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As the world moves towards a more circular economy the recyclability of different materials
becomes an increasingly pressing issue. The EU has created a strategy that aims to push the
European plastic industry towards circularity, and this also includes significantly increasing the
recycling rates of all plastic products. However, some plastic fractions are harder to recycle than
others. An example of such a plastic fraction are the plastics in waste electrical and electronic
equipment. Part of the reason why this material stream is difficult to recycle are those bromine-
containing fire retardants, which are harmful, and which have been used in older electrical and
electronic equipment, but are no longer allowed in new products, so they must be removed during
recycling. Another problem facing plastic recycling is the degradation that occurs during re-pro-
cessing, which lowers the plastic’s molecular weight.

The ALL-IN for Plastics Recycling project, which this thesis is a part of, aims to help actors in
the plastic industry to discover better recycling systems for challenging plastic streams, such as
plastics from waste electrical and electronic equipment. This thesis aims to find if the effects of
the degradation during processing can be prevented by adding certain additives into the bromine-
free plastics from waste electrical and electronic equipment, and if the resulting recycled plastics
can be used in new electrical and electronic equipment.

The work begins with a literature review section, where the current state of the waste electrical
and electronic equipment plastic recycling is mapped. Additionally, the theory of how the polymers
degrade during processing, how it affects the properties, and how the additives can be used to
prevent this are discussed. The studied plastics are polypropylene, polystyrene, acrylonitrile-bu-
tadiene-styrene, and polycarbonate/acrylonitrile-butadiene-styrene recycled from waste electrical
and electronic equipment. The chosen additives are antioxidants, chain extenders, and graphene
nanoplatelets grafted with maleic anhydride. The antioxidant products are Irganox 1010 and Ir-
ganox 1076, the chain extender products are Joncryl ADR 4400 and Joncryl ADR 4468, and the
graphene nanoplatelets grafted with maleic anhydride are produced in the laboratory. The study
is done by performing tensile tests and by measuring the viscosity curve with rotational rheometer
experiments for the plastics with and without the additives. These results are then compared to
the section in the literature review, that explained how the changes in the molecular weight affect
the properties to see how well the different additives prevent degradation. Additionally, oxidation
induction times are determined for the samples with antioxidants to evaluate their ability to prevent
oxidation.

Based on this analysis it seems that the additive type that worked the best at preventing deg-
radation for polypropylene are the antioxidants, the most effective additive for polystyrene are the
graphene nanoplatelets grafted with maleic anhydride, and the best additive type for acrylonitrile-
butadiene-styrene and polycarbonate/acrylonitrile-butadiene-styrene are the chain extenders.
The rheological and mechanical properties seem to be quite a reliable way to assess degradation
caused by thermal oxidation in plastics. In addition, the mechanical properties of the recycled
plastics are high enough to be used in new electrical and electronic equipment.

Keywords: plastic recycling, WEEE, waste electrical and electronic equipment, thermal oxida-
tion, antioxidant, chain extender, graphene nanoplatelets grafted with maleic anhydride
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Maailman siirtyessa kohti kiertotaloutta materiaalien kierratettadvyydesta on tulossa yha kiireel-
lisempi kysymys. EU on luonut strategian, jonka tarkoituksena on ohjata Euroopan muoviteolli-
suus kohti kiertotaloutta, mika vaatii myds kaikkien muovituotteiden kierratyksen lisddmista huo-
mattavasti. Jotkin muovijakeet ovat kuitenkin vaikeampia kierrattda kuin toiset. Esimerkki tasta
ovat muovit sdhko- ja elektroniikkalaiteromussa. Osittain timan materiaalivirran kierratyksen vai-
keus johtuu niistd bromia sisaltavista palonestoaineista, jotka ovat haitallisia, ja joita on kaytetty
vanhoissa sahkoé- ja elektroniikkalaitteissa, mutta joiden kaytto ei ole enaa sallittua uusissa tuot-
teissa, ja jotka on siksi poistettava kierratyksen yhteydessa. Toinen muovien kierratykseen liittyva
ongelma on jalleenkasittelyn aikana tapahtuva hajoaminen, joka alentaa muovin moolimassaa.

ALL-IN for Plastics Recycling -projekti, jonka osa tama diplomityd on, pyrkii auttamaan muo-
viteollisuuden toimijoita I6ytamaan parempia kierratysjarjestelmia haastaville muovivirroille, kuten
esimerkiksi sdhko- ja elektroniikkalaiteromun muovit. TAman tyon tavoitteena on selvittéa voiko
jalleenkasittelyn aikana tapahtuvan hajoamisen vaikutuksia estaa lisaamalla tiettyja lisaaineita
bromivapaaseen sahko- ja elektroniikkalaiteromun muoviin, ja voiko tata muovia kayttaa uusissa
sahko- ja elektroniikkalaitteissa.

Tyo alkaa kirjallisuuskatsauksella, jossa sahko- ja elektroniikkalaiteromun muovin nykytilanne
on kerrattu. Lisaksi katsauksessa kaydaan lapi, miten polymeerit hajoavat prosessoinnin aikana,
miten se vaikuttaa niiden ominaisuuksiin, ja miten tata voidaan estaa lisdaineilla. Tydssa tutkitut
muovit ovat polypropeeni, polystyreeni, akryylinitriilibutadieenistyreeni ja polykarbonaatti/akryy-
linitriillibutadieenistyreeni, jotka on kierratetty sahko- ja elektroniikkalaiteromusta. Lisdaineiksi on
valittu antioksidantit, ketjunjatkajat ja grafeeni nanohiutaleisiin liitetty maleiinianhydridi. Antioksi-
danttituotteet ovat Irganox 1010 ja Irganox 1076, ketjunjatkajatuotteet ovat Joncryl ADR 4400 ja
Joncryl ADR 4468, ja grafeeni nanohiutaleisiin liitetty maleiinianhydridi valmistetaan laboratori-
ossa. Tutkimuksessa lisaaineellisille ja lisdaineettomille muoveille tehdaan vetokokeet ja maari-
tetdan viskositeettikayra rotaatioreometrilla. Taman jalkeen naita tuloksia verrataan kirjallisuus-
katsauksen osioon, jossa selitettiin miten moolimassan muutokset vaikuttavat ominaisuuksiin, ja
vertailun perusteella arvioidaan miten hyvin eri lisdaineet estavat hajoamista. Lisdksi hapettumis-
ajat maaritetdan antioksidantteja sisaltaville muoveille, jotta niiden kykya estaa hapettumista voi-
daan arvioida.

Taman analyysin perusteella nayttaa silta, ettd polypropeenin tapauksessa antioksidantit es-
tavat hajoamista parhaiten, polystyreenille grafeeni nanohiutaleisiin liitetty maleiinianhydridi on
tehokkain lisdaine, ja akryylinitriilibutadieenistyreenille ja polykarbonaatti/akryylinitriilibutadieenis-
tyreenille ketjunjatkajat ovat paras lisdaineryhma. Reologiset ja mekaaniset ominaisuudet vaikut-
tavat varsin luotettavalta tavalta arvioida termisen hapettumisen aiheuttamaa hajoamista muo-
veissa. Lisaksi kierratettyjen muovien mekaaniset ominaisuudet ovat tarpeeksi korkeita kaytetta-
vaksi uusissa sahko- ja elektroniikkalaitteissa.

Avainsanat: muovien kierratys; SER, sahké- ja elektroniikkalaiteromu, terminen hapettuminen,
antioksidantti, ketjunjatkaja grafeeni nanohiutaleisiin liitetty maleiinianhydridi
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PREFACE

This thesis was done for the Plastics and Elastomer Technology research group at Tam-
pere University during the time period 1.3.2021 — 26.2.2022 as a part of the ALL-IN for
Plastics Recycling project, Work Package 3, Task 3.1. The responsible supervisor was
University Instructor llari Jonkkari. The examiners were University Instructor llari Jonkkari

and Associate Professor (tenure track) Essi Sarlin.

I would like to thank llari Jonkkari and Essi Sarlin for all of their valuable support during
the writing process of this work. | would also like to thank llari Jonkkari and Postdoctoral
Research Fellow Minna Poikelispaa for teaching me how to use the equipment | needed
for my experiments. Thank you to Visiting Researcher Rama Layek and Research As-
sistant Karoliina Hopia for helping me with the laboratory work necessary for preparing
my additives. | would also like to thank the rest of the members of the research group
that helped and supported me with my experiments. Most importantly, | would like to
thank llari Jonkkari for providing an exceptionally interesting subject, which allowed me

to cultivate my passion for plastic recycling.

Finally, I would like to thank my family and friends for all of their support and encourage-

ment during this process. | meant a lot.

Tampere, 26.2.2022

lida Kangashaka



TABLE OF CONTENTS

T INTRODUGCTION ...ttt e e e e e e e e 1
2.RECYCLING WEEE PLASTIC ....cciiieii i 4
21 PlastiC rECYCIING ......uuuiiiiiiiiiiiiiiiiiii e 4

2.1.1 Strategies for plastic management in Finland and the EU ............. 4

2.1.2 Plastic recycling methods............ceeiiiiiiiiiiccce e, 5

2.1.3 Current situation of plastic recycling in Finland ............................. 7

2.2  Recycling WEEE plastiC.......cccouviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee 10

221 PIastiCS INEEE .........ooiii e 10

2.2.2 Directives and regulations affecting WEEE ...................ccccccone 13

2.2.3 Recycling process for WEEE ..., 15

2.2.4 Quantities of WEEE plastic processed annually.......................... 17
3.DEGRADATION AND PROPERTIES OF EEE.........ccooiiiiiiiiiiiieee e 19
3.1 Thermo-oxidative degradation mechanisms...............cccceeeiii. 19

3.2  Effect of variables on visCOSIty ............cccoiii 24

3.3  Effect of variables on tensile properties............cccovvevviiiiiiiieeiiiin. 29

3.4  Oxidation induction time ............coeiiiiiiiiiiice e 31

3.5  Thermogravimetry ... 32
4.ADDITIVES FOR RECYCLING WEEE PLASTICS ... 33
4.1 ANLOXIAANES ... 33

4.2  Chain eXtENders..........ouiiiiiiii e 35

4.3  Graphene nanoplatelets grafted with maleic anhydride....................... 37
S.METHODS ...ttt e e e 39
5.1 Micro compounder and injection moulding machine............................ 39

5.2 Universal testing machine ... 40

5.3 Rotational rheometer............ooooiii 40

5.4  Simultaneous thermal analyser.............ccccciii 41
B.MATERIALS ...t e e e e e 42
6.1 Recycled plastiCs ....... i 42

6.2 AAAItIVES ..eeeiiiieeeee e 42
7.TESTING RECYCLED WEEE PLASTICS ...t 45
71 Rheological properties ..........oouuueiiiiiiiiiiceee e 45

7.1.1 Viscosities of additive-free plastics and the effect of fillers .......... 45

7.1.2 Zero-shear VISCOSIIES ........ccooiiiieieeeeeeeeee e 47

7.1.3 Power-law iNdiCeS .......cccoeeiiieeeeeeeee e 52

7.2  Thermal properties ... 55

7.2.1 Oxidation induction times of samples with antioxidants............... 55

7.2.2 Thermogravimetric analysis of additive-free samples.................. 57

7.3 Mechanical properties ... 57

7.3 1 MOAUIUS ... 57



7.3.2 Yield stress and Strain........cc.oeee e 61

7.3.3 Break stress and Strain ... 64
B.DISCUSSION. ...ttt e ettt e e e e e e st e e e e e e e e e e nnnneeees 69
8.1 ANAlYSING rESUIS......ccoviiiiiiiiiiiiiiiieiieeee 69

8.2  Can recycled plastics be used innew EEE? .........ccccooeiiiiiiin. 76

8.3  Isrecycling WEEE plastics rational? .............ccccoo 80

9. CONCLUSIONS ...ttt e e e e e et e e e e e e e e e nnneeees 81
REFERENGCES ...ttt e e e eaeeas 83
ANNEX A: MATERIAL FLOW OF PLASTIC FROM WEEE IN 2019........ceeeeennne. 95
ANNEX B: VISCOSITY RESULTS ...ttt 96
ANNEX C: PROCEDURE FOR CALCULATING THE POWER-LAW INDICES.... 105
ANNEX D: TENSILE PROPERTIES......ccoiiiieeee e 107
ANNEX E: VIRGIN POLYMERS ......cooiiiiiiiiie e 122



LIST OF FIGURES

Figure 1.
Figure 2.

Figure 3.
Figure 4.
Figure 5.

Figure 6.
Figure 7.

Figure 8.

Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.

Figure 25.

Figure 26.

