mmoverlap significantly.
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Figure4-4 PP IM grade sample all thickness distribution
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4.2.4 HDPE blow mould and injection mould grade sample thickness distribution

Figured-5 shows the results from the measuremeargnductedon the HDPE BM and IM grade material.
Again, the wall thickness distribution is spread over the entire thickness range with the majority (72%)
of the material having a wall thickness1.2 mm Unfortunately, it is difficult to draw any substantial
conclusions from this chart because the ratio between IM and BM grade material in this sample is
unknown.
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Figure4-5 HDPE BM & IM grade sapte wall thickness distribution

4.2.5 Correlation between wall thickness and polymer type

Figure4-6 shows the composition of the material corresponding to wall thickness. The chart shows
that the material, up to a wall thickness of approximat2l$4 mm is a fairly even mixture of PP and
HDPE. Tere is also a small amount oblgstyrene (PS) in the thin walled fractions of the sample. The
material above a wall thickness 4 mmis predominantly HDPE and is probably material from the
HDPE IM and BM fraction of the mixed sample. Because thanaterial in this fraction that is mostly
likely BM grade material, it could make sense to remove it from the mix to increase the purity of the
IM fraction.
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Figure4-6 Correlation between wall thicknessral polymer type
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4.3 Density measurements

The density range measurements for each sample are shoivalile4-2 (refer to sectior3.5.3for an
explanation of the different density range3he results are giveas a percentage of the total mass of
each sampleLooking at the HDPE BM grade sample measurement, the results indicate that there is a
small amount of PP material (8%) in the mix. This is most likely the PP injection moulded bottle caps
that are not remoed by the hand sorters. If this material was to be sorted separately using an air
classifiel(as discussed in sectidr.2) it could be possible to remove the I grade material creating

a very good quality BM product.

Another interesting result is the HDPE content in the PP IM grade product. It seems that food
containers are mostly manufactured from PP but a small number of products (14%) are manufactured
from HDPEUnfortunately, this would be difficult to remove from the PP IM grade product because
the wall thicknesses of the PP and HDPE containetharsame (se&igure4-6).

Table4-2 Density range measurements

Density ITIZI ) Mixed sample HDPEBM grade PP IM grade HDPgE;'E\}A +IM
7 37% 8% 83% 3%
Z 61% 91% 14% 96%

4.4 Settling velocity measurements

The results from the settling velocity experiment are showRigure4-7 below. The chart shows the
settling velocity increases as the thickness of the material increases. The results also suggest that the
size and shape of the particle does not have, in this,dagemuch influence on the settling velocity

of each particleFurthermore,Figure4-7 points out that the settling velocity is fairly sensitive to the

wall thicknessof the material. It is an important finding with regards to air classification because it
suggests that a sharp separatimpossible.
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Figure4-7 Settling velocity experiment
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4.5 Air classification
45.1 Nihot® air classification

The results from testing the material on the Nihot® system are discisded.

The massneasurements of each fraction from the alassification testlescribe the ratio between
heavy(thick-walled)and light(thin-walled)fractions

100%

80% —
55%
60% 79% —
96%
40% @ Heavy fraction

| Light fraction
20%

Mass of total sample

4%

0% -
Lower Mid Upper
Flow rate setting

Figure4-8 Massfractions (mixed materia)
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Mass of total sample
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Flow rate setting

Figure4-9 Massfractions (mixed material¢ 5 ¢ 11 mm)

The recovery curvem Figure4-10 illustrate the relative performance of the classifier at the three
different air flow velocities.
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Figure4-10 Recovery curvedMixed material

In addition to the measurement of the air classifiers performance, the charts point out the d(50%) cut
points (shown inmable4-3). Please see sectidh8.3.3for information regarding the calculation of the
sharpness indeX&ection2.8.3.3providesinformation regarding the calculation of the sharpness index.

