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Quality of resources. a typology for supporting transitions towards resour ce efficiency

using the single-use plastic bottle as an example
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Abstract

The growing British waste management sector has consistaitiyd the need to improve the quality
of waste-streams and thus the value of secondary resourahscgap in order to achieve higher
reprocessing rates. Mismanagement of wastes that may |leadttonination and degradation of the
recyclate feedstock constitutes one of the main barrighg ipathway ta circular economy. The sector
has also repeatedly cadl upon manufacturers to collaborate in designing materials, comiscaied
products (MCPs) with properties that aid recovery, refurbishigmair and recycling (e.g. separabilty
of materials, clear labellingas waste managers recognise the value of early engagemebefosd
MCPs enter the supply chain (i.e. before MCPs are producediamibuted to the end user)
Nonetheless, progress has been slow with regard to improvigmh des promoting components and
products longevity and segregation at source when they reacleikedf use or life stage in order to
promote circularityChina’s ban on imports of low quality recyclates at the end of 2017 marked the
beginning of a new era in waste managenunawing attention t&/K’s dependence on export of low-
value secondary resources and thiiasing ‘quality’ in the spotlight. This article delves into the notion
of quality, the way it is understood and assessed at different parts bfGRe lifecycle, and makes
recommendations on how it might be systematically medsArtypology to distinguish avoidable and
unavoidable designed and created characteristi stages of MCPs lifecycle is proposed to provide
industry with a tool to design wastes outtled economy. The typology’s application is demonstrated

using the single-use plastic bottles as an example
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1. Introduction

Quality of wastes and secondary materials is perceived tmbef the main barriers to the greater
recovery of resources from waste, including municipal solisteyaconstruction and demolition, and
commercial and industrial wasteget, quality remains an elusive notion. Traditional defim#i such

as “the standard of something as measured against other things of a similathid degree of
excellence of something” Or “a distinctive attribute or characteristic possessed by somethif@xford
Dictionary of English (3 ed.)) do not reflect that @ality, the quality of materials, components, and
products (MCPs) produced, and those recovered from wastesnedddifferently by each stakeholder
in the system. This is driven by a number of factors: ttemded use of MCPs, which depends on the
properties/characteristics and original purpose (for a gdesimanufacturer); existing
regulations/specifications (for a specifier); cultural méstis and attitudes towards resources recovered
from wastes such as resistance to repairing, remanufactudnge, recovery and recycling (for
recyclers, reprocessors and manufacturers, but also enfl-asersnarketability and aesthetic aspects

(for manufacturers, retailers, end-users and clients).

Quality measurements vary across different sectors andsMidfese are often imposed by existing
regulations, legislation and standards, other quality asseiia@md testing protocols, or are arbitrarily
defined based on a combination of stakeholder expectationsliragarnat properties quality should
reflect. Quality in the latter category is often deterexi qualitatively‘on-sight’, for example based on
the visual appearance of MCPs (upstream the supply chain), delpréting the way different MCPs
are separated at source (downstream). Large amounts ofainditegetables that are not the ‘right’

shape or size are thrown away because retailers do not consider these to be up to the ‘high-quality’
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standard demared by consumers, leading to perfectly edible food being wg3teel Guardian, 2013)
large amounts ohon-target (often unrecyclable) MCPs being placed in the wiemnygling receptacles

can cause entire loads of recyclable MCPs to be rejeaedube the overall quality might be
compromised due to contamination (edie.NET, 2016). Rejecfithis type can also occur at material
recovery facilities (MRFs)but when materials such as paper, glass, metals and plastaseateally

sorted for further processing the quality definition changes.ekample, plastic recyclate quality is
often categorised by colour (e.g. translucent and cleatigdaare considered of better quality) or by
type (e.g. polyethylene terephthalate (PET) and high-dgraliygthylene (HDPE) are considered to be
high-value streams and thus, are always targeted for gorttiter plastic materials may only be

considered as contaminants even though it may be techrpcakyble for them to be recycled