Mechanical recycling process [21] [22] [23]........cccoeeeeveveeeieeiiieeinn. 6
Plastic demand in 2019 divided by segment and plastic type in

EUIOPE [24]. ...t 8
Plastic compositions of appliances [34]. ........cccoeeeeeeeeiiiiieaieeiiin. 11

The chemical structure of monomers for a) PP [37], b) PS [37],
c) ABS (a representative structure) [38], and d) PC (bisphenol A -

BDASEA) [B7]. . 12
The symbol indicating that the product is EEE and requires

separate collection [40]. ..........ueuueeeeeieieeeee et 13
The material flow of WEEE plastic in 2019 in Finland........................... 17
PS alkoxy radical decomposing into an aldehyde or a ketone, and

an alkyl radical. Adapted from [66]. ..............cceeveeeeieeeiiiiieeeeeeeee, 22
PS hydroperoxide decomposing into a ketone and an alcohol.

Adapted from [65] @nd [67]...........oooueueeeeeeeaiieeeieee e 22
The oxidation process of vinyl-1,2-PB. Adapted from [68]. ................... 23
The oxidation process of trans-1,4-PB. Adapted from [68]. .................. 23
The cross-linking processes of the ketones and aldehydes formed
during cis- and trans-1,4-PB oxidation. Adapted from [68]. .................. 23
The oxidation and decomposition process of PC. Adapted from

[69]...oee 24
The relationship between MW and the zero-shear viscosity of a

polymer. Adapted from [74] and [75]. ...........cooeeuuueeeeieeeiiiiiiiiiieeeaaee, 25
The effect of the MWD on the shape of the viscosity curve.

Adapted from [74], [75], [76], and [T7]. .........cccceeeeeeeeeeeiieeeeeeeeeeeeeeee 27
The effect of filler content on the zero-shear viscosity. Adapted

FTOM [BO]......ceeeeeeeeeeee ettt ettt ettt e e 28
A schematic showing the effects of very small fillers on the

viscosity of plastics. Adapted from [79]. .........c.ccceeveeeieeeriiiiiieeeeeeeeinnn, 28
The basic relationship between MW and tensile properties.

Adapted from [81]. ..o 30
OIT on a heat flow rate-time curve. Adapted from [85]. ........................ 31
2,6-di-tert-butyl-4-methylphenol (BHT) [87]. .......oeeeeeeeeeeeeeeeeeeeeeieevainnans 33

a) Phosphite and hydroperoxide reacting to form phosphate and
alcohol. b) Thioesther and hydroperoxide reacting to form

sulphoxide and alCoOROL. [87].........ccuuuueeeeeeiee e, 34
A schematic illustration of a multifunctional styrene-acrylic

oligomeric epoxy chain extender [91]. ........eeeeeeeeeeeeiiieeeeeeeeee. 35
The Diels-Alder reaction between butadiene and ethene. Adapted

LiCoTo I b L0 U PUTUUORR 38
The Diels-Alder reaction of graphene and maleic anhydride on the
armchair edge. Adapted from [99] and [100]. ..............oeeeeeeeeevveeeninnnnn.. 38
The micro compounder (left) and the micro injection moulding

machine (right) from Xplore InStruments. .............ccccceoeonnnns 39

A scheme showing the approximate dimensions (in mm) of the

tensile test samples produced with the micro compounder. The
approximate thickness of the samples was 2 mm. ............cccccccceeeuunnnn. 40
Examples of the tensile testing samples made with the micro
compounder. a and b are PP, ¢ and d are PS, e and f are ABS,

and g and h are PC/ABS. a, c, e, and g are examples of the

plastics with antioxidants, chain extenders, or without additives. b,

d, f, and h are examples of the plastics with graphene

nanoplatelets grafted with maleic anhydride.................ccccccvveeciunnnnnnn. 42



Figure 27.
Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.
Figure 33.

Figure 34.

Figure 35.

The molecular structures of the antioxidants a) AO 1, b) AO 2 [126]

[T 2 ] e 43
Comparing the viscosity curves measured from the milled plastics
(m) and the plastics injection moulded into discs (d). ..........cccccceeeeeen. 46

Comparison of the viscosity curves of samples with and without
additives. The subindexes “m” and “d” signify the additive-free

samples’ viscosities measured from milled plastic and injection

moulded discs, respectively. a) PP, b) PS, c) ABS, d) PC/ABS............ 48
The viscosity curves of the PS samples with and without additives
Separated so that the curves are more visible. a) Samples with

CEs and GM, b) samples with AOs. Both figures have the additive-

FrOE CUIVES. ...t ettt ettt e e et ee e e e etaeaaean, 49
The DSC curves to determine OITs of a) PP, b) PS, c) ABS, and

) PC/ABS ... e 56
TGA curves of the additive-free plastiCS.............cccccovveeeeeeeeieeeiiann... 57

Stress-extensometer strain curves for the studied plastics with and
without additives. The curves on the left have the full curve until
the removal of the extensometer, and the curves on the right are
close-ups of the same curves in the area where the modulus is

determined. a) PP, b) PS, ¢c) ABS, d) PC/ABS ...........cccoovveeeeiveenn. 59
Stress-nominal strain curves for the studied plastics with and
without additives. a) PP, b) PS, c) ABS, d) PC/ABS...........ccccccecvvveen. 65

The properties of the studied recycled plastics compared to virgin

and previous recycled plastics. X = properties of the additive-free
samples, black dots = properties of studied recycled plastics with
additives, grey dots = properties of virgin plastics, circles =

properties of previous recycled plastics. a) modulus, b) yield

stress, c) yield strain, d) break stress, e) break strain........................... 77



ABBREVIATIONS AND SYMBOLS

ABS
AO
BAS
BHT
CE
DSC
ECHA
EEE
EEW
FTIR
GM
HIPS
MW
MWD
NIR
oIT
PB

PC
PC/ABS
PE-LD
PET
PLASTin
PMDA
PP

PS
PVC
REACH

RoHS

STA
TG
WEEE
XRF

acrylonitrile-butadiene-styrene

antioxidant

Basic Auto-oxidation Scheme
2,6-di-tert-butyl-4-methylphenol

chain extender

differential scanning calorimetry

European Chemicals Agency

electrical and electronic equipment

epoxy equivalent weight

Fourier transform infrared

graphene nanoplatelets grafted with maleic anhydride
high-impact polystyrene

molecular weight

molecular weight distribution

near-infrared

oxidation induction time

polybutadiene

polycarbonate
polycarbonate/acrylonitrile-butadiene-styrene blend
low-density polyethylene

polyethylene terephthalate

ALL-IN for Plastics Recycling

pyromellitic dianhydride

polypropylene

polystyrene

polyvinyl chloride

a regulation on the registration, evaluation, authorisation, and re-
striction of chemicals

a directive on the restriction of the use of certain hazardous sub-
stances

simultaneous thermal analyser

thermogravimetric

waste electrical and electronic equipment

X-ray fluorescence

shear rate

viscosity

calculated viscosity
consistency factor
critical molecular weight
Power-law index



1. INTRODUCTION

Today humanity is consuming beyond the capacity of the planet [1]. It is expected that
the global consumption of materials such as biomass, fossil fuels, metals, and minerals
will double during the next forty years, and the amount of waste generated is expected
to increase by 70 % by 2050 [1]. In efforts to remedy the situation, the European Com-
mission adopted its first circular economy action plan in 2015 [2]. The plan, which was
completed in 2019, covered a broad range of subjects from production, through con-
sumption, all the way to waste management in an effort to move the EU closer to a
circular economy and to encourage sustainable economic growth [2]. The work was con-
tinued when the European Commission adopted the new circular economy action plan
in 2020 [1]. Several more detailed plans and strategies related to specific subtopics
within circular economy were also adopted during this time. One of them was the Euro-
pean Strategy for Plastics in a Circular Economy published in 2018 [3]. The strategy
details a plan to tackle the challenges related to plastics, such as finding more sustaina-
ble raw materials for plastics, increasing plastic’s recyclability, reducing the amount of
harmful substances in plastic, and lessening plastic’s harmful effects on the environment
[3]. Finland also published its own plan for better plastic management in 2018 called
Plastics Roadmap for Finland, which was based on the European plan [4]. Both plans
greatly emphasize the importance of increased recycling and the removal of harmful

substances from plastics.

This thesis was part of the ALL-IN for Plastics Recycling (PLASTin) project [5]. The aim
of the project is to help actors in the plastics industry to develop better recycling systems
for demanding plastic streams, such as plastic from liquid packaging board and plastics
from waste electrical and electronic equipment (WEEE). This thesis is specifically part of
Work Package 3, Task 3.1, which is related to better management of the harmful addi-
tives that are used in WEEE. The task aims to find ways to identify pieces of plastic
recovered from WEEE that are free of harmful substances, such as fire retardants con-

taining bromine, and to study the properties of the recycled plastics.

Several studies have been done to determine the properties of plastics recycled from
WEEE. In many of those studies the methos through which the plastics are recycled are
not explicitly described [6] — [13]. Therefore, it is not known whether these plastics are

free of harmful substances. Additionally, the recycling method was not described in [14],



but the material stream was known to not contain any fire retardants, such as those
containing bromine. A few articles mention the method through which the different poly-
mer types have been separated but say nothing about the removal of harmful sub-
stances. In [15] they were separated using near-infrared (NIR) spectroscopy. In [16] and
[17] the sorting was done using the resin identification codes on the plastic parts of the
products, and in [17] a Fourier transform infrared (FTIR) spectroscopy analysis was also
used. In [18] density separation was used. Finally, there were two articles that mentioned
both the removal of harmful bromine containing fire retardants and the method through
which the polymer types were separated. In [19] a CreaSolv process was used to dis-
solve the bromine containing substances into the solvent and to remove them from the
plastic, and the plastic was sorted through density separation. In [20] the pieces of plastic
with bromine in them were identified with a handheld X-ray fluorescence (XRF) scanner

and removed, and the plastic was sorted using FTIR.

In many of these studies the mechanical properties of the recycled plastics were deter-
mined, with no effort to try to improve them by adding additives [6], [15] — [20]. In some
articles compatibilizers were used. Acrylonitrile-butadiene-styrene grafted maleic anhy-
dride was used in [8] and [12], and ethylene-vinyl-acetate grafted maleic anhydride was
used in [8] and [13]. Few studies explored impact modifiers, such as styrene-butadiene-
styrene copolymer in [12] and methacrylate-butadiene-styrene copolymer in [9] and [14].
Antioxidants were utilized in two studies, in [10] the phenolic antioxidant 1010 was used,
and in [9] a phenolic antioxidant Irganox 1076 as well as a metal de-activator Irganox
MD1204 were used. Chain extenders were utilized in three studies. Styrene-butadiene-
glycidyl methacrylate was used in [11], hydroxyl-terminated polybutadiene in [10], and
the styrene-acrylic multifunctional oligomer Joncryl ADR 4370S in [7].

The majority of these studies focused on mechanical properties, and the changes in rhe-
ological properties were mostly not examined. In several articles viscosity was not deter-
mined at all [6], [8], [9], [12], [14] — [17], [20]. Melt flow rates were studied in [18] and [19].
Complex viscosities were determined in [7], [11], and [13]. One study compared the

shear viscosities of samples with different amounts of additives [10].

As can be seen, no studies aim to use a broad selection of additives to improve the
properties of recycled WEEE plastics, that are known to be free of bromine fire retard-
ants, and to analyze these improvements by determining both mechanical and rheolog-
ical properties. This is the objective for the current thesis. The study aims to answer the
following questions: which additives work the best at preventing the degradation caused
by thermal oxidation, how reliable are the rheological and mechanical properties when

used as indicators on the changes to molecular weight and molecular weight distribution



caused by degradation, and are the properties of the recycled plastics good enough to
be used in new electrical and electronic equipment (EEE). The studied plastics are cho-
sen based on which plastics from WEEE had the highest yield in the recycling process
done by Kuusakoski Oy as part of the PLASTin project. They are also some of the most
common plastics in EEE. The additives are chosen based on a literature review. The
plastics and additives are compounded and made into samples. Finally, the effects of
the additives are studied by way of tensile testing, viscosity measurements, and oxidation
induction time measurements. An additional thermogravimetric analysis is done to the

additive-free plastics to study their possible filler contents.