Table4-3 Mixed material cut points and sharpness indices

Test Cut point (mm) Sharpness index$
Low 0.71 0.79
Mid 0.81 0.72
High 0.93 0.70

Figure4-11 shows the recovery curves for the separation tegiaductedon the mixed material that
was screeneds11l mn).
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Figure4-11 Recovery curvesiixed, 511 mm)

Table4-4 provides the cut point and sharpness index information relating to the air classification
experimentconductedon the mixed, screenefb-11 mm), material sample.
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Table4-4 Mixed (511 mm) material cut points and sharpness indices

Test Cut point (mm) Sharpness index§
Low 0.71 0.79
Mid 0.84 0.77
High 1.11 0.76

The air classification test®nductedon the Nihot® system yieldggodperformance results. Itis quite

clear that separation of the rigid plastic material based on wall thickngsssisible The sharpness
indices indicate that good separation was achieved (take note that gsbss index of 1 represents
perfect separation- practically not achievableThe results also suggest that the system has the ability

to achieve satisfactory separation efficiencies; the sharpness indices from the tests lie between 0.79
and 0.70. Clasdtfis in general tend to have sharpness indices anywhere between 0.5 and 0.8.

In terms of the masgatiosbetween the two fractiongseeFigure4-8 and Figure4-9) the results show

that the mass ratio shifts as the air flow rate incresg-ocusingon the separation curve sharpness
indices the results suggest that sharpness efficiency decreases slightly as air flow rate increases; an
increase in turbulence possibly has an influence on the efficiency of an air classifier. The more turbulent
the air flow the lower the separation efficiency of an air classifier.

Comparing the testgonductedon each material, the results show thaeged material does not
translate into improved separation efficiencies, however, screening the material does shift the
sepaation cut point when comparing the high air flow rate tests.

4.5.2 Herbold® air classification

The results from testing the material on the Herbold® system are dischesmal

The masaneasuremens describe the ratidetween heavy(thick-walled) and light (thin-walled)
fractions for each tesand can be seen iRigure4-12 and Figure4-13. The chart shows th&action of
total material that ended up in the thick and thin walled fractions

100%
90%
80%
70%
60%
50%
40%
30%
20%
10% 24% 18% 17% |

0%

@ Heavy fraction

O Light fraction

Mass of total sample

Mixed PP HDPE
Material

Figure4-12 Herbold® testing massieasurements
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Mass of total sample

Figure4-13 describes how feed rate affects the separation performance of an air classifier. The chart
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30%
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76%
86%

@ Heavy fraction

W Light fraction

100kg/h
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Figure4-13Massmeasurement; feed rate comparison

shows that at a high feed rat®8@0 kg/H more material ends up in the heavy fraction compareth®
same test done at dower feed rate {00 kg/h. This is a result of a higher number of particle
interactions within the air separation chambehich makes it more difficult to liberate the light from
the heavy materiajHagemeier et al., 2034

The recovery curves illustrate the relative performance of the clasifierach of the samplest 100
kg/h (seeFigure4-14). The recovery curves relating to tfeed rate test are shown iRigure4-15.
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Figure4-14 Recovery curvedMixed, PP and HDPmaterial)
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The cut points and sharpness index results for the testeluctedon the Herbold® system are shown
in Table4-5. Please see secti¢h8.3.3for information regarding the calculation of the sharpness index.

Table4-5 Original, P1 and P2 material cut points and sharpness indices

Test Cut point (mm) Sharpness index$
Mixed sample(100kg/h) 0.87 0.82
Mixed sample(900kg/h) 0.69 0.78
PP sample 0.81 0.84
HDPE sample 0.85 0.85

Mixed material, PP and HDB&mples were tested on the Herbold® setup at a single air flow rate. The
massmeasurementresults highlight that at a cut point of approximately 0.88n the mass ratio
between light(thin-walled) and heavy(thick-walled) material is about 1:5. These figures differ by
almost a factor of two when comparing them with thesults in sectiol.2. Again it is explained by

the fact that perfect separation efficiencies are not possible meaning that material at the d(50%) point
is found in equal ratios in both the heavy and light fractions. This diffusion of each fraction
contaminating the other is the reason between the difference in theoretical and pracaital

With regards to separation efficiency, the Herbold® systermductedbetter than the Nihot® system
(seeTable4-5). It therefore confirms the hypothesis that taller air classifiers tend to yield better
separation efficiencies than shorter systems even on material that is very similar in terms of size,
thickness and densitys stated in the literature

Focusingon material mass flow rates through the Herbold® system it was discovered that material
flow rate did indeed have a significant impact on separation efficiency. This is clearly shegaren

4-15; as the mass flow of the material through the classifier increases so the separation efficiency
decreases.

Ingeneralthe results suggest that the material is well suited for thegetgf air classifiers. Very good
separation efficiencies were achievalatea number of different cut pointsn both air classifiers
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4.5.3 Bulk density measurements

The bulk density measurement results are showRigure4-16 below.
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Figure4-16 Mixed sample bulk densities

The bulk density result indicatebat when thematerial is separated into a thiwalled and a thick
walled fraction by means of air classificatiotiye bulk density changes slightly. This is an important
result from the perspective of process volume calculations.