Quality measurements for MCPs, especially in Europe, are basgakcific regulations, specifications
and testing protocols. For example, the production of packagieigded to come in contact with food
and drink (known as food contact materials, FCMs) needs t@lgowith the EU food contact
legislation (Regulation (EC) No 1935/2Q@Regulation (EU) No 10/2011 for plastics); whereas textiles
production must be aligned with the EU Textile Regulation (EUXLBIB7/2011 on fibre names and
related labelling and marking of the fibre compositioreatite products. Some quality measurements
for MCPs recovered from waste follow the same prin¢ipith various regulations, quality protocols
and standards supporting their use up to the necessary levelsirghemntal and human health
protection, safety and hygieria the case of solid recovered fuel (SRF), a producvei@from waste,
guality is measured and regulated via a set of technitatiaroutlined in the EN 15359 standard with
the (i) the net calorific value (NCV) (also known as loweating value), (ii) the total chlorin€lj
content, and (iii) the mercury (Hg) content, being the ranstal based on the end use (lacovidou et
al., 2017a). Another product derived from waste is compost, ohwhiality is measured via a range
of physical and chemical indicators including solids (e.g. géa®b non-biodegradable fragments),
heavy metals (e.g. Cd, Cr, Cu, Pb, Ni and Zn), humictanbss, pH and other organic contaminants
(e.g. polycyclic aromatic hydrocarbons (PAHSs), polychlorinadégenzo-p-dioxins/polychlorinated

dibenzofurans (PCDD/Fs)), the concentrations of which atlmed in the Compost Quality Protdco
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and PAS100 (developed as a requirements of end-of-wasteacstrriin the Waste Framework
Directive 08) as well as those that can be used in diffegplications (Farrell and Jones, 2009). For
recyclable materials such as plastic, quality at the repliagessge is measuréy following a testing
protocol that measures additives concentration, viscosity and umgisbntent, amongst others.
Variations in quality measurements may create complexity aodfertainty in the system as a result
of variations in the way regulations, standards and/a@opots are applied to different places. However,
their purpose is to ensure that the MCPs recovered from wastéhe®CP specifications required at
the production/application level in which they are going ta$ed; assuring high-level performance

and public safety.

Based on the above, we concluded that if quality is to be neehaacording to the suitability of the
MCPs to continue to be used for the same function ottamative usea better definition is needed.
Therefore, quality of MCPs is defined her® the remaining functionality described via the inherent,
designed and created characteristica oécovered MCP that make it suitable for the sama or
different application measured against the properties requireasuring good performance and
public safety in the specific applicatiddased on this definition, the quality of MCPs can be determined
and affected by actions at any point in their lifecyflem their initial design through to their disposal
and end-of-life (EoL) management (Hahladakis and lacovidou, 20h&)objectives of this article are:
1)toprovide a description of how each step of the MCPs lifecycletraffgct thér quality and generate
insights into the key attributes that must be taken intoumtcohen assessing interventions made
upstream or downstream of the point where wastes are genaatsdpwn in Figure 1, aimed at
improving the quality of MCPs recovered from waste (lacovidou,2@17c) (Section 2); 2) to propose
a typology for assessing the type of improvements that could tadterbe made for increasing the
guality of MCPs recovered from waste (Section 3); and 3)igeeaa simple illustrative example of how
the typology developed could be used (Section 4). The fimdiloseof the article concludes with

recommendatiasfor furthering this research.
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Figure 1 The point where materials, components and products (MCPdjsasrded as wastes marks
the transition from the upstream to the downstream part of #tersy Reuse, remanufacture, and
secondary material produced via recycling processes are ke stagising the loop between

downstream and upstream parts of the system.

2. Impact of all stages of materials, components and products (M CPs) lifecycle on their quality

The composition of MCPs is defined here as the complex suitgepficting inherent and designed
characteristics (e.g. colour, density, hardness, atatwbnductivity, corrosion/oxidation resistance)

The inherent characteristics of MCPs are those that either:

e occur naturally (e.g. those of wood, raw foodstuffs, metallements, dimensional stqne

cotton, gemstonex crude oil); or

e are produced by chemical, thermal and mechanical procebatsoffer a particular
combination of technical properties (corrosion resistancehamécal properties and service
life) relevant to a particular use, and which cannot bengda (e.g. those of polymers,
processed foodstuffs, engineered compositemeaal alloys); called heiir as ‘chemically

produced characteristics.