The thesis begins with a section on the recycling of WEEE plastics (Chapter 2). This
chapter first introduces the European and Finnish plans for circular plastic management
and the situation with plastic recycling in general in Finland. Some of the plastics used
in EEE and the legislation related to WEEE are introduced, the recycling process is de-
scribed, and the magnitude of the annual WEEE plastic stream is estimated. Chapter 3
explains the thermo-oxidative degradation mechanism for polymers, as well as how this
affects their properties. In Chapter 4 the additive types used in this study are introduced.
Chapter 5 describes the methods used to assess the efficiency of the additives in pre-
venting degradation. The plastics and additives studied are introduced in more detail in
Chapter 6. Chapter 7 lays out the results of the rheological, thermal, and mechanical
experiments. Chapter 8 includes an analysis of the results to see if any of the additives
have prevented the degradation more effectively than the others. This chapter also con-
tains an assessment on how well the properties of the plastics recycled in this study
compare to the properties of virgin plastics, as well as to the properties of the plastics
recycled in the articles discussed earlier in this Introduction to see if recycled plastics
can be used in new EEE. Finally, the chapter also includes an estimation on the ration-
ality of recycling WEEE plastics. Chapter 9 contains the conclusions. After this the refer-

ences are listed, followed by the annexes



2. RECYCLING WEEE PLASTIC

2.1 Plastic recycling

2.1.1 Strategies for plastic management in Finland and the EU
In recent years the discussion around plastics and their harmful effects has become more

prevalent. To address this issue the EU published A European Strategy for Plastics in a
Circular Economy [3]. The strategy lays out plans for how to manufacture, use, reuse,
and recycle plastics in a more sustainable way, and a vision for a new plastics economy
in Europe. The vision aims to guide Europe into an era where, for example, plastic prod-
ucts are designed to facilitate reuse and recycling, which brings about a more united
value chain for plastics, since the chemical industry and recycling sector can co-operate
more. Plastic waste collection is improved, leading to a higher amount of recycled plastic
used in products, and less poorly sorted plastic being exported, landfilled, or incinerated.
New innovative materials and alternative raw materials will be developed to replace the
fossil fuel-based plastics currently dominating the market, and to reduce EU’s depend-
ency on fossil fuels. Actions will be taken to reduce littering and the amount of micro-
plastic in the environment. Increased recycling will generate new business opportunities,
and the know-how required for it can become a valuable export for European countries,
who can then take a leading role in the global efforts for better plastic management. The
strategy also includes actions that should be taken to achieve the vision. These include
taking into account the recyclability during product design, such as choosing the addi-
tives, colours, and polymer combinations that will make sorting and recycling easier, as
well as eliminating harmful substances. The value chain of plastics needs to be modified
so that it is more unified, and the recycling operations need to be expanded, which will
lead to a more reliable material flow, and thus increases the demand for recycled plas-
tics. The systems used for separate collection and sorting of plastics should be devel-
oped and standardized to make them more efficient and streamlined. The amount of
plastic ending up in the environment will be reduced by limiting the use of single-use
plastics and overpackaging, as well as implementing an extended producer responsibility
for plastic products. A clear regulatory framework for defining and marking of composta-
ble and biodegradable plastics is needed. The problems related to microplastics are to
be addressed by eliminating them from products, where they’ve been added intention-
ally, and increasing scientific efforts to better understands the effects of microplastics.
Innovation and investment related to finding good solutions to advance circular economy

should be promoted. Finally, the issue of better plastic management cannot be solved



by any individual country on its own, so global efforts ought to be utilized to fulfil the

vision laid out in the strategy.

The Finnish Ministry of the Environment has also published its own Plastics Roadmap
for Finland [4], which is based on the European strategy. The roadmap aims to lay out
an action plan that comprises of very specific, practical steps to achieve the better plastic
management goals introduced in EU’s strategy. The practicality of the steps is intended
to make it easier for different actors, such as politicians, product designers, researchers,
and recyclers, to get started. The individual steps of the plan are not discussed here in
detail, but the goals the plan aims to fulfil include reducing littering and overconsumption,
considering the introduction of a plastic tax, making plastic waste collection more effi-
cient, as well as improving the identification of plastics in buildings and their sorting on
construction sites. Additionally, the recycling and replacement of agricultural plastics is
to be made more efficient, diverse plastic recycling solutions will be adopted, and alter-
native material solutions will be developed. Plastic management will be fitted into Fin-
land’s international agenda, the know-how related to plastic recycling will become an
export for Finland, and finally, the harmful effects of plastics on humans and the environ-

ment ought to be the subject of further scientific study.

Both the European strategy and the Finnish roadmap put great emphasis on the efforts
to increase plastic recycling rates in all fields plastics are used. This is the case especially
for plastics in applications that are harder to recycle. Another important topic is the re-
moval of harmful substances from plastics, which, in the worst-case scenario, might com-

pletely prevent the recycling of a plastic product.

2.1.2 Plastic recycling methods
There are many techniques for recycling plastics. They are divided into four categories:

primary, secondary, tertiary, and quaternary recycling. The first two involve mechanical
recycling, where the polymer chains are separated through physical means, i.e., melting,
and the other two involve chemical reactions, where the polymer chains are broken into
chemical compounds. [21] [22] Recycling methods can also be classified based on
whether they are closed or open loop processes. In a closed-loop process the recycled
material is used to produce the same product it was originally recovered from, and in an
open loop process the material is used to make something other than the original prod-
uct. [23]

Primary recycling means the mechanical recycling of clean, single-type plastic free of

contaminants. It usually occurs in factories, where scrap material can easily be recycled



directly. Primary recycling is a simple, low cost, closed-loop process resulting in recycled

material with properties very close to those of virgin plastics. [21] [22]

Secondary recycling differs from primary recycling in the sense that secondary recycling
is an open loop process, and the recycled waste has often been contaminated and de-
graded during use. The degradation as well as the heterogeneity of the waste are the
biggest challenges in secondary recycling. Since the composition of the waste is more
complex, the process of secondary recycling will also have more steps compared to pri-
mary recycling. [21] [22] [23] The recycling process described in [21], [22], and [23] is

summarised in Figure 1.
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Figure 1. Mechanical recycling process [21] [22] [23].



Tertiary recycling is also known as chemical recycling. It is the process of depolymerizing
the polymer chains to monomers, oligomers, or other chemical substances. These are
then used as inputs in the production of new polymers or petrochemicals. This recycling
method can better handle contaminated and degraded plastic waste, which is why it is a
good option for plastics that are not suitable for mechanical recycling. Some of the pos-
sible processes for chemical recycling include pyrolysis, gasification, glycolysis, and
methanolysis. [21] [22] [23]

Quaternary recycling is the option for materials, that are not suitable for recycling with
any of the previously mentioned methods. With this method the material is disposed of
via combustion and the energy content is recovered. This significantly reduces the vol-
ume of the waste, and the rest is made inert, and can be placed at a landfill. However,
combustion generates harmful emissions, such as CO2, NOx, and SOy, which is undesir-
able. Additionally, energy recovery does not contribute to the circulation of material, since
the result of the process is the recovered energy. This method therefore does not support

circular economy. [21] [22]

2.1.3 Current situation of plastic recycling in Finland
Plastic products can be divided into the following categories of application: packaging,

building and construction, automotive, electrical and electronic equipment, agriculture,
as well as household, leisure and sports, and others (e.g., appliances, mechanical engi-
neering, furniture, medical) [24]. The demand of different plastic types in these segments
in Europe in 2019 can be seen in Figure 2. In the figure the demand is divided according
to plastic type along the x-axis and according to application along the y-axis. The size of
the circles represents the magnitudes of the demand of each plastic type for each appli-
cation. From the figure it can be seen that packaging is the most significant application
for plastics, and low-density polyethylene (PE-LD) is the most used plastic type. The
current recycling situation in Finland for the plastics used in these categories is described

in the following.
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Figure 2. Plastic demand in 2019 divided by segment and plastic type in Europe
[24].
As can be seen in Figure 2, packaging is clearly the application with the highest demand
for plastics as a whole, with building and construction not far behind. However, even
though packaging is such a big portion of plastic waste, the recycling of packaging plastic
is doing quite poorly in Finland. In 2018 the plastic packaging recycling rate in Finland
was the lowest in Europe (26 %) [24]. As is described in [25], the separate collection of
packaging plastic based on producer responsibility began in 2016 in Finland. The collec-
tion is done by municipal and private waste management companies through Rinki Ltd.’s
waste collection points. Rinki Ltd. is financed by the companies with producer responsi-
bility. After collection, the plastic is recycled mechanically. Currently all Finnish plastic
packaging waste is processed in Fortum’s recycling plants in Riihimaki. Some industrial

and agricultural plastic wastes are also processed there.

However, unlike with general plastic packaging, the recycling rate of plastic beverage
packaging is very high in Finland (92 % in 2020). The recycling of beverage bottles and
cans is based on a deposit added to the price of the beverage, which will be paid back
to the consumer when they return their bottle or can to a returning point. The beverage
packages are sorted into cans, plastic polyethylene terephthalate (PET) bottles, recycla-
ble glass bottles, and re-fillable glass bottles, and are then transported to processing
plants. At the plant for processing plastic bottles, they are recycled mechanically, which
includes sorting by colour. Clear PET can be used as the raw material for new bottles,
and colourful PET can be used to make e.g., other packaging and textiles. [26]



Construction is the second largest application for plastics after packaging. It uses about
20 % of all plastics used in Europe. This does not include the plastic used in construction
sites coming from packaging and weather protection, nor the furniture and equipment in
buildings. However, on most construction sites plastic is not recycled, and instead it is
burned for energy. Although, on some construction sites with higher environmental
standards, a large portion of films are recycled, but the rest of the plastic (hard plastic,
pipes, polyvinyl chloride) are still disposed of as energy waste. Currently the collected
plastic films are recycled mechanically in Fortum’s recycling plants in Riihimaki. Addi-
tionally, Remeo Oy is in the process of building a new recycling plant in Vantaa, which
will be able to mechanically process about 120 000 tonnes of construction waste and

60 000 tonnes of commercial and industrial packaging materials. [27]

Since 2015 at least 85 w-% of the materials used in cars in Europe have to be such that
they can be re-used as parts or recycled as material, and a maximum of 10 w-% can be
burned for energy [28]. In Finland in 2019 84,7 w-% of materials used in cars were recy-

cled as parts or material, and 10,5 w-% was burned as energy [29].

The tyres of vehicles and working machinery are also collected based on a producer
responsibility. Finnish Tyre Recycling Ltd was founded in 1995 to take care of the recy-
cling obligation. The collection and transportation of waste tyres is done by their con-
tracting party Kuusakoski Oy. Old tyres can be taken to a collection point, from where
they will be taken to recycling. In Finland almost all tyres are recycled, and thus the
recycling goal of 95 % is reached. Rubber cannot be thermoformed due to the chemical
cross-linking and so it cannot be recycled mechanically. However, it can be used in in-
frastructure construction as filler material in soil structures, in different shields and barri-
ers such as noise and flood barriers, in pavements such as rubber asphalt and safety
surfaces in playgrounds, and in water purification. Additionally, tyres can be refined into
new products through pyrolysis, which produces gas, oil, and charcoal. The oil can be
utilized as a fuel, the gas is reminiscent of natural gas, and the charcoal can be used at
the wastewater treatment plant, as a filler in the plastic and rubber industries, or as a

pigment. Tyres are also burned for energy. [30]

The collection and waste management of WEEE is also handled via producer responsi-
bility in Finland. There are five producer responsibility organisations for EEE in Finland:
SERTY ry, ERP Finland, SELT Association, ICT Producer Co-operative, and FLIP As-
sociation. Together they organize the waste management of WEEE through the use of
waste collection points. [31] EEE tends to comprise of many different difficult-to-separate
materials. Especially troublesome is the kind of WEEE that contains multiple different

types of plastics, and the resulting mix of plastics is rarely recyclable, and thus is burned
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for energy. Some plastic fractions, however, are pure enough, and can be recycled me-

chanically as material. [32]

Farms generate two types of plastic waste, plastic packaging, that falls under the pro-
ducer responsibility for packaging, and other plastics, such as plastic films, netting, and
cloth, as well as trickle tubes. Only about a fifth of agricultural plastic waste is recycled
mechanically as material, the rest is burned for energy or disposed of through other
methods. The collection is done by one national and several local waste collectors. For-
tum Waste Solutions Oy, which is the only national collector, collects all agricultural plas-
tic packaging and protective material (except for plastic netting) from farms for a
price. [33]

2.2 Recycling WEEE plastic

2.2.1 Plastics in EEE

Plenty of plastics are used in the manufacturing of EEE. The plastic compositions used
in different equipment vary significantly, as can be seen in Figure 3, but the most im-
portant ones stay roughly the same regardless of application. Figure 3 is from a study
done on the composition of plastics in EEE by Martinho, G. in 2012 [34]. The composition
of EEE was determined from 3417 appliances collected from a recycling unit in Portugal.
Based on the results the most common plastics in WEEE are polypropylene (PP), poly-
styrene (PS), acrylonitrile-butadiene-styrene (ABS), polycarbonate/acrylonitrile-butadi-
ene-styrene blend (PC/ABS), high-impact polystyrene (HIPS), polycarbonate (PC), and
polyvinyl chloride (PVC). The recycled plastics chosen for the current study were PP,
PS, ABS, and PC/ABS.
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Figure 3. Plastic compositions of appliances [34].