4.6 Alternative separation methogiBdlistic separation

As discussed in sectidh8 two scenarios regarding ballistic separation were considered; with and
without the useof an air fan. Thenass ratioand separation efficiency results from each test are
discussed in this s@on. The mass ratios from each test are showirigure4-17.
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Figure4-17 Ballistic testing massneasurementresults

The separation curves for each test are showRigure4-18.
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Figure4-18 Separationcurves

The cut points andeparation indices are shown Trable4-6.

Table4-6 Cut points andseparation indices

Test Cut point (mm) Sharpness index§
Air knife 1.23 0.75
No air knife 0.97 0.74

Separation by means of ballistic trajectory wamductedfor the two scenarios described in section

3.8. The results from the experiment suggest that separation using a simple ballistic setup yields results
that are comparable to that of the Nihot® air classifier setup (see sharpness indég)résuerms of

the mass ratiobetween the heavy and light fractions, the results from the ballistic separation
experiment are comparable with the results from the Hihot® high air flow rate test.

With regards to the air knife addition, as expected iftel the cut point towards the thicker material

as it redirected more of the thin walled material into the light fraction bunker. The air knife can
therefore be used to shift the cut point but it seems that it had little impact in terms of separation
efficiencies.

4.7 Results comparisanNihot®, Herbold®, and Ballistic separation
This final section briefly compares the results of the three air classification investigations.

Table4-7: Air classification results comparison

System Sample Cut point (mm) Sharpness index$
Nihot® Mixed material 0.81 0.72
Herbold® Mixed material 0.87 0.82
Ballistic Mixed material 0.97 0.74
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In summary all three systenperformed fairly well on the materiasall three systems were able to
separatebased on wall thickness differences and all yielded reasonably good separation efficiencies.
Comparing the results shown Trable4-7 it is clear to see that the Herbold® setup performed st
(sharpness index of 0.82n terms of the overall process model, however, the separation efficiencies
achieved by the Herbold® system may be more than what is required. In terms of capital investment
costs,it may be appropriate to make use of a ballistic separat®thetechnologyis far simpler and
cheaper than a zigzag air classifier system.

4.8 Material property measurements

The analyticalest resultsof the various polymer samples are shown and discussed in the following
section

4.8.1 Tensile testesults

The results from the tensile tests are shown in figeiresin the following subsectionst is important

to read thissectionin conjunction with sectio2.3.2.7becausét discusses the mechanical properties
of various packaging thermoplasti@dso note that the samples in eafiure have been numbered
to make each discussion eassto read.
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(unprocessed) walled) walled) walled) walled) walled) walled)

Material

Stress (MPa)

Figure4-19 Modulus

The elastic modulus test resultseashown inFigure4-19. The modulus properties adamples 1 and 2

are comparableto virgin HDPE materials (s@@ble 2-2). The modulus osample 3is, however,
approximately 12% lower and is more comparable with the modulus figures of the HDPE samples
(samples 7 and 8) ooking at the composition of this samfigeeFigure4-27), the mixed,sample 3
contains more HDPE than sampldr2this case, it ipossibly the highdDPE content that reduces the
modulus ofsample 3.

Loking at the PP samples (sample 4 and 5), the results show that the modulus for both samples
increased significantly; the results are comparable with modulus properties of virgin PP materials (see
Table2-2). The literature suggests that PP ®tifer, brittle material compared to HDPE. These results
suggest that this is true, even for recycled materials.

73



Looking at the HDPE samples (6 and 7) the modulus for bagnifcantly lower than samples 1, 2, 4
and 5. It suggests that the higher the HDPE content, the lower the modulus; this relates to the fact that
HDPE tends to be a tougher, more ductile material.
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Mixed Mixed (thin Mixed (thick PP (thin PP (thick  HDPE (thin HDPE (thick
(unprocessed) walled) walled) walled) walled) walled) walled)

Material

Figure4-20: Yield stress

The vyield stress results show that the unprocessed sample (sample 1) and the two HDPE samples
(sample 6 and 7) has a yield strength comparable to virgin HEIP&assification had little impact on

either of the HDPE samples, but it did increase the yield stress properties of sample 5. The yield stress
properties of both PP samples (4 and 5) are comparable to virgin PP materials.
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16
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Figure4-21Tensile stress