The designed characteristics are those that occur dhariglirication and/or amalgamation of different
materials to elicit a particular appearance &eél (e.g. colour in plastics and paper, seasoning in
foodstuff, aroma in personal care products, coating in glassaxacthic components, surface finishes
in cars), as well as to enhanceCRs performance and reliability (e.g. preservatives in foodstuffs,
additives in polymers, paint coating in steel components, taykred crisp bags and pill packets) and
function (e.g. design for disassembly, ability to be regphand serviced) (Garvin, 1987). Designed

characteristics supplement inherent features and are iatrinhie final MCPs that reach the end user.
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Understanding composition is critical in assessing the peafiicenand EoL. management of MCPar
instance the aluminium-lithium (Al-Li) and aluminium-magnan-lithium (Al-Mg-Li) alloys used in
aircraft metal production, although separated from other comps and materials, cannot be recycled
using normal facilities. This is because lithium createscplosion hazard in the aluminium remelting
phase a consequence ofchemically produced’ inherent properties (Suomalainen et al., 2017)
However, the extra technical value imparted by the aluminitimoim alloys, such as low density, high
elastic modulus, high strength and superior fatigue cracktign@sistance, is currently an efficient way
of reducing material weight and improving longevity, potehtialitweighing the environmental cost
of preventing recyclability (Wanhill, 1994). In the anaecddtigestion of agricultural wastes, feedstocks
with a high degradability, such as cereal grains, poultrypdgndnanures give a higher ammonium to
total nitrogen ratio than feedstocks of low biodegradalfitity. cattle manure and silage maize), leading
to varying qualities of digestate produced that is used agilsséer a result of‘naturally occurring
inherent characteristics (Moller and Muller, 2012). Biomass uesidised as co-fuels in coal power
plants contribute to an increase in the chlorine conteptilokrised fly ash rendering it unsuitable for
use as cement replacement in the concrete production indasttyrer example as a result of inherent

characteristics (lacovidou et al., 2017a)

In current practice, MCP manufacturers often bear littleo direct responsibility for the fate of the
materials and components they use and products they make oncavbdgfhthe factory gates. As
such, MCPs are usually designed to prioritise efficiency ofhufeture, consumer demands,
attractiveness and competition against rival MCPs, but alsang@&ase of distribution over ease of
recyclability. Common practices, such as the use of mixed materials rfecgsp bags, coffee cups,
juice boxes) make it very difficult for them to be sepatated recovered at their EoL stage; hence the
guality of these mixed materials is severely diminished kyioms upstream (i.e. the
manufacturing/application process) in the syst&trihe same time MCPs manufacturers are reluctant
to repair products, use recovered components and/or recyalediats, ostensibly because of their
perceived lower quality as opposed to new materials and contpomagiditionally because it might

impinge on the typical business models dependent on the sale akpagement products
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Traditionally in the UK, the quality of MCPs recovered fravaste has been perceived as inferior
described interms such as ‘dirty’ and ‘contaminated’ (Wrap, 2012). This is largely attributed to the
practices followed downstreain the system, with disposal, collection and management practice
affecting the quality of MCPs due to contamination of sajedy collected waste streams (e.g.
recyclates) with other types of waste (e.g. food, texttesven different types of the same material)
Contamination is critical in determining the gtyalind fate of MCPs at their EoL sta§®me designed
characteristics of MCPs can also be manifested as contaonidatiing their EoL management (defined
here as chemically induced contamination). For exampletisakli(e.g. antioxidants, stabilisers,
plasticisers, and flame retardants) used to improve therpenfce of plastic products may be carried
over to the new products made out of the recycled plastiesigned feature that leads to contamination
(Hahladakis et al., 2018); whereas the presence of plastieecfumtd packaging, cartons, carrier bags
and other items that are not certified ‘compostable’ in the biodegradable waste stream, can contaminate

the compost prodect an externally induced contamination (Stangenberg e2@04; Vilaplana and
Karlsson, 2008)Contamination of separately collected waste streams aicinganics, paper, glass,
plastics with other recyclable or non-recyclable mateiimlthe most profound cause of physical
contamination. For example, paper contaminated with gtagsnents and/or is heavily soiled with
organic material, might lead to machinery breakdowns, atkdéocontamination of the entire batch

respectively, leading to its diversiomincineration facilities or even landfill.