PP is a polyolefin polymerized from propylene (Figure 4). Ziegler-Natta catalyst with tita-
nium as the transition metal is the most common method of polymerizing PP. PP’s crys-
tallinity depends on its tacticity. Isotactic and syndiotactic PP have high crystallinity,

whereas atactic PP is amorphous. Isotactic PP is the most common form of PP. [35]

PS (Figure 4) is a styrenic polymer. Commercially it is polymerized through radical
polymerization with either thermal or peroxide initiation. PS as such is often called gen-
eral purpose polystyrene and is very brittle. The impact properties of PS can be improved
by adding polybutadiene (PB) in two steps. In the first step styrene is pre-polymerized in
the presence of PB and in the second step PS is polymerized and the PB/styrene phase
particles are blended into it. This type of PS is called high-impact polystyrene. PS is an

amorphous polymer. [36]
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Figure 4. The chemical structure of monomers for a) PP [37], b) PS [37], c) ABS
(a representative structure) [38], and d) PC (bisphenol A -based) [37].

ABS is defined as a styrenic terpolymer. It comprises of three monomers, acrylonitrile,
butadiene, and styrene (Figure 4). The composition of different monomers in the polymer
is approximately 21 — 27 % of acrylonitrile, 12 — 25 % of butadiene, and 54 — 63 % of
styrene. Emulsion polymerization is the most common method for polymerizing ABS.
The structure of ABS is polybutadiene particles dispersed in a styrene-acrylonitrile co-

polymer matrix. [39]

Bisphenol A polycarbonate (Figure 4) is the most common form of PC. It is an amorphous
polymer. The polymerization method most commonly used for bisphenol A polycar-
bonate is an interfacial polymerization process, which involves the condensation of bi-
sphenol A with phosgene. PC and ABS are often used together as a blend. [39]



13

2.2.2 Directives and regulations affecting WEEE

The management of WEEE is discussed in Directive 2012/19/EU (a recast of Directive
2002/96/EC, which entered into force in 2003) on WEEE, which aims to protect the en-
vironment and human health, as well as to preserve natural resources. The directive
calls for the implementation of producer responsibility. Producers are responsible for or-
ganizing an efficient separate collection system for WEEE with a high collection rate,
especially for cooling and freezing equipment that contain ozone-depleting substances
and fluorinated greenhouse gases. The disposal of WEEE as unsorted municipal waste
should be avoided. The producer is also responsible for adding adequate material and
component information to their products to facilitate easier sorting, and for printing the
symbol marking EEE shown in Figure 5 on the products. The producers are encouraged
to design their products so, that they are easy to re-use or recycle. The amount of haz-
ardous substances ought to be limited. The collection system needs to allow the return
of large waste appliances free of charge when purchasing an equivalent product, or with
no obligation for a new purchase in the case of small EEE (all external dimensions below
25 cm). Citizens should be given the necessary information on where and how to dispose
of WEEE, and their role in recovery of WEEE. The treatment of WEEE is to be done
using the best available technologies. Finally, Member States are to gather information
on the collected and recycled WEEE. The products this directive does and does not apply

to are shown in Table 1. [40]

Figure 5. The symbol indicating that the product is EEE and requires separate col-
lection [40].



14

Table 1. The product categories that Directives 2012/19/EU [40] and 2011/65/EU
[41] do and do not apply to. * Only listed in Directive 2012/19/EU, ** Only listed
in Directive 2011/65/EU.

2012/19/EU (WEEE) 2011/65/EU (RoHS) Directives do not
applies to applies to apply to
e Temperature ex- e Large household ap- e Military equipment
change equipment pliances e Equipment designed
e Screens/monitors over e Small household ap- to be used as part of
100 cm? pliances another equipment,
e Lamps e |IT and telecommuni- that this directive
e Large equipment, over cations equipment does not apply to
50 cm e Consumer equip- e Filament bulbs *
¢ Small equipment, un- ment e Space equipment
der 50 cm e Lighting equipment e Large-scale station-
e Small IT and telecom- e Electrical and elec- ary industrial tools
munication equipment tronic tools e Large-scale fixed in-
e Toys, leisure and stallations
sports equipment ¢ Means of transport
e Medical devices (excluding not type-
e Monitoring and con- approved electric
trol instruments two-wheel vehicles)
e Automatic dispens- e Non-road mobile ma-
ers chinery for profes-
e Other EEE not cov- sional use
ered by any of the  Equipment for re-
categories above search and develop-
ment

e Active implantable
medical devices

e Photovoltaic pan-
els **

¢ Pipe organs **

The actions to restrict the use of hazardous substances are further discussed in Directive
2011/65/EU (a recast of Directive 2002/95/EC, which entered into force in 2003) on the
restriction of the use of certain hazardous substances (RoHS) in EEE to protect the en-
vironment and human health. Member States are to make sure there are no hazardous
substances in new EEE placed on the market, spare parts made available for repairable
EEE, or parts used as upgrades. The aim is to slowly phase out all such substances.
The directive gives maximum acceptable concentrations for each substance. The list of
restricted substances is periodically assessed and amended. The obligation of the man-
ufacturer is to make sure the product is designed and produced in accordance with the
directive, and all the related documentation is in order. Importers and manufacturers are

to make sure that they keep a registry of previous non-conforming products and recalls
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and indicate their contact details on the product or accompanying documentation. In case
the manufacturers, importers or distributors have reason to believe the product is not in
conformity, they should either bring it to conformity, recall it, or in the case of importers
and distributors, not bring it on the market. All three operators are also required to give
information and documentation related to the conformity of the product to competent
national authorities, if asked. The EEE this directive does and does not apply to are

shown in Table 1. The restricted substances are as follows:

e Lead

e Mercury

e Cadmium

e Hexavalent chromium

e Polybrominated biphenyls

e Polybrominated diphenyl ethers
o Bis(2-ethylhexyl) phthalate

e Butyl benzyl phthalate

e Dibutyl phthalate

¢ Diisobutyl phthalate [41]

The restrictions listed in Regulation No 1907/2006 on the registration, evaluation, au-
thorisation, and restriction of chemicals (REACH) also apply to EEE. This regulation aims
to protect human health and the health of the environment through better management
and oversight of chemicals. The regulation requires the manufacturers and importers of
chemicals to examine the risks related to each chemical. This information is then sub-
mitted to the European Chemicals Agency (ECHA), which was founded along the publi-
cation of REACH. The aim is to eventually replace the harmful chemicals with sub-

stances and technologies that are less dangerous. [42]

2.2.3 Recycling process for WEEE

EEE generally consists of a highly varied group of materials, which are joined together
in a complex structure. This causes the recycling process for WEEE to be quite compli-
cated. The process can also change slightly depending on the situation, the desired out-
come, and the operator. The process used to acquire the samples for this study is de-
scribed here. The WEEE originated from post-consumer collection points around Fin-
land. The initial sorting happens at the collection point, where appliances are sorted into

categories, since different types of appliances might have different recycling needs. The
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sorting logic might vary a little with the operator, but it mainly follows the product catego-
ries listed in the Directive 2012/19/EU on WEEE shown in Table 1. The plastic in the

current study came primarily from small household appliances. [43]

After the collection point the waste is handed over to a recycling operator, Kuusakoski Oy
in this case. Manual sorting is the first step. In this step at least the minimum list of sub-
stances and components listed in Annex 7 of the WEEE directive are removed, as well
as any components made of valuable materials, so as to not lose them during the further

recycling steps. Over 20 separate fractions are removed in this step. [43]

Next, the waste, which consists of mainly intact equipment with plastic shells, is taken to
a pre-breaker. Here the appliances are broken down slightly to make further separation
easier, even though the pieces are still very large and there are plenty of different mate-
rials attached to each other. Any magnetic metals that have come loose are collected
with magnets at this point. The pieces are then taken to a crusher, where they are
crushed to a size, where the final separation of materials is possible. Once again, loose
magnetic metals are collected with magnets. As a result, a plastic rich fraction is ob-
tained, which consists mainly of plastic, but also other materials such as metals, paper,
and textiles, and has a broad particle size distribution. After this, the material is screened
to separate it by size. The finer particles are removed and taken to their own refining

process. The larger pieces are separated into two size fractions, large and medium. [43]

Next, the plastic rich fractions are taken to a reject unit, where the lightweight materials
(paper and textiles) are removed using an air elutriator, and metals are removed and
collected using magnets and an eddy current separator. The aim is for the resulting plas-
tic fraction to be free of metals and lightweight materials, and in this case the sorting was

very successful. [43]

The plastic is then taken through an XRF line where the pieces containing bromine are
identified and removed. The line has a sensor that scans every piece, and if it finds
bromine, it signals to the blower further down the line to blow the piece off of the line.
The method does not recognize what kind of compound the bromine is in, and thus re-
moves them all, even the harmless ones. The earlier sorting of the plastic rich fraction
into different size groups was done, because the XRF separation requires a narrow size
distribution. This is so that the blower strength can be optimized to the weight of the
pieces more accurately, and so that the smaller pieces cannot hide under the larger ones

as easily. [43]

Finally, the bromine-free plastic is taken to a NIR spectroscopy line, which works the

same way as the XRF line, but the radiation used is near-infrared instead of X-ray. In
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this step the plastic is sorted based on the polymer type, after which it goes through the
basic mechanical recycling process described in Chapter 2.1.2. Any plastics that cannot
be identified by NIR (e.g., black plastic), or that does not have suitable applications after

recycling will be burned for energy. [43]

2.2.4 Quantities of WEEE plastic processed annually
As stated in Directive 2012/19/EU on WEEE, the Member States of the EU are to collect

and report information on the amounts of collected and recycled WEEE. In Finland the
reporting is done by the Centre for Economic Development, Transport and the Environ-
ment of Pirkanmaa. The latest information available is from 2019 [44]. Figure 6 depicts
the flow of the plastics in WEEE. The information in the figure is based on the data col-
lected by the Centre for Economic Development, Transport and the Environment [44],
as well as a selection of articles describing the plastic content in different types of WEEE
[34] [45] — [48]. The amounts of circulating plastic in the figure were calculated by multi-
plying the amounts of collected WEEE in the data by the plastic content percentages in

the articles. A table showing the full data can be found in Annex A.

Prepared for re-use 1 473 t

Collected from

households Recycled as material
10672 t OTAL WASTE 11081t

Collected from Energy recovery 762 t

other sources Final disposal (e.g., landfill) 604 t
3302t

Unassigned 54 t

Figure 6. The material flow of WEEE plastic in 2019 in Finland.

Figure 6 shows the amount of collected WEEE plastic in 2019, and how they were dis-
posed of. The majority of the waste was collected from households, about 76,4 %. The
rest was collected from other sources. Only 10,5 % of all collected plastic was in equip-
ment that was prepared for re-use. The majority of the waste (79,3 %) was recycled as
material. The rest was either burned for energy (5,5 %), or disposed of through other
methods, such as landfilling (4,3 %). Finally, the amount of collected plastic and the
amount of disposed plastic did not quite match in the data, and the left-over waste is
shown in the figure as Unassigned (0,4 %). Since the data only gives information on the

waste that enters the management system (left side in the figure), and the waste that
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leaves it (right side) during a certain year, the unassigned plastic is simply material that

has not been processed yet.

There is, however, very likely quite a significant error in the amount of WEEE plastic
recycled as material. The information Figure 6 is based on does not differentiate the
waste based on the type of material. Therefore, the distribution of different materials in
the disposal categories (re-use, recycled, energy recovery, final disposal, and unas-
signed) are not necessarily the same. As recycled WEEE plastics are not used as mate-
rial for new EEE, but metals are, it is likely the information in the figure is not correct [49]
[50]. This means it is more likely that the majority of the recycled material from WEEE
are metals, and the amount of plastic shown in the figure to be recycled as material would
in fact be recovered as energy, which would make the total amount of energy recovered
WEEE plastic to be 11842 t, about 84,7 % of the total waste plastic amount.
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3. DEGRADATION AND PROPERTIES OF EEE

Plastics can be subjected to harsh environments during both processing and service.
These environments can include exposure to mechanical loading, high temperatures,
oxygen, and moisture. Additionally, they can be subjected to light, radiation, and chemi-
cal reactions during use. All of these variables can cause degradation in the polymer.
Thermal oxidation is one of the most significant causes of degradation. There usually is
an abundance of oxygen available during a product’s service life, but the amount of ox-

ygen available during processing is also sufficient for oxidation. [51]

3.1 Thermo-oxidative degradation mechanisms

Polymers are generally thought to oxidize according to the Basic Auto-oxidation Scheme
(BAS). BAS is divided into four steps: initiation, propagation, chain branching, and termi-
nation. Initiation is the step where alkyl radicals are originally formed. During propagation
the radicals react with oxygen to form peroxyl radicals, which can then abstract hydrogen
to form hydroperoxides. The peroxides decompose during chain branching and form
more radicals. During termination the radicals combine into non-radical molecules. [52]
[53]

BAS was developed by Bolland and Gee in the 1940s (shown in black in Scheme 1) [54]
— [59]. It was originally suggested only for rubbers and lipids but has been widely used
to explain the oxidation of other polymers as well. However, in 2010 Gryn’ova et al. [52]
discovered that the bond dissociation energy for the R-H bond is higher than the energy
of the ROO-H bond for most common polymers. This makes reaction (5) thermodynam-
ically unfavoured, and thus very unlikely. Since oxidation still occurs and hydroperoxides
are formed in these polymers, there must be some other process responsible for it.
Gryn’ova et al. suggested that the defects in the polymer chains might be what is prop-
agating the oxidation. They also pointed out that for some polymers and in some condi-
tions, BAS is not the only possible auto-oxidation route, and other options are also avail-
able. In 2018 the research was developed further by Smith et al. [53] who suggested

alternative propagation reactions instead (shown in grey in Scheme 1).
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Scheme 1. Basic Auto-oxidation Scheme for polymers. The reac-
tions written in black are the original BAS by Bolland and Gee, and
the reactions in grey are the additions suggested by Smith et al.
Adapted from [52] and [53].