The tensile stress results do not show any significant improvement with any of the processed samples
(samples, 4, 5, 6, 7). Thewd mixed, processed samples (sample 2 and 3) do show a high standard
deviationmeaning that the quality othis material is highly variable compared to the PP and HDPE
sampleslt remains unclear why these results are so varied.
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Figure4-22 Tensile strain at yield

The tensile strain at yield results indicate, and reinforce rih@dulus test results; the PP samples
(sample 4and 5) are stiffer and yield less than the HDPE samples (sample 6 and 7). With regards to
separating the material according to thickness. It did little to influence the stiffness properties of either
material.
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Figure4-23 Maximum tensile strain

The maximum tensile strain results again show that the PP fractions are stiff and brittle whereas the
HDPE samples are more tdugnd ductile. Sample three shows much higher tensile strain results
compared to samples 1 and 2 and this could be as a result of it having a higher HDPE content than the
other two samples. Again, sorting the material into a thin walled and a thick wialietion did not
significantly influence the properties of PP or HDPE.
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Figure4-24 Impact resilience

Again, the argument that PE is a tougher material than PP is supported by the impact test results. The
chart shows that bottHDPE samples have a higher impact resiliencepzaoed to the PP sampleshd

results from the mixed fractions shed little light the effect of separating the mixed fraction into light

and heavy fractions.

4.8.2 Melt Flow Rate test results

The MeltFlow Index (MFPesults are discussed in this section.
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Figure4-25 Melt FlowIndex (ISO 1133 @ 190%€)

18 Testing at 190°C is the standard for PE samples
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Figure4-26 Melt Flow Index(ISO 1133 @ 2307%€)

The results from thenelt flowtests are interesting and confirm some of the earlier assumptions about
the characteristics of the product sampldad?and HDPELooking atFigure4-25, it shows that the
mixed material (sample 1) has an MFhapproximaely 2.5 g/10min. in terms of MFdr manufacturing
purposes this material has little value as it is difficult to blow mdarlinjection mould.

The light and heavy fractions of the original material show results that are in contradiction with the
assumptionthat light (thin walled) material has a lower MEan heavy (thick walled) materiéee
Figure2-16). The light fractiof s a mp | e 2 ) s hscshglstly Higheathasamplésd ansllBA |
possble explanation is that the ME$pecificallyrelated to thismaterial), issomewha independent of

wall thickness but rather corresponds to material type (PRI?PE). From the DSC analysis results (see
Figure4-27) the mixed light fractioimassmeasurementshows that the PP content is slightly higher
than the PP content of the unprocessed sample. Referring baEigtoe4-26, PPsorted out atthe
recycling &cility is also mostly injgon mould grade with a high Mialue compared to the HDPE
material productghat is mostly blow mold grade material with a low MFhlue. Furthermorekigure
4-25also shows that bothiDPE fractions have a low MEorresponding tdblow mould grade material.
What is clear is that processing the material through the MDS improves both the quality and the grade
of the PP and HDPE productsalffo confirms some of the previous literature that HDPE is mostly used
for injection mould applications and PP is mostly used for injection mould applicdgeagigure

2-15).
4.8.3 DCS test results
The DCS test results are showrrigure4-27 on the following page.

19 Testing at 230°C is the standard for PP samples
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Figure4-27 DSC analysis

DSC analystonductedon each of the samples show that both PP &18PE products from the MDS
system are fairly good quality. In terms of the mixed light and heavy samples it suggestethas
more PPRin the thin walledfraction whereasmore HDPE ends up in the thick wedllfraction Again,
this is in contradiction t@revious research that suggettat thin walled material is predominantly
HDPE, blow moulded materigeeFigure2-16).

4.9 Process configuration

4.9.1 Current processing scenario

It is clear from the results highlighted in the previous section that separating the material based on
wall thickness has little influencenothe melt flow propertiesof the PP and HDPE producigo
potentially understand why this may be it is worth discussing the current process configuration at the
recyclingfacility.