Another fundamental quality factor for consideration whssessing MCPs remaining functionality
and recovery possibilities, is degradation, i.e. chenaindl morphological alterations that change the
mechanical and rheological properties (e.g. for polymerajnchonformation, molecular weight
distribution, crystallinity, chain flexibility, cross-linkingnd branching) (Venkatachalam et al., 2012)
Degradation occurs mainly during the use phase of MCPs asulh o€ their interaction with the
environment and/or remedial measures taken to prolong lifetichesmediate damaguring the use
phase, the characteristics and properties of MCPs may dateriue to exposute environmental
conditions (e.g. corrosion, oxidation, photo-degradation, biadiagion), and cumulative damage

caused by physical loading, i.e. stress/strain, impactsiabrand resultant deformation. For example,
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high moisture environments can cause wood to lose its strengshifémess, corrode metals, and cause
mould to grow on plastics an environmentally (physically) induced degradation. Phygitadluced
changes may introduce structural heterogeneities in the MCRsjrrgdheir long-term stability and

performance.

However, degradation during the handling/sorting stages may alsguite possible due to the

technologies used, causing chemically induced changes thabdseethe properties of MCPs during
thdr collection, sorting and reprocessing. For instance, plastierials exposed to thermo-mechanical
degradation during processing may undergo internal chemiczioms caused by high shear forces
and high temperatures in an oxygen-deficient atmosphereh widy affect the mechanical properties
and stability of the recycled material (Hahladakis awdvalou, 2018; Vilaplana and Karlsson, 2008)
This may lead to the production of lower quality resources kdaitanly for lower value products

(cascading)- achemically induced degradation

Assessing factors such as contamination, degradation, aimproixdifferent materials can provide
insights into the likelihood and scale of MCPs to retain goodtygulEoL, and the way this may vary
based on the use (e.g. exposure to environmental conditions, degratate, and intensity of use)
recovery (e.g. deconstruction, disassembly, collection megredence of impuriti@sreprocessing
methods and their technological advancement, the existingategulstandards, and the logistic
challenges associated with MCPs EoL managenfamtexamplejn the UK, glass contamination of
the paper stream in material recovery facilities (MRFspissidered to be a significant business risk
for small and medium-scale plants where sorting technotoggtiadvancedyhereas for bigger, more
sophisticated plants thisi®t seen as an issugifty different metals are used to produce a smartphone,
only a small amount of which are presently recoveredrarytled (Benton and Hazell, 2014yicks
bound together with cement-based mortar are difficult dgcte (lacovidou and Purnell, 2016). The
new generation of Near Infrared (NIR) detection technologiebles better sorting of plastic waste,
ensuring that the plastic offered for reprocessing is cdyregparated and that physical contamination
is reducedPlastic bottles such as those used to contain beveragesghltheoretically reusable, have

a threshold (which varies based on type of plastic) up to whahcan be safely reused before they

8
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start leaking chemical substances such as DEHP and BPA intigiltethey hold, posing serious

health hazards exacerbated by the intensity of their use.

3. Improving the quality of MCPsrecovered from waste: atypology

It is interesting to note that while the inherent chareties of materials are fixed and changes can
only be inflicted by selecting different materials thavé different inherent characteristics better suited
to support their recovery at their EoL stage, the designed ¢hasdcs of MCPsand thosécreated

via the application, use, disposal and management practices (cbsely linked to designed
characteristics and technological methods used) are mosttiikaffect MCPs quality, and therefore
the way these are managed at their EoL stage. Althoughsiratticle we focused specifically on
contamination and degradation of MCPs, other factors mayjaleaise to created features that may

impede MCPs recovery, reuse and recycling.