Initiation occurs either by hydrogen abstraction or by chain scission according to reac-
tions (1) and (3) and creates alkyl radicals (R¢). The chain scission reaction can also
form low molecular weight products. Polymers can also oxidize non-radically when they
react with ozone (2). The traditional propagation route is for an alkyl radical to react with
oxygen to form a peroxyl radical (ROQO¢) according to (4), which can then abstract a
hydrogen atom from a pristine polymer chain (RH) to form a hydroperoxide (ROOH) ac-
cording to (5). In the alternative propagation reactions either an alkoxy radical (RO¢, re-
action 6) or an alkyl radical (7) abstracts the hydrogen atom, and forms either an alcohol
(ROH) or a pristine polymer chain, respectively. During chain branching the peroxide
decomposes to create either an alkoxy and a hydroxyl radical (8), or a peroxyl and an
alkoxyl radical, as well as a molecule of water (9). The alkoxy (10) and hydroxyl (11)

radicals can then react further by abstracting hydrogen atoms from pristine polymer
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chains. The result of the bimolecular combination of peroxyl radicals depends on what
type of alkyl radical it was originally formed from. If Re was tertiary, the reaction is a chain
branching reaction and it produces alkoxy radicals and oxygen (12). If R* was a primary
or a secondary radical, it is a termination reaction, which produces an alcohol, an alde-
hyde (R(=0)), and an oxygen molecule (13). The other termination reactions are bimo-
lecular combinations of peroxyl and alkyl radicals that form ROOR or R-R (14) (15). Hy-
droperoxyl radicals can also offer an alternative hydrogen source for peroxyl radicals to
form hydroperoxide (16). [53]

PP thermal oxidation generally initiates through the hydrogen abstraction at the tertiary
carbon [60] [61] [62] [63]. The radical then reacts with oxygen according to reaction (4)
[60] [61] [62] [63]. PP is capable of intramolecular hydrogen abstraction, where a radical
abstracts a hydrogen from a tertiary carbon on the same polymer chain to propagate
oxidation [60] [62]. According to [60] and [62] the abstraction is done by a peroxyl radical,
but according to Gryn’ova et al. [52] and Smith et al. [53] this is not possible for PP as a
whole, except for around certain chain end defects. Alternatively, it would be possible for
the peroxyl to decompose to an alkoxy radical, which can then abstract the hydrogen
(reactions 12 and 6). Reaction (16) could account for the formation of hydroperoxides.
Adams [60] has shown several different termination pathways for PP, which yield y-lac-

tones, aldehydes, ketones, acids, and esters.

The thermal oxidation of PS also initiates through hydrogen abstraction at the tertiary
carbon according to [64] and [65], although according to [66] abstraction can also occur
at the secondary carbon. As mentioned, the propagation can happen either at defects
according to the original BAS by Bolland and Gee, as mentioned in [52], or elsewhere
on the chain according to the updated BAS according to [53]. According to [64] and [66]
the alkyl radical then reacts with oxygen to form a peroxyl radical. According to [64] the
next step is for the peroxyl to decompose according to reaction (12), but according to
[66] the next step is hydroperoxidation (reaction 5 or 16) and hydroperoxide decomposi-
tion (reaction 8 or 9). Nonetheless, both paths lead to alkoxy radicals. Through chain
scission the alkoxy radical then breaks into an aldehyde and an alkyl radical, if the alkoxy
radical was formed on a secondary carbon, or a ketone and an alkyl radical, if the carbon
was tertiary (Figure 7) [66]. Alternatively, according to [65] and [67] a hydroperoxide
forms on a tertiary carbon, does not decompose, and instead breaks through chain scis-
sion into a ketone and an alcohol (Figure 8). According to [66] and [67] the oxidation of
PS will yield ketones and aldehydes, even though the possibility of a radical being formed
on the secondary carbon is not mentioned by [67]. Conversely, according to [64] PS

oxidation does not yield aldehydes, only ketones and alcohols.
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Figure 7. PS alkoxy radical decomposing into an aldehyde or a ketone, and an al-
kyl radical. Adapted from [66].
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Figure 8. PS hydroperoxide decomposing into a ketone and an alcohol. Adapted
from [65] and [67].
ABS contains polybutadiene (PB), which is a rubber, and so the original BAS by Bolland
and Gee applies to it. It has been shown that the PB phase is where the oxidation of ABS
mainly occurs, and styrene and acrylonitrile oxidize very little. For vinyl-1,2-PB the pro-
cess initiates through hydrogen abstraction at the tertiary carbon (Figure 9), which then
reacts with oxygen (4) and creates a hydroperoxide (5). The hydroperoxide decomposes
into an alkoxy radical (reaction 8 or 9), which abstracts a hydrogen atom from a pristine
polymer chain and forms an alcohol (10). The alkoxy radicals can also fragment and
rearrange into ketones, which causes chain scission. Termination can occur through re-

actions (14) and (15), or through reactions (17), (18) and (19) given below to cause

crosslinking:
2RO0+ ———» ROOR+ 02 (17)
Re + RO — > ROR (18)
2RO+ — > ROOR (19)

Initiation on cis- and trans-1,4-PB happens on one of the carbons not contributing to a
double bond (Figure 10). After this, the hydroperoxide formation and decomposition oc-
curs according to reactions (4), (5), (8) or (9), and (10). Instead of alcohol (according to

reaction 10) the alkoxy radicals can form ketones and aldehydes. For 1,4-PB crosslinking
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happens through the opening of double bonds on adjacent ketones or aldehydes (Fig-
ure 11). The graft bond between the PB and styrene-acrylonitrile phases is also targeted

by oxidation and broken through chain scission. [68]
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Figure 9. The oxidation process of vinyl-1,2-PB. Adapted from [68].
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Figure 10. The oxidation process of trans-1,4-PB. Adapted from [68].
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Figure 11. The cross-linking processes of the ketones and aldehydes formed
during cis- and trans-1,4-PB oxidation. Adapted from [68].

The oxidation of the most common PC (bisphenol A polycarbonate) initiates at one of
the methyl groups through hydrogen abstraction. The alkyl radical then reacts with oxy-
gen to create a peroxyl radical (4). The peroxyl then isomerizes according to Figure 12
(path a), after which the O-O bond ruptures (path b). One of the formed alkoxy radicals
then abstracts hydrogen (path c), and then decomposes into formaldehyde and an alkyl
radical (path d). The other alkoxy radical forms a phenol derivative (path e). The alkyl
radical formed through path d oxidizes further into an aldehyde and an alkoxy radical
(path f-h), which then abstracts hydrogen to form methanol (path i). The formaldehyde
decomposes into hydrogen and carbon monoxide (path j). As oxidation progresses, the

concentration of aldehyde and hydroxyl groups increases over time. [69]
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Figure 12. The oxidation and decomposition process of PC. Adapted from

[69].
The scission caused by oxidation leads to the molecular weight (MW) of the decreasing
as the chains break into shorter segments. As the MW decreases, this means that the
molecular weight distribution (MWD) curve as a whole also moves to lower MW values.
In addition to this, the degradation causes the MWD to become broader, as the number

of shorter chains increases while some of the original longer chains still remain. [70] [71]
[72][73]

3.2 Effect of variables on viscosity

Many variables affect the viscosity of a polymer melt. These include temperature, pres-
sure, type of polymer (chain chemistry and architecture), MW, and MWD [74] [75]. The
viscosity is also affected by the filler or plasticizer concentration [74]. However, in this
study the temperature, pressure, and type of polymer stayed the same during the exper-
iments, so this section only focuses on the effects of MW, MWD, and filler/plasticizer

concentration on viscosity.
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The viscosity curve of a shear-thinning material has three sections, the lower Newtonian
plateau at low shear rates, the shear-thinning region at higher shear rates, and the upper
Newtonian plateau at very high shear rates. The upper plateau is generally not measur-
able for polymeric melts. For this reason, the viscosity curve of a polymer usually only
shows the lower Newtonian plateau and the shear-thinning region. The shape of this
curve can be described quite well with three quantities: the zero-shear viscosity, the

characteristic shear rate, and the slope of the shear thinning region. [75]

Zero-shear viscosity is the viscosity at zero shear, and since the viscosity in the Newto-
nian region is independent of the shear rate, it can be used to describe the whole New-
tonian plateau. The zero-shear viscosity is found to be dependent on the MW of the
polymer. When plotting zero-shear viscosity as a function of MW on a logarithmic scale
(Figure 13) the curve is clearly divided into two sections. The dependence is linear in
both cases, but the slope changes at a critical molecular weight (MW¢) from 1 to about
3,4. MWc is thought to be the point where the polymer chains are long enough to form
entanglements. [74] [75] MWc is approximately 2 or 3 times the length of polymer be-
tween entanglements [75]. Viscosity of polymers is made up of two components, the first
being the localized friction between chain segments, and the second being caused by
the entanglements. Both the amount of friction and the number of entanglements in-
crease with MW, and thus both increase viscosity. This is also why the slope of the curve
in Figure 13 changes at MW, since this is where the effect of the entanglements begins.

Commercial polymers are usually significantly above their MWec. [74]
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Figure 13. The relationship between MW and the zero-shear viscosity of a

polymer. Adapted from [74] and [75].
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The characteristic shear rate marks the shear rate at which the Newtonian plateau ends,
and the shear-thinning region begins. The location of the characteristic shear rate is af-
fected by the MW. When the material is at rest the polymer chains achieve an equilibrium
state. When the material is deformed, small local stresses are formed. If the material is
given enough time, the stresses relax during what is called a relaxation time. If the ma-
terial is deformed slowly and the relaxation time is short enough, the stresses have plenty
of time to relax. This means entanglements are destroyed and formed at an equal pace
as the chains flow in and out of each other’s sphere of influence. This causes the entan-
glement density to remain constant and the structure of the melt is maintained. If the
shear rate is too fast in relation to the relaxation time the stresses do not have time to
relax, and the flow pulls the chains so that they become more aligned. This means more
entanglements are destroyed than are formed, causing the entanglement density to de-
crease, which lowers the resistance to flow and thus viscosity. The relaxation time de-
creases as the number of entanglements on a chain increases, which again increases
with the MW. In other words, the longer the chains are, the longer it takes for them to
relax. This means that for a polymer with a high MW the relaxation time will be too long
compared to the shear rate earlier than for a polymer with a low MW, and the shear-

thinning region will begin earlier. [74]

As the curve transitions from the Newtonian plateau into the shear-thinning region, a
knee is formed on the curve. The shape of this knee is affected by the MWD. A narrower
MWD will result in a sharper knee than a broader MWD (Figure 14). For a broad MWD
the deviation from the Newtonian plateau will begin earlier than for a narrow MWD, and
the transition from Newtonian to shear-thinning behaviour will occur over a larger range
of shear rates. [74] [75] [76] [77] This is caused by the wider range of relaxation times
that a polymer with a broader MWD will have. The relaxation times of the longer chains
will become too long in relation to the shear rate earlier and these chains will start to lose
entanglements, while the shorter chains can still maintain their structure. Slowly more
and more chains will no longer have time to relax, until all chains are in the shear-thinning
region. For a narrower MWD the range of shear rates at which the chains can no longer

relax properly is much smaller, and thus the knee is sharper. [74]
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Figure 14. The effect of the MWD on the shape of the viscosity curve.
Adapted from [74], [75], [76], and [77].

Finally, the slope of the curve in the shear-thinning region describes how dependent the
viscosity is on the shear rate. As shear-thinning is caused by the net decrease in entan-
glements, the slope of the shear-thinning region indicates how easily disentanglement
happens as a consequence of a higher shear rate. How easily disentanglement happens,
and how steep the slope of the shear-thinning region is, depends on the MWD, as can
be seen in Figure 14. A broader MWD will cause the slope to be smaller. [74] [76] [77]
However, considerable controversy surrounds the question of the molecular mechanism

that causes this change in the shear-thinning region [76].