The current process configuration is showrkigure4-28. The current processing line makes use of a
number of hand sorters to sort the material into the notable products. To achieve this at economic
volumes, hand sorters are trained to sort clearly and easily identifiable objects;

Group 1-trained to sort out PET bottles (different colours)

Group 2-trained to sort out black items (mostly PP)

Group 3—trained to sort out PP IM grade plastics

Group 4—trained to sort outHDPE BM grade plastics (less than 5 litres in volume)

Group 5-trained to sort outHDPE BM & IM grade plastics (typically beer crates and objects
greater than 5 litres in volume)

= =4 =4 4 =4

The current process is able to produce economically viable volumes but because it is heavily dependent
on hand sorting the quality of the producan vary significantly. Additionally, since hand sorters are
trained to pick out material quickly, there remains a large fraction in the residue stream that still
contains a significant amount of valuable material.
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4.9.2 Proposed processing scenario

With the inclusion of the MDS system into the processing line it makes it possible to reduce the reliance

on the hand sorting components of the processing
that hand sorting the material into PP aktDPE steams is no longer necessary. Additionally, and in

line with the results from sectiod.8.2 it can befair to saythat air classifying the material into

supposed BM and IM grade fractions does appear toaddany significant value.

The process line therefore should still make use of manual hand sorting; however, instead of focusing
on sorting the material by polymer type and manufacturing neeti{IM & BM), hand sorter could
focus all of their attention on sorting oatl the plastic items that are not black or REdeFigure4-29).

This could make the hansorting task easier and may require less manpower to achieve the same
throughput volumes.
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Figure4-28 Current hand sorting configuration
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Figure4-29 proposed process configuration
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CHAPTER 5

5 Conclusions and recommendations for future work

5.1 General conclusions

The, study which focusedn the material and processing line #ie Romanian recyclinacility has
highlighted a number of important findings. As is, the facility has thetyldliproduce products of
acceptable qualities and volumes as it can take advantage of the relatively low cost related to hand
sorting; basic wages in Romania and other eastern European countries make it possible to employ
individuals to perform such tasks

However the companywants to reduce its reliance on hand sorters in an effort to reduce costs and
improve product quality Fortunately,the MDS system has proven its worith terms of sorting
according to polymetype (Serranti et al., 2005 meaning that hand sorting efforts can be focused on
sortingby material grade

This studywhich was focused on improving the quality of the classified plastics in terms of fabrication
method (BM & IM) has shown that air classification based on material wall thickness is not only
possible but rather effective. It also indicates that air classification has the ability to sort the material
over a broad thickness rangén terms of processing it may have implications for other recycling
facilities that may need to separate on wall thielss forsimilar or othereasons.

Although the studysuggestghat air classification has the potential to sort the material based on wall
thickness it did not translate into distinctive IM and BM grade produdtsvever,it does not conclude
that there is no correlation between melt flow propertiesid wall thicknessbut rathersuggess that

the hand sorting strategy ahe facilityis somewhat effective in sorting the material according to
manufaduring characteristics.

Furthermore, it would make sender the recycler to realigthe way in which it performs the hand
sorting taskwith the addition of the MDS systemHand sorting should focus specifically on
manufacturing type (BM and IM plasticégwer hand sorters would need to be employed whilst
maintaining current throughput volumes

5.2 Recommendations for future work

There is indeed scope for future work regarding the separation of different plastics based anghlteir
flow (rheologica) properties. Additionally, it must be noted that the correlation between BM and IM
plastics should not be disregarded; the study should thereforedmeluctedon a material stream that
has notbeensorted as comprehensively &g material investigated ithis report

It is also important that research regarding the separation of plastics with differaligflow properties
continues as many developed countries cannot employ people to manually sort economically viable
guantities of postconsumer packagingaste.Iln these casesnechanizedolutionsremaininvaluable.

Furthermore, a followup study could b&ndertakenwhere multiple wall thickness range fractions are
investigated to more closely examine the correlation between wall thickness and melt flow properties.
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Appendix

Appendix % Size distribution measurement

Step 1:

The vibrating screen setup was arranged by placing the 8mm gitiolpoof the 4mm grid.
Step 2:

Material was placed on the top of the 8mm grid before the lid was tightened onto the top of the
vibrating screen. The machine was then run for 60 seconds at a medium amplitude setting to ensure
effective separation.

Step 3:
After each test each fraction was collected, weighed and the mass recorded.

Appendix 2 Wall thickness distribution measurement
Step 1:

Samples for each material stream were collected (roughly 1 kg). Using a sample splitter each sample
was split (dividedy two —see the figure below) a number of times until it was a reasonably sized to
give a representative fraction of the original sample.