From our rather limited list of impeding factors and basethe designed attributes of MCPs, it can be
suggested that changes in the quality of MCPs recovered from eeaste some cases be avoidable
(e.g. contamination of construction components with asbestosass gbmmingled collection with
other recyclables) or unavoidable (e.g. contaminatiare®fcled plastic materials by their additives).
The notion of “unavoidable” waste has gained policy momentum in the UK over the past years, with
government aiming for zero avoidable waste by 2050 (Velentuaf.,e2018). But what exactly is
avoidable waste? The distinction between avoidable and urdeidecessitates an understanding of
the characteristics required for a specific function @nose intended for serving a purpose that goes
beyond the functionality of MCPs, such as marketability, branagjé or even businesses and individual
values, agendas, needs and preferences. Quality in the destteran be subjective because it involves
perspectives on quality that come from the people involved atatheus stages of the system (e.qg.

manufacturers, consumers and reprocessors alike).
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Focusing strictly on an objective way of measuring qualityithaased on the properties, characteristics
and functionality of MCPs, we made the assumption that inhelnendicteristics are unavoidable; hence
the distinction between avoidable and unavoidable charaasiistnostly associated with the designed
and created features of MCPs. As shown in Table 1 it can be sedjgjest designed characteristics
can be: i) necessary and unavoidable, ii) necessary but bBégidad iii) unnecessary and avoidable;
whereas created characteristics can be i) physicallg@ttland unavoidable, i) physically induced but

avoidable, iv) chemically induced and unavoidable, andhiemically induced but avoidable.

The distinction between necessary and unnecessary designedeaigtiiecs may appear subjective.

Designed characteristics can often be intentional doat&etability, attractiveness to MCPs, customer
satisfaction and acceptability, and brand image (Garvin, 198%)some are mandatory for the
manufactureof MCPs that serve a specific function (e.g. crisp bags, coffee, aupshhance MCPs

properties and promote their quality preservation for longesigbed characteristics in the latter
category focus on the nature of MCPs and ways to prolong tfeeiarid as such are an objective
measure of quality, whilst the other characteristics focugtlynon secondary factors (e.g. price, brand
image, marketability and cultural values) which are aaitifor other purposes (Garvin, 1987), but

unnecessary when it comes to promoting the longevity of MCPs.

Similarly, the created characteristics refer to therveea tear of MCPs during their use and EoL
management as a result of their exposure to uncontrolled envintairnenditions (e.g. temperature,
UV radiation, wind, acidification, etc.), and changesthrir characteristics during their handling
processes. These characteristics are dynamic in natuteararoften dependent on the repair and
maintenance activities, the technologies used, the experiandespecific processes put in place in
different contexts for the management of MCPs; thus the distim between avoidable and

unavoidable.

10
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Table 1 Distinction between avoidable and unavoidable designed artedM&Ps characteristics and
their type. Designed attributes are classed into necessamaadessary; created attributes are classed

into physically and chemically induced

Based on the above clarifications, a useful typology of qualdperties to support changes in the way
MCPs are designed, used and managed during their entire léecgn be developed his typology

distinguishes MCPs quality into three dimensions:

1. Compositional - refers to the inherent characterispitysical and those produced by the
chemical, thermal and mechanical processes (referrecdbatemically produced) that offer
a particular combination of technical properties relexard particular use that cannot be
changed,;

2. Contextual- refers to the designed characteristics required for mixifigreint materials to
create the properties relevant to a particular usetarehhance MPCs performance and
reliability, as well as additional attributes that maketiaative, acceptable, marketable, etc.;

3. Dynamic- refers to the created characteristics based on areaispesifonmental conditions

and practices, cultural patterns, geo-political and econsitiation and education.