As mentioned, the plasticizer and filler contents of the plastics also affect the viscosity.
Plasticizer lowers the viscosity, whereas fillers increase it [78]. Since the materials will
stay the same during the experiments, this will not affect the results. However, fillers can
also affect the shape of the viscosity curve, which would be visible in the results even
without a comparison curve of a sample without fillers. According to Shenoy [79], larger
fillers would only increase the zero-shear viscosity of the curve due to hydrodynamic
interactions between the particles and the polymer (Figure 15). Very small fillers also
increase the zero-shear viscosity, but they have the additional effect of causing the New-
tonian plateau to no longer be horizontal, and instead it slopes slightly. This is caused
by the particle-particle interactions when the fine particles temporarily link together to
form a network of finite strength. This effect is the strongest at very low shear rates where
the shear stress is lower and declines towards higher stresses as the network is broken.

This effect is shown in Figure 16.
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Figure 15. The effect of filler content on the zero-shear viscosity. Adapted
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Figure 16. A schematic showing the effects of very small fillers on the viscos-

ity of plastics. Adapted from [79].

The effects of fillers are divided into three categories: Newtonian, slightly variable, and
unbounded. For the Newtonian curve the fillers do not have any visible effect on the
shape of the curve. For the slightly variable curve the effect is obvious, but the beginning
of the shear-thinning region is still visible. For the unbounded curve the effect of the filler

covers the beginning of the shear-thinning region and hides it. [79]
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3.3 Effect of variables on tensile properties

Many variables affect the tensile properties of a polymer. The internal variables include
MW, MWD, crystallinity, crystal morphology, crosslinking, branching, copolymerization,
plasticization, molecular orientation, and residual stresses [81] [82]. Additionally, the
filler-content can have an effect on the properties [83]. The conditions external to the
polymer influencing the tensile properties are temperature, speed of testing, type of de-
formation, pressure, stress and strain amplitude, thermal history, and surrounding at-
mosphere [81]. As mentioned in the previous section, the sample and testing conditions
will remain the same between experiments, so the majority of these variables will not
change significantly, except for MW and MWD. In addition to direct effects, MW can
affect properties indirectly through crystallinity, since it decreases as MW increases [82]
[84]. Additionally, orientation can affect properties, and it increases with MW [82]. There-

fore, only the effects of MW and MWD on properties will be discussed here.

The basic relationship between MW and any of the tensile properties is the same (Fig-
ure 17). At very low MWs where the chains are not long enough to form entanglements
the properties are independent of MW. The properties in this region also have very low
values, since the chains being incapable of entangling means the polymer cannot carry
a load, and thus has very low strength and elongation values. As the MW increases and
entanglements start to form the properties start to increase with the MW, and it becomes
possible to measure the properties. This happens because the entanglement density
increases as the chain length available for entangling increases. The increasing number
of entanglements causes there to be more resistance to flow, which increases the
strength, and the stronger the polymer is the further it can strain before fracture. At some
point the entanglement density becomes independent of the MW. This is also the point
at which the tensile properties become independent of MW. Sometimes secondary pro-

cesses can start to decrease the tensile properties again at very high MWs. [81]
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Figure 17. The basic relationship between MW and tensile propetrties.

Adapted from [81].

For semicrystalline polymers the MW dependence of tensile properties is slightly more
complicated. The crystalline regions also help keep the material intact due to the stronger
interchain interactions. However, as mentioned, increasing the MW decreases crystal-
linity. So as the MW increases the source of strength in a semicrystalline polymer slowly
switches from crystallites to entanglements. Still, the entanglement density, and thus
MW, nonetheless affects the properties due to the amorphous polymer between the crys-
tallites. The longer chains tend to crystallize first and the shorter chains accumulate at
the edges of the crystallites. The shorter chains are therefore the ones that form the tie
chains between the crystallites. The tie chains resist the crystallites slipping past each
other during deformation, hence increasing the strength. Lowering the MW will decrease
the number of tie chains, which will lower the strength of the material and tends to make
it brittle. [81] [84]

Stress at yield and break, and strain at yield and break all mainly follow the basic rela-
tionship between MW and tensile properties, although this was not the case for all studies
presented in [82] and [84]. Additionally, narrowing the MWD tends to increase these
properties. However, the Young’'s modulus is significantly less dependent on MW and
MWD directly. The modulus is either independent of MW and MWD, or the dependence
might be small enough to be insignificant. Whether modulus increases or decreases with
MW and MWD varies greatly. The degree of crystallinity in semicrystalline polymers is a
more important factor, as modulus increases with crystallinity. [82] [84] In amorphous
polymers where crystallinity is not a variable, orientation has been shown to affect mod-

ulus, which increases as the orientation increases [82].
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The effect of fillers on the properties of the polymer depends very strongly on the polymer
matrix. The reinforcing effect of fillers increases as the modulus of the polymer matrix
decreases. For thermoplastics an increasing filler-content will usually decrease the
strength and elongation, although in some cases fillers can reinforce the material, and
cause the strength to increase. Fillers increase the modulus of the polymer. Fillers can
also act as a nucleating agent, which will increase the crystallinity of the polymer. This

will also increase the modulus, as was mentioned. [83]

3.4 Oxidation induction time

As a polymer is heated in the presence of oxygen, it will begin to oxidize after some time.
This reaction is visible in the amount of heat needed to maintain the high temperature
the polymer has been heated to. This can be used to determine the time it takes for a
polymer to oxidise. This time is called the oxidation induction time (OIT). The experiment
is done using a differential scanning calorimeter. OIT is determined by placing a sample
and a reference material into an oven and heating them to a desired temperature in an
inert atmosphere. Once the desired temperature is reached, the atmosphere is changed
to air or oxygen. The atmosphere and temperature are then held steady. During this
process the heat flow rate to the sample is measured constantly and plotted as a function
of time. This is called the differential scanning calorimetry (DSC) curve. The experiment
is continued until the dip caused by the oxidative reaction shows on the curve. OIT is
measured as the time from the change in the atmosphere to the onset of the oxidative
reaction (Figure 18). OIT is determined according to standard ISO 11357-6:2018. [85]
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Figure 18. OIT on a heat flow rate-time curve. Adapted from [85].
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3.5 Thermogravimetry

As a polymer is heated to very high temperatures in an inert atmosphere, thermal deg-
radation will occur. Its weight will decrease as a result. If the change in weight is plotted
as a function of temperature, the temperatures at which the different components of the
sample will degrade can be studied, as well as the weight of the components and the
unreacted residue at the end of the test. This is called a thermogravimetric (TG) analysis.
The test is done by heating up the sample according to a desired temperature pro-

gramme, and simultaneously weighing the sample in an inert atmosphere. [86]
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4. ADDITIVES FOR RECYCLING WEEE PLAS-
TICS

4.1 Antioxidants

Antioxidants are used in plastics to try to prevent the thermo-oxidative degradation dur-
ing processing, and the oxidation occurring during the lifetime of the product. They are
divided into primary and secondary antioxidants depending on the mechanism they use
to limit oxidation. Primary and secondary antioxidants are often used together to provide
most efficient protection. [87] [88] [89]

Primary antioxidants aim to stop the oxidation cycle by donating a hydrogen atom to the
peroxyl radical, thus creating a hydroperoxide without the need for the surrounding pol-
ymer chains to lose a hydrogen atom. Since a chain has no need to donate a hydrogen
atom, no new free radical is formed, and the oxidation cycle stops. This reaction creates
a hydroperoxide as well as turns the antioxidant into a radical, but both of these are
significantly less reactive than the peroxyl radical. The most common primary antioxi-

dants are hindered phenols and aromatic amines. [87] [88] [89]

Hindered phenols consist of a phenol with side groups. The groups adjacent to the reac-
tive OH-group shelter it slightly. This steric hindrance slows down the reactions the anti-
oxidant partakes in. [87] [89] One of the first and simplest hindered phenols was 2,6-di-
tert-butyl-4-methylphenol (BHT), shown in Figure 19. One of BHT’s deficiencies is that it
is very volatile due to its small size. The hindered phenols developed later are based on
BHT-like structures. These later phenols have longer hydrocarbons as side groups to
improve compatibility with polymers, and some phenols are multifunctional, which re-

duces volatility, since there are more reactive phenols in one larger molecule. [87] [88]

OH

Figure 19. 2,6-di-tert-butyl-4-methylphenol (BHT) [87].

Aromatic amines donate a hydrogen atom from the NH-group of the molecule to elimi-

nate the radical. They give a stronger protection against oxidation at higher temperatures
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when compared to hindered phenols. However, they cause the plastic to discolour, which
is why they are mainly used in applications, where the colour of the part is not important,
or where it can be covered with a dark pigment. Most aromatic amines are not approved

for food contact applications. They are mostly used in the rubber industry. [87]

Secondary antioxidants prevent oxidation by decomposing hydroperoxides into less re-
active alcohols before the hydroperoxides can decompose into radicals, thus interrupting
the oxidation cycle. As mentioned, secondary antioxidants work well in combination with
primary antioxidants, since they further neutralize the hydroperoxides formed in the pri-
mary antioxidant reactions. The most common secondary antioxidants are phosphites
and thioesters. [87] [88] [89]

Phosphites consist of a central phosphorus atom onto which three side groups are at-
tached via oxygen atoms (Figure 20a). The phosphite reduces a hydroperoxide into an
alcohol by allowing itself to be oxidized into a phosphate. Phosphites are susceptible to
hydrolysis, which can be partially avoided by having bulkier side groups, since they will
hinder the reaction. [87] [89]
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Figure 20. a) Phosphite and hydroperoxide reacting to form phosphate and
alcohol. b) Thioesther and hydroperoxide reacting to form sulphoxide and al-

cohol. [87]

Thioesters have a similar structure to phosphites, but the central atom is sulphur, and
there are only two side groups (Figure 20b). Similarly to phosphites, thioesters are oxi-
dized in the reaction to reduce hydroperoxides into alcohols. A disadvantage of thioe-
sters is that they create odours, which will transfer onto the plastic. This restricts the

applications it can be used in. [87] [89]
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4.2 Chain extenders

Chain extenders are chemicals used to increase the MW of polymers, and thus adjust
the rheological properties. They are divided into two groups depending on the type of
reaction that causes the chain extension. The first group includes chemicals with a reac-
tive functional group that reacts with a hydroxyl or carboxyl group of the polymer. These
include epoxy-based chain extenders, isocyanates, anhydrides, oxazolines, imides, and
phosphites. The second type causes chain extension by cross-linking through free-radi-
cal reactions. Peroxides are used in this manner. Another way to categorize chain ex-
tenders is by their functionality, and the polymer structure it enables. Bifunctional chain
extenders only allow linear extension, and with multifunctional extenders branching is
possible. [90]

Epoxy groups can react with both carboxyl and hydroxyl groups (Table 2) but the reaction
with carboxyl groups is more efficient. The earlier epoxy-based chain extenders were tri-
, tetra-, or octo-functional. Studies with these extenders established the higher efficiency
of the carboxyl reaction. Later, multifunctional styrene-acrylic oligomeric epoxy chain ex-
tenders (Figure 21) were developed. These extenders can have a very high functionality,
the number of reactive sites can be up to 20. In addition to increasing the MW, epoxy-

based chain extenders are known to broaden the MWD. [90]

3

Figure 21. A schematic illustration of a multifunctional styrene-acrylic oligo-
meric epoxy chain extender [91].
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Table 2. Reactions of the chain extenders with the hydroxyl and carboxyl
groups on the polymer. Adapted from [90], [92], [88, [94], [95], [96], [97], and

[98].
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Isocyanates are another very reactive chain extender group. The isocyanate group can

react with both carboxyl and hydroxyl groups (Table 2). The reactions with hydroxyl
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groups lead to the formation of urethane linkages, and the reactions with carboxyl groups

create mixed anhydrides. The reaction with a hydroxyl group is more efficient. [90] [92]

Anhydrides can form reactive groups via ring-opening of the anhydride group. The reac-
tive groups can react with hydroxyl groups (Table 2), but the reactivity is rather low. Py-
romellitic dianhydride (PMDA) is the most common anhydride used as a chain extender.
However, PMDA is hygroscopic and can thus absorb water. This can lead to hydrolysis
and degradation of the polymer during processing. [90] The chain extension reaction
happens in two steps. The ring-opening happens in the first step, where one half of the
ring joins with a hydroxyl group, and the other forms a carboxy! group. In the second step
the formed carboxyl group reacts with another hydroxyl group. PMDA is also known to
broaden the MWD. [93]

Oxazolines can react with carboxyl groups through ring-opening reactions, forming ester-
amide linkages (Table 2). They are usually used to modify oligomers during solution re-

action, but they can also be used during melt processing. [90]

Carbodiimides can react with carboxyl groups (Table 2). Carbodiimides can also react
with water and can thus reduce hydrolysis. The result of carbodiimide reacting with the
hydroxyl group of water is show in the table as the product of the reaction with hydroxyl.
[95] [96]

In addition to acting as antioxidants, phosphites can also play the part of a chain ex-
tender. They can react with both carboxyl and hydroxyl groups (Table 2). Phosphites can
cause both linear and branched extended chains. [90] The phosphite first reacts with a
hydroxyl group, forming a phosphited polymer chain end and ROH. The phosphited chain

end can then react with the carboxyl group of another chain. [97] [98]

Peroxides mainly lead to crosslinking between polymer chains. The peroxides decom-
pose to peroxyl radicals, which then abstract a hydrogen atom from the chain of a poly-
mer. When two macroradicals meet they can combine, creating a C-C bond. The degree
of crosslinking depends on the type and concentration of the peroxide, as well as the
reaction conditions. Since the hydrogen abstraction can happen anywhere on the chain,
the location of the bond is much more random compared to the bonds created by reactive

functional groups. [90]

4.3 Graphene nanoplatelets grafted with maleic anhydride

Due to graphene’s aromatic network, it is very stable, and thus difficult to functionalize.
Several methods have been developed to overcome this hurdle, one of the most viable

methods being the Diels-Alder reaction. [99] [100] The Diels-Alder reaction is the reaction
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between a diene and an alkene (also called a dienophile) to form a cyclohexene deriva-
tive. The simplest example of this is the reaction between an ethene and a butadiene,

shown in Figure 22. [101]

i O

Figure 22. The Diels-Alder reaction between butadiene and ethene. Adapted
from [101].