Step 2:
Once the sampl es had vmkteickness waseasures dnd reeoadledh f | ake’' s
Step 3:
Step 2 was repeated for each sample. Forrttieedsample(screened)each flake was placed into the
cup corresponding to its thicknes®nce completed, the contents of each cup were weighed using a
precision electronic scale.

1/2 5

1/4 Y
1/2 1/8 N
1/2" =

8 5 ()

1/2" >

Sample sfitting



Sample splitter Vernier caliper

Appendix 3 Density distribution measurement
Step 1:

Two solutions, 920 kg/fand 930 kg/m, were prepared by diluting pur2-Propanol(p= 7 8 5 3&tg / m
25°C) in a given volume of wat@=(1 0 0 0 ®ak2§°C)rntil the density read 920 and 930 (using the
hydrometer). Roughly two litres of each was prepared.

Step 2:

The samples were washed in water followed by a wash in a propanol solution to remove the water
from the sampleRemoving the water preves dilution of the propanol solution. Diluting the solution
changes its specific gravity and can introduce errors into the density measurements.

Step 3:

Thereafter the sample was immersed in the 920 kigolution and agitated to ensure that each flake
separated effectively according to its specific gravity.

Step 4:

The lighter fraction was then removed from the surface of the solution using a sieve. Once removed,
the heavier fraction was collected. The lighter fraction represents the fraction of theriabhtwith a
density of less than 920 kghAwith the heavy fraction being denser than 920 k§/m



Step 5:

Steps 3 and 4 were then repeated by immersing the heavier than 92 kgiotion in the 930 kg/rh
solution to separate the material between 9230 kg/m? from the material that is denser than 930
kg/méd,

Step 6:

Once each sample was density separated according to its density, each mass fractions was placed in
an oven at 70 °C to evaporate all the liquids from the sample to ensure that the residichhizmguino

bearing on the mass of the sample. Once dried each sample was weighed, and its weight documented
to give the density distribution of each sample.

Hydrometer Measuring solution density

Nihot® airclassifier Air valve




Vibrating screen

Appendix & Herbold Zigzag air classifier

Zigzag channel Frequency controlled vibrating feeder
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Material in separation chamber



Appendi6 - Researclproject consent forms

Letter of Consent

I, Jaap Vandehoek, agree to participate in the MSc research entitled, Pre-treatment Processing of
Household Plastic Packaging Waste to be undertaken by Ross Blackstock, under the supervision of Dr
Lizelle Van Dyk, and certify that I have received a copy of this letter of consent.

I acknowledge that the research has been explained to me and [ understand what it entails, as follows:

1.

Signed:

Date:

I agree to allow access to my company and manufacturing facilities for the purpose of this
research.

The processes of my company will be mapped.

Thave the right to withdraw my assistance from this project at any time without penalty, even
after signing the letter of consent.

I have the right to refuse to answer one or more of the questions without penalty and may
continue to be a part of the study.

I'may request a report summary, which will come as a result of this study.

T'am entirely free to discuss issues and will not be in any way coerced into providing
information that is confidential or of a sensitive nature.

Pseudonyms will be used to conceal my identity, and that of my company, my employees, my
suppliers and my customers. The information disclosed in the interviews will be confidential.
Audio-tapes and transcripts will be kept securely stored during the research and after the
research has been completed.

This project was approved by the Faculty of Engineering and the Built Environment of the
University of the Witwatersrand and the School of Mechanical, Industrial and Aeronautical
Research Ethics Committee (non-medical) of the University.

If T have any questions or concerns about my rights or treatment as a participant, I may contact
the Chair of the School of Mechanical, Industrial and Aeronautical Research Ethics
Committee (non-medical) at (phone #) or by (email).

Mlouschoo
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Questions concerning the study can be directed to:

Ross Blackstock

Tel:

+27 82617 1172 Email: blackstock.ross@gmail.com

Supervisor: Tel +27 11 717 7552 Email: Lizelle. VanDyk@wits.ac.za
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Urban Mining Corp

Letter of permission to conduct research at Urban Mining Corp
June 22, 2015
To Whom It May Concern:
This letter serves to inform you that Ross Blackstock (student number 767366) is authorized to
conduct technical and commercial research at Urban Mining Corp necessary for him to complete his
Master’s research project and ultimately his postgraduate studies.

This document is issued upon request of the concerned person.

Yours faithfully,

) dehoek
Jaa;{ \Ipn ehoe
Managing Director
Urban Mining Corp
Blaak 520, 3011 TA Rotterdam
Contact details:
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