Figure 1 illustrates the way this typology works. The distimctietween avoidable and unavoidable
characteristics is important for sustainable interventiom®tinponent and product design to be made,
and/or the management thereof. The use of this typology musbdity based on an objective quality
assessment that foason properties and functionality of MCPs during their lifeey@Vhilst in reality

this can be challenging due to the subjective way qualitpdenstood at various stages in the system
it is a critical and necessary step in raising awarenesgseagss that is not focused on the intended and
desired elements of quality that serve purposes that go beydnddchenality of MCPs, but is instead
focused on the conditions required for promoting changes angdntins to ensure the lifecycle

guality and circularity of MCPs, and ways to implemdren.
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Figure 2 Typology of quality properties of materials, components andustesd MCPs), based on

compositional, contextual and dynamic quality dimensions as deddri Section 2.

The typology presented in Figure 2 can only be used as a wgayging potential interventions in the
system for promoting enhancement and preservation of MCPityqutatan be a preliminary step
towards producing a framework that enables practitionersito an in-depth understanding of the
properties of materials, their mixes, and additives used fwoiwe their performance and the
implications of these during their lifecycle, based on a whgdtems perspective. Findings from this
step must be combined with the manufacturing industry’s needs to develop MCPs that are marketable,
acceptable and attractive to consumer within limits thiatvafor multi-dimensional value-based
decisions to be made. Only then decision-makers can idemrtiyible and viable changes and

interventions required for supporting the prevention, reuseemydlimg of MCPs.

It might be the case that action is needed at one omugasiages of the value chain in order to enable
such changes to promote the longevity and/or circularity of M@RBse economy, whilst providing
safety, performance, comfort and aesthetic value torttieisers (Hahladakis and lacovidou, 2018). It
is important however, for any identified changes to be stédgdo a multi-dimensional assessment and
valuation process to uncover potentially hidden implicationhegea adaptations in both space (e.g.
regional, national, global scale) and time (e.g. shogdinom- and long-term) (lacovidou et al., 2017b;

Millward-Hopkins et al., 2018).

4. Application of the typology using the single-use plastic bottle example

Plastic bottles made from polyethylene terephthalate (PEhighly engineeed materials made from

petrochemicals (chemically produced) that possess a numbaiqofe properties that enable them to

12
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perform well as a beverage packagiRgT bottles are often designed for single use only, which means
that they are discarded soon after their. @ce they become waste they go through collection and
management, with recycling being the optimal value recquergess. Acrosthese stages PET bottle’s
quality is degraded often to such an extent that closedeyen open-loop recycling (for definitions
look at (lacovidou et al., 2017ds not possible; hindering its looping back into the economy. Using
the typology developed herein, we scrutinise how PET bottle’s specific characteristics affect its

potential circularity.

The inherent properties of PET bottle, shown in Figure 3thase attributed to the high molecular
weight polymeric structure (e.g. mechanical strength, toughressstance and flexibility) (Al-Sabagh
et al., 2016) and are considered to be unavoidable. Asuli,reur quest to understanding how PET
bottles quality degrades across its lifecycle, depends on gainiigsight into how the designed and
created characteristics shown in Figure 3, can affectoyslability. This is by no means an exhaustive
list of designed and created characteristics, but it givesdigation of some common issues associated

with PET single-use bottles quality and recyclability.

Figure 3 Use of the quality properties typology to uncover potemtafventions that can be made for

improving the quality of recovered PET bottles.

Beginning from the designed characteristics, our approach tostawéing avoidable and unavoidable
characteristics is based on the current advances and technolagigslan designing single-use PET
bottles. Nowadays, PET bottles come at various shapes andmsizase made of thin walls that make
them more than 30% lighter than 15 years ago (BPF, 2018; @€lig09). The stretch blow molding
process (F. et al., 2004) employed for the manufacturing of PE€&dblas been advanced at such level
that promotes the production of thin walls with a molecutantation and crystallisation level, which

give the bottle the desired mechanical, optical and baprieperties (Subramanian, 2000); an
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unavoidable characteristic (Fig.. Despite the belief that PET bottles are made entirely fr&h, P
bottles are often composed of a polypropylene (PP) cap dmoeamade from polyvinyl chloride
(PVC); two different types of plastics. These components tevgotential to contaminate PET bottles

during recycling, and as such their removal is considerbd toitical.