Graphene can fulfil both the diene and dienophile roles [102]. Maleic anhydride, however,
can only act as dienophile. The functionalization process causes the delamination of
graphite into graphene nanoplatelets. The functionalization reaction happens at the
edges of the nanoplatelets, specifically on the armchair edges, instead of the zigzag
edges (Figure 23). The maleic anhydride then hydrolyses into carboxyl groups. This im-

proves graphene’s dispersity in polar solvents. [99] [100]

ammchair edge

Figure 23. The Diels-Alder reaction of graphene and maleic anhydride on the
armchair edge. Adapted from [99] and [100].

In addition to the filler properties of the graphene nanoplatelets, with maleic anhydride
grafted onto the surface they can also function as chain extenders. The reaction through

which the anhydride group reacts with the polymer is already shown in Table 2.



39

5. METHODS

5.1 Micro compounder and injection moulding machine

To injection mould the samples, the plastics were milled. They were first washed and
dried, and then milled to a particle size of 2 mm. A Micro 5cc Twin Screw Compounder
and a Micro 4 cc Injection Moulding Machine (Figure 24) from Xplore Instruments BV
were used to make the tensile test samples and some of the rotational rheometer sam-
ples. The compounder has two conical, fully intermeshing screws. The temperature of
the barrel can be controlled in 6 separate heating zones (3 zones on either side), and
cooling is done either with air or water. The balance used to weigh the materials before
processing was PB303-S/PH from Mettler Toledo LLC.

Figure 24. The micro compounder (left) and the micro injection moulding ma-
chine (right) from Xplore Instruments.

The rotating speed of the screws was 100 rpm for all samples, and the processing time
was 2 minutes. The barrel was heated uniformly. Five samples of each plastic were pro-
duced for each sample set for tensile tests. The approximate dimensions of the samples
are presented in Figure 25. Two to three rheometer samples were produced for each
plastic-additive combination. They were approximately 25 mm in diameter and the thick-
ness was 2 mm. The temperatures at which the plastics were processed are presented
in Table 3.



40

| [ !
- 1
——__
) l e
F b
35 ‘ 10,5
I |
Figure 25. A scheme showing the approximate dimensions (in mm) of the

tensile test samples produced with the micro compounder. The approximate
thickness of the samples was 2 mm.

Table 3. The barrel and mould temperatures used in processing.

Barrel temperature  Mould temperature

(°C) (°C)

PP 190 40
PS 200 40
ABS 220 50
PC/ABS 265 60

As mentioned in Chapter 3, mechanical loading can cause degradation. The shear
stresses in a micro compounder are higher than those in a full-sized injection moulding
machine, and thus it will cause more degradation in addition to the oxidative degradation.
However, the micro compounder was chosen as the method for processing the samples,
because the amounts of recycled plastics available for the study were quite small, and

the micro compounder requires a smaller amount of material.

5.2 Universal testing machine

Tensile testing of the samples was done according to the ISO 527-1 standard [103]. The
tests were done using an Instron 5967 universal testing machine. A 2 kN load cell was
used. An extensometer was used until strain 0,05 mm/mm. The stress was measured
both as a function of the extensometer strain and the strain calculated using the original
gauge length and the extension measured by the universal testing machine. The strains
will from here on out be called extensometer strain and nominal strain. The loading speed

was 10 mm/min.

5.3 Rotational rheometer

The viscosities of the materials were measured with the Physica MCR 301 rotational

rheometer from Anton Paar. The measuring head used was CP25-4-SN3012, a conical
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head with a diameter of 24,936 mm and a cone angle of 4,008°. The first measuring point
lasted for 100 s, and the shear rate was 0,01 1/s. The last measuring point lasted for 2 s,
and the shear rate was 100 1/s. The shear rate was increased in logarithmic steps
(5 points/decade). There were 21 measuring points in total. Since the milled plastics ap-
peared to be quite heterogeneous, more than one adjacent sample was tested for each

plastic-additive combination to make sure the results would be accurate.

The testing temperature for PP was 210 °C, PS and ABS were tested at 230 °C, and
PC/ABS was tested at 240 °C. The viscosities of plastics with additives were measured
with discs injection moulded with the micro compounder. The viscosities of the plastics
without additives were measured both directly from the milled plastics, and from injection

moulded discs.

5.4 Simultaneous thermal analyser

A simultaneous thermal analyser (STA) was used to determine the OIT and to do a TG
analysis. The equipment used was STA 449 F3 Jupiter from NETZSCH-Geratebau
GmbH. The samples were cut from the tensile testing samples after the tensile tests had

been done.

The OIT was determined according to ISO 11357-6:2018. It was studied for the plastics
without additives and the plastics with antioxidants. The tests began from 30 °C and the
heating rate was 20 K/min. The samples were heated to 200 °C. The atmosphere was
changed from nitrogen to oxygen at 18,5 min. The samples were held at the high tem-
perature in the oxygen atmosphere for 60 minutes. The flow rate was 50 ml/min for all

gases.

The TG analysis was done on the plastics without added additives according to standard
ISO 11358-1:2014. The test temperature programme was the same for all plastics, and
was such that it increased from 30 °C to 700 °C. The inert atmosphere was nitrogen,

whose flow rate was 50 ml/min.
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6. MATERIALS

6.1 Recycled plastics

The plastics studied in this thesis were PP, PS, ABS, and PC/ABS recycled from WEEE.
As mentioned earlier in Chapter 2.2.3, the studied plastics were supplied by Kuusa-
koski Oy. They came in small pieces, the size varying between approximately 5 and
15 cm. They were milled as mentioned in Chapter 5.1. All black plastic or plastic contain-
ing bromine had been removed previously, leaving rather lightly coloured plastic fractions
free from harmful, bromine containing fire retardants. Examples of the tensile samples
made with the micro injection moulding machine are shown in Figure 26. The samples
with antioxidants, chain extenders, or without additives all looked the same for a plastic

type, so they are not shown individually.

a) b) c) e) g)
\ \;
| .
| _ \
Figure 26. Examples of the tensile testing samples made with the micro com-

pounder. a and b are PP, c and d are PS, e and f are ABS, and g and h are
PC/ABS. a, c, e, and g are examples of the plastics with antioxidants, chain ex-
tenders, or without additives. b, d, f, and h are examples of the plastics with gra-
phene nanoplatelets grafted with maleic anhydride.

6.2 Additives

Additives were used to try to decrease the effects of thermo-oxidative degradation during
processing on the properties of the plastics. Three types of additives were studied, anti-
oxidants (AO), chain extenders (CE), and graphene nanoplatelets grafted with maleic
anhydride (GM). The AO and CE products were chosen based on a literature review.
The AOs chosen were Irganox 1010 (AO 1) [104] — [113] and Irganox 1076 (AO 2)
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[112] — [120]. The CEs originally chosen based on the review were Joncryl ADR 4370S
[121] — [123] and Joncryl ADR 4368 [123] — [125], but they are not available in Europe,
so Joncryl ADR 4400 (CE 1) and Joncryl ADR 4468 (CE 2) were chosen instead. Sam-
ples of these additives were kindly supplied by BASF Oy, and they were used as such

without any further modification. GM was produced in the laboratory.

The AOs used are both sterically hindered primary phenolic AOs. Their structures are
shown in Figure 27. AO 1 has four hindered phenolic groups in one molecule that can
donate a hydrogen atom, whereas AO 2 only has one per molecule. As mentioned earlier
in Chapter 4.1, the larger size of the AO 1 molecule decreases its volatility, which allows
more of it to be of use during oxidation. Additionally, the long hydrocarbon tail of AO 2
improves its compatibility with the polymers. Both AOs are recommended to be used
with a broad collection of polymers. Some physical properties of the antioxidants are
shown in Table 4. [126] [127]

a) b)
i HO
HO (CH,),—C—0—CH,—t+—C
OC‘I 8 HE?‘
Figure 27. The molecular structures of the antioxidants a) AO 1, b) AO 2
[126] [127].

Table 4. Properties of the antioxidants [126] [127].

AO 1 AO 2
Molecular weight g/mol 1178 531
Melting range °C 110-125 50-55

Both CEs were multi-functional reactive polymers. A schematic picture of their molecular
structure has been shown in Chapter 4.2. They are recommended to be used with poly-
condensation polymers, but they can also be used with other thermoplastics. Their prop-
erties are shown in Table 5, including the epoxy equivalent weights (EEW), which depict
how many reactive epoxy groups there are on a chain. CE 1 has a medium EEW, which
correlates with a medium number of epoxy groups on a chain, whereas CE 2 has a low
EEW, meaning the number of epoxy groups is high. Since the MW of CE 2 is also higher,
this indicates CE 2 will create more cross-linking as more polymers can attach onto one
chain. Table 5 also shows the properties of Joncryl ADR 4370S and Joncryl ADR 4368,
which were not chosen for this study, for comparison. As can be seen, the chosen CEs
both had significantly higher EEWSs than Joncryl ADR 4370S and 4368 do. This is likely
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due to the chosen CEs also having significantly higher MWs, meaning there is more

space on the chain for epoxy groups. [128] [129] [130]

Table 5. Properties of the chain extenders [128] [129] [130].

CE1 CE 2 4370S 4368
Molecular weight g/mol 7100 7250 6800 6800
Glass transition temperature °C 65 59 54 54
Epoxy equivalent weight g/mol 485 310 285 285

GM was produced by first measuring 2 g of graphene nanoplatelets (from Sigma-Aldrich,
grade C-300) and 6 g of maleic anhydride (from VWR International LLC). The materials
were ground into a fine powder and mixed together. Next, the mixture was heated in
180 °C for 3 hours. After this the powder was mixed into 500 ml of de-ionized water. The
mixture was sonicated (Q700 sonicator from Qsonica) at 25 °C temperature, at an am-
plitude of 50 % (corresponding to about 40 W of power) for 75 minutes, which made the
total energy added into the mixture 180 000 J. The mixture was then centrifuged (Com-
pactStar CS4 centrifuge from VWR) at 6500 rpm for 10 minutes. This was done to rinse
off the excess maleic anhydride, and to separate the GM from the maleic anhydride-rich
water. After removing the separated water, its pH was measured, new de-ionized water
was mixed into the GM, and it was centrifuged again. This was done repeatedly until the
pH of the separated water was the same as the pH of the pure deionized water added to

the GM. Finally, the remaining water was evaporated in an oven at 50 °C.

The amounts of additives used in this study were based on a literature survey. The pre-
vious literature reviewed to decide the amounts of AOs used was [104] — [120]. The
literature survey to decide the CE quantities was divided into two parts. First, the articles
where Joncryl ADR 4370S and Joncryl ADR 4368 were used with PP, PS, ABS, and
PC/ABS were reviewed [121] —[125], and then a handful of articles was surveyed, where
Joncryl ADR 4400 and Joncryl ADR 4468 were used with a variety of polymers (mainly
PLA, PET, and PBT) [131] — [142]. No articles were found where Joncryl ADR 4400 and
Joncryl ADR 4468 were used with PP, PS, ABS, or PC/ABS. Based on this review two
quantities were chosen to be used in the experiments, 0,5 w% and 1 w%. These quanti-
ties were used for both the AOs and the CEs. For GM only one quantity was studied,
0,5 w%.
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7. TESTING RECYCLED WEEE PLASTICS

The properties of the samples were tested from both the recycled plastics without addi-
tives and the recycled plastics with additives. The results of the samples with additives
were then compared to the results of the samples without additives to see how they affect

the properties.

7.1 Rheological properties

As mentioned in Chapter 3.2, changes in MW and MWD would cause changes in the
zero-shear viscosity, the slope of the shear-thinning region, and the shape of the knee
between the Newtonian plateau and the shear-thinning region. This study focuses on the
differences in the zero-shear viscosity and the Power-law index, which describes the

slope of the shear-thinning region.