Contamination is considered to be the major cause of deterioration of PET’s physical and chemical
properties during reprocessing, and hence of its recyclapdigntial (Al-Sabagh et al., 2016; Awaja
and Pavel, 2005; Giorgio et al., 1994). The PP and PVC compameed to be removed and although
sorting processes are beneficial in removing a significantidraof these, some may still remain
creating problems during the reprocessing stRgelacing the PP cap with a cap that is made of PET
to decrease the risk of contamination is a charactetistidd currently not considered to be avoidable.
This is based on the premise that PP cap provides a tigdatienwhilst investment in technologies that
are currently used to get this separated from the biottleisorting systems creates a perverse incentive
to not promote any changethis prevents ew designs for substituting PP caps with PET to be
developedhowever, closure systems that contain no liners and leaveidaakrings are promoted for

ensuring easier removal and lower risk of contamination (APR2; WRAP, 2009).

The presence of PVC, even as little as 100 ppm, in the RiEGcessing stage can lead to the generation
of hydrochloric acid, which acts as a catalyst for thercheission reactions during the melt phase and
discolours the recycled PET during processing (Awaja and P20@5). Therefore, the use of PVC
labels should be avoided and new labelling systems are incregasé@igl promoted; slowly phasing
out PVC labels which is evidently considered to be an avaddiaracteristic. For example new sleeve
labels and coloured coatings with removable inks have be#adria the UK and have shown to be

successfully removed during PET bottles reprocessing (WRAP, 2010).

The adhesives and additives used in the manufacturing of singleelséd®les (e.g. plasticisers,
colour coatings, oxygen scavengers and ultraviolet light absorttndon et al., 2010). Adhesives
can for example prevent the separation of labels from the PH&sbdaring the washing stage (APR,

unknown; WRAP, 2010). Additives can cause undesirable effects dugmgpcessing (e.qg.
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discolouration, degradation and pollutants relp6&BR, 2012; Hahladakis et al., 2018), affecting as
such the successful sorting and reprocessing of bottles into segaagsv material of good quality
characteristics (Awaja and Pavel, 2005; Subramanian, 2000k ai$mthe use of degradable additives
can shorten the useful life of the bottles and thereforetatieir ability to be recycled (APR, 2012)
The impact of degradable additives in the reprocessing stadggTobottles is currently unclear and
therefore should be avoided. With increasing awarenesiseoneied for promoting recyclability, the
use of alternative additives are being promoted. Design for Regyguidelines for PET bottles have
also been introduced as a way to control the additives amgpimef labels used in PET bottles in order

to allow their recyclability (European PET Bottle PlatfiofEPBP), 2018)

In regards to the created characteristics, exposure of BeEles to environmental factors (e.g.
temperature, UV, moisture) over a period of time such asdiisposal to collection and transport and
sorting, can potentially lead to unavoidable deterioratibtheir physical and chemical properties
(Figure 3) (Venkatachalam et al., 201Rdlymers undergo degradation at every stage of their lifecycle
(Vilaplana and Karlsson, 2008). Specifically, oxidative rieastlead to the formation of new oxidative
functional groups that consume the stabilisers originally addéktplastic, decreasing the stability of
the polymer and leading to deterioration of its mechanical piepe This may then enhance the
sensitivity of the recyclates to further thermal- and phiegadation, affecting the recycled material’s
future performance (Vilaplana and Karlsson, 2008ermal degradation may also be favoured by the
synergistic effect of contaminants (e.g. PVC, additives)) ranisture that may be present in the PET
bottle scraps (Torres et al.,, 200@uring melting and mechanical injection molding phagesds
produced due to the presence of contaminants (i.e. RWM@sives and additives) and residual moisture
from the surface of PET plastic flakes after their washing stagajecrease the intrinsic viscosity and
molecular weight of the polymer during reprocessing due tdwyhdeolytic chain scission of the co-
polyesters at high temperatures (Al-Sabagh et al., 2016; liidvland Vinci, 1994; Subramanian,
2000; Torres et al., 2000). This can facilitate the crygibin of recycled PET, which reduces its
elongation at break (i.e. makes it more brittle comparés targin counterpart) and impact strength

(Torres et al., 2000; Venkatachalam et al., 20D&colouration may also result due to the formation
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of various chromophoric systems following prolonged thermal rmreat at high temperatures

(Venkatachalam et al., 2012)

Removing impurities created during the disposal, collectiorsartihg stages is important in ensuring
that most of the PET bottles can be effectively recydBamhtamination at any of these stages can be
avoided if the ability of consumers to separate their plastitebaffectively at source increases and if
the collection practices align with the practices (and mgtofitechnologies used) at the waste and
reprocessing industries. Often using compatibilisers, caneendi#rwise incompatible polymers such
as PET and PP or HDPE to be mixed together to create eeriafs with desirable physical and
mechanical properties (Genjie et al., 2010; Hahladakis, &I8; SPI, 2015 ompatibilisation makes
otherwise immiscible polymers to be finely dispersed in thHeerotcreating a macroscopically
homogeneous mixture with strong resistance to coalescence, throwgtditi@en or in situ generation
of a macromolecular species that exhibits interfaciavigcin heterogeneous polymer blends (Kaiser
et al., 2018)Despite the potential benefits of compatibilisation in improvheoverall performance
of the blend and in creating an advantageous combinatipropérties and/or the generation of new
ones, this technique only enables one additional life cycle todligener (Kaiser et al., 2018urning
materials recycled by compatibilisation in an energy-frorstev@lant is considered to be the optimal

route; therefore this technigue should be avoided in a cireaaromy whenever possible.

Although trivial, the single-use plastic bottle example demorestridite applicability of the typology
developed in providing a structured way of understanding guatipects associated with MCPs
lifecycle. In addition, it highlights the typology’s usefulness in generating insights into potential

interventions that could be introduced in practicediesigning out different types of wastes.

5. Concluding remarks
The perceived low quality of MCPs recovered from waste hagepted them from competing with
their virgin counterpartshindering the formation of strong partnerships between the resource

reprocessing industry and the manufacturing sector. At thetsameansufficient partnerships between
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408 resource reprocessors and manufacturers has been drivingceegmificiency at both ends of the
409 system. Any attempt to become more resource efficient ase the material loops via retaining the
410 quality of MCPs in the system requires forging of strong bolations and innovative partnerships

411  between these stakeholders, that must be constructed basedeonvshags, perceptions and interests

412  The quality assessment of MCPs at both upstream and downstra@apoint where they are disposed
413 of as wastess paramount in the transition towards a circular econ@ng can be both intrinsically

414  objective and subjective. The degree to which the subjefedters prevail over the objective ones
415 must be regulated for viable and meaningful interventiortsetonade. The typology developed for
416 assessing MCPs quality based on their inherent, designed anddcdwracteristics and the
417 technologies/conditions/processes/motives used at, and/or asdowittt each stage of the supply
418 chain can be a useful preliminary step in guiding thisggecWhile in this article we used the single-
419 use plastic bottle as an example, the typology developed can bedajopany type of MCP. It is

420 important to emphasise, however, that the typology can anlysied as a screening tool; a multi-
421 dimensional value assessment of the positive and negativectBnpasociated with systemic

422  interventions must be carried out for sound decision-making.

423  Gaining objective insights into MCPs remaining functionalitgd &alue, and identifying changes that
424  can be made on product design, manufacture, use and managamemyeil and inform well-targeted,
425  strategic ways of promoting circularitfo support this typology, we need a method that looks at each
426  MCP individually and assesshow its redistribution back to the supply chain is affecteddyery

427  own design and lifecycle, and by those who control itsT&iin line with new economic analysis
428 approaches that focus equally on production and consumptilCBl. These approaches advocate
429 that perspectives on the production-consumption of MCPs should matlated to derive a general
430 theory applicable to groups of MCPs, but should be individual andfispadis type of assessment
431 can provide an indication of what is practicable and reasomaliie changed based on forward and
432 reverse logistics set-ups for a specific MCP, as well asrea-specific conditions, cultures and

433 practices
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