7.1.1 Viscosities of additive-free plastics and the effect of fillers
The viscosities of the plastics with additives had to be measured from injection moulded

discs in order to mix in the additives, but the viscosities of the additive-free samples could
be also measured directly from the milled plastics. This was done to see how the pro-
cessing would affect the viscosities, since the discs would be processed one time more
than the milled plastics are. The comparisons are shown in Figure 28. Only one curve of
the adjacent samples for each material is shown in the figure, which shows the curves
that best describe each material in order to reduce visual clutter. All viscosity results can

be seen in Annex B.
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Figure 28. Comparing the viscosity curves measured from the milled plas-

tics (m) and the plastics injection moulded into discs (d).

The processing seems to be having a bigger effect on ABS and PC/ABS than it does on
PP and PS. The curves for PP and PS mainly overlap, whereas for ABS and PC/ABS
there is a clearer difference. However, the viscosity curves measured from discs are still
lower for all plastics, implying that the processing has caused some chain scission, thus

lowering the viscosity.

Another significant detail visible from the curves in Figure 28 is the shape of the Newto-
nian plateaus. For each plastic the figure shows the Newtonian plateau, which is typically
horizontal, and a small section of the beginning of the shear thinning region at the higher
shear rates. For PP and PS, the plateau is clearly visible. However, for ABS and PC/ABS
the beginning of the curve is not horizontal. As mentioned in Chapter 3.2, fillers of a very
fine size can cause an effect like this in the viscosity curve. For both ABS and PC/ABS
the knee where the Newtonian plateau ends, and the shear-thinning region begins is

visible, which matches with the “slightly variable” curve in Figure 16, meaning there likely
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is some amount of filler in the recycled materials. In order to verify that this effect truly is

due tofillers, a TG analysis is done, which is presented in Chapter 7.2.

7.1.2 Zero-shear viscosities
The viscosities of the plastics with additives were measured next. The viscosity curves

best describing each plastic-additive combination are shown in Figure 29. Figure 30
shows a closeup of the PS curves, since they are very close together in Figure 29. Here
the curves are separated so that one figure has the samples with CEs and GM, and the
other has the samples with AOs. The additive-free samples are shown in both figures.

Note the different y-axis values compared to Figure 29.
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---------- PC/ABS_GM_0,5%_3

Comparison of the viscosity curves of samples with and without

additives. The subindexes “m” and “d” signify the additive-free samples’ vis-
cosities measured from milled plastic and injection moulded discs, respec-

tively. a) PP, b) PS, c) ABS, d) PC/ABS.
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Figure 30. The viscosity curves of the PS samples with and without addi-

tives separated so that the curves are more visible. a) Samples with CEs and
GM, b) samples with AOs. Both figures have the additive-free curves.

The viscosity curves measured from the milled plastics tend to be among the highest
curves for each plastic, since they have endured less processing. The viscosity curves
of the plastics with additives as well as the additive-free plastics whose viscosity was
measured from the injection moulded discs have been brought to lower levels due to
processing. There is quite a bit of variation in the viscosities of the plastics with additives,
implying that some of the additives reverse or prevent the effects of thermo-oxidative
degradation better than others. PS has the most uniform results, since the curves overlap
significantly (Figure 29b), indicating the effect of the additives has little variance. PP and

ABS have the largest differences between the different curves.

The shear viscosity curves for both ABS and PC/ABS have some irregularity at low shear
rates. The irregularity forms a small bump at the beginning of each curve, where the
second data point is higher than the first and third. This can be seen on the viscosity
curves of all ABS and PC/ABS samples, but not on the curves for PP and PS. This indi-
cates that the effect is not caused by the measuring equipment, since all measurements
were done on the same equipment, nor is it an error during testing, since it happens so
consistently for all ABS and PC/ABS samples. Thus, it must be related to the plastics

themselves.

To better compare the results, the zero-shear viscosities were calculated as averages
from the repeated tests. They are shown in Table 6. The zero-shear viscosities of PP

and PS were read directly from the test data at 0,01 1/s since the Newtonian plateaus
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for them were so clear. For ABS and PC/ABS the values were calculated by taking an
average of the first three data points to minimize the effect of the irregularities causing
the bump at the beginning.

Table 6. The absolute zero-shear viscosity values and standard deviations of the

plastic-additive combinations, and how they compare to the viscosities of the
additive-free plastics.

Additive PP PS
absolute milled disc absolute milled disc
(Pa*s) (%) (%) (Pa*s) (%) (%)
milled - 2215 £ 387 100 108| 2833 +232 100 106
disc - 2050 + 390 93 100 2680 + 85 95 100
CE1 0,5% 1262 + 275 57 62 2083 + 83 74 78
CE1 1% 602 + 48 27 29 2060 + 30 73 77
CE2 05% 755+ 77 34 37 2347 + 68 83 88
CE2 1% 553 + 33 25 27 2197 + 81 78 82
AO1 0,5% 1910+ 0 86 93 2327 + 38 82 87
AO1 1% 1890 + 20 85 92 2200+ 10 78 82
AO2 0,5% 1895 + 15 86 92| 2300110 81 86
AO2 1% 2035 + 125 92 99 2080 + 10 73 78
GM 0,5% 1430 + 78 65 70 2373+103 84 89
Additive ABS PC/ABS
absolute milled disc absolute milled disc
(Pa’s) (%) (%) (Pa*s) (%) (%)
milled - 29550 £ 1630 100 200 7283 +698 100 107
disc - 14744 + 345 50 100 6785 £ 38 93 100
CE1 0,5 % (34522 £ 14159 117 234 5947 + 385 82 88
CE1 1% 44667 + 8694 151 303| 6460 100 89 95
CE2 0,5% | 40283 + 1083 136 273| 6329 + 141 87 93
CE2 1% 42544 + 4722 144 289 9778 + 956 134 144
AO1 0,5% | 17689 + 2929 60 120 4722 +760 65 70
AO1 1% 13383 £ 650 45 91 3856 + 21 53 57
AO2 05% | 12050 £ 183 41 82| 4193+ 100 58 62
AO2 1% 13583 + 817 46 92 4084 + 75 56 60
GM 0,5% | 15300 £ 1310 52 104 6024 +546 83 89

Table 6 shows how the viscosities of the different plastic-additive combinations compare

to each other, and how they compare to the viscosities of the additive-free plastic sam-



51

ples. The “absolute” column shows the absolute viscosity values determined as men-
tioned earlier as well as standard deviations. In general, the standard deviations of the
viscosities are quite small compared to the differences between the absolute values. In
the “milled” and “disc” columns the viscosities have been normalized with the viscosities
measured from the milled plastics or the injection moulded discs, respectively, to see
how the viscosities of the plastics with additives compare with the additive-free samples.

The grey bars are meant to help visualize the differences between different additives.

Patterns can clearly be seen with how different additives have managed to preserve the
viscosity of the less processed sample without additives. For PP the additives that work
best are the AOs. They have reduced the effect of the additional processing step signif-
icantly compared to most of the CEs, the viscosities having fallen 8 — 15 % of the milled
additive-free viscosity, and 1 — 8 % of the disc additive-free viscosity. GM and 0,5 % of
CE 1 have also reduced the effects of thermal oxidation somewhat, but not quite as well
as the AOs have, the viscosities being 57 — 70 % of the original ones. The viscosities of

the other samples with CEs have decreased the most, by about 70 %.

With PS all additives have been equally beneficial, the viscosities averaging around 80 %
of the originals. This is in line with the observations earlier from Figure 29b, where it was
noted, that the entire viscosity curves, and not just the zero-shear viscosities, were very

uniform for all samples.

For ABS the difference in the viscosity curves measured from the milled plastics and the
injection moulded discs causes some variation in the results, depending on which addi-
tive-free sample the viscosities are compared to. Since the zero-shear viscosity of the
milled sample is two times higher than the zero-shear viscosity of the injection moulded
disc sample, the effects of the additives seem much higher when compared to the vis-
cosity measured from the disc. However, the relative efficiency of the additives remains,
and it can be seen that the CEs were more effective than AOs or GM. When looking at
the zero-shear viscosities the CEs have increased the viscosity by 17 — 51 % when com-
pared to the milled sample, and by 134 — 203 % when compared to the disc sample.
When comparing the whole viscosity curves of the samples with additives to the viscosity
curve of disc sample, the CEs increase the viscosity quite evenly along the whole curve,
whereas when comparing them to the viscosity curve of the milled sample, they only
increase at the lower shear rates as can be seen in Figure 29c. At higher shear rates the
viscosity curves of the chain extended ABS samples fall below the curve of the additive-
free milled sample. When comparing the zero-shear viscosities of the samples with AOs
and GM to the disc sample, it can be seen, that GM and 0,5 % of AO 1 have increased

the viscosity by 4 % and 20 %, respectively. The other AOs decreased it by 8 — 18 %.
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The viscosity curves of the additive-free plastics for PC/ABS also had a significant differ-
ence between them in Figure 28, but in this case they had very similar zero-shear vis-
cosities, so the effect is not as visible in Table 6 as it was for ABS. For PC/ABS the
effective additives were the CEs and the GM, whose zero-shear viscosities have de-
creased by 7 —18 % or 5— 12 % when compared to the milled sample or the disc sample,
respectively. The exception to this was the sample with 1 % of CE 2, whose viscosity
increased by 34 % or 44 %. The viscosities of the samples with AOs decreased by 35 —
47 % when compared to the milled sample, and 30 — 43 % when compared to the disc
sample. PC/ABS had only one zero-shear viscosity above the viscosity of the additive-
free milled sample, but as before, this effect was only visible at lower shear rates, and at
higher shear rates the viscosity curve of the milled sample was higher. Additionally, in
the case of PC/ABS this phenomenon did not seem to be related to CEs universally,

since it only occurred with 1 % of CE 2.

7.1.3 Power-law indices
The Power-law indices were calculated according to the procedure presented in An-

nex C. The Power-law index is the variable in the Power-law equation that describes the
steepness of the shear-thinning region. The index varies between 0 and 1, and the lower
the index is the steeper the shear-thinning region is. As mentioned in Chapter 3.2, the
steeper the slope is, the easier it is for the entanglements to disappear during shearing.

The Power-law equation is shown in Equation 1.

n=Ky"* (1)
n: viscosity [Pa*s]

K: consistency factor [Pa*s"]

y: shear rate [1/s]

n: Power-law index [-]

Unfortunately, the Power-law indices calculated in this study are not very reliable for two
reasons. The first reason is that the viscosity curves mainly show the Newtonian plateau
with just the beginning of the shear-thinning region. This means that only a few data
points are available for calculating the Power-law indices. In this case the last three data
points at the highest shear rates were used. Since the curves only show the beginning
of the shear-thinning region, this region will likely be at least partially still affected by the
curve of the knee where the Newtonian plateau changes into the shear-thinning region.
This seems to be the case especially for ABS and PC/ABS, whose shear-thinning region
seems to begin slightly later (Figures 29c and 29d). The second reason is that when

samples are studied on a rotational rheometer, edge fracture begins to occur at shear
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rates 1 — 10 1/s, which makes the viscosity results less reliable at higher shear rates.
The three data points used to calculate the Power-law indices are at shear rates 40 —
100 1/s, so they will be affected by the edge fracture. For these reasons, the Power-law
indices can be used to compare the additives within this study, but do not necessarily
accurately describe the plastics’ shear-thinning behaviour. The average Power-law indi-
ces are shown in Table 7.

Table 7. The absolute Power-law indices and standard deviations of the plastic-
additive combinations, and how they compare to the indices of the additive-free

plastics.

Additive PP PS

absolute milled disc absolute milled disc

() (%) (%) () (%) (%)

milled - 0,093 + 0,064 100 400|0,041 £ 0,071 100 30
disc - 0,023 £ 0,033 25 100(0,138 + 0,108 336 100
CE1 0,5% (0,090 + 0,045 97 387|0,141 + 0,055 343 102
CE1 1% (0,264 +0,035 284 1134/0,108 £ 0,078 261 78
CE2 0,5% (0,168 + 0,029 181 724)0,006 + 0,008 14
CE2 1% (0,247 £0,017 265 1061|0,002 £ 0,003 5
AO1 0,5% |0,012+0,012 13 50(0,000 + 0,000 0
AO1 1% |0,018+0,018 20 79(0,116 + 0,035 281 84
AO 2 0,5 % |0,026 £ 0,026 28 113(0,041 + 0,041 100 30
AO2 1% |0,002 £ 0,002 2 7|0,084 £ 0,078 203 60
GM 0,5% |0,045 0,018 48 193(0,045 + 0,018 109 32
Additive ABS PC/ABS

absolute milled disc absolute milled disc

() (%) (%) (L (%) (%)

milled - 0,027 + 0,031 100 47)0,309 + 0,070 100 240
disc - 0,058 £+ 0,042 214 100|0,129 £ 0,029 42 100
CE1 0,5% (0,146 + 0,207 542 253(0,122 £ 0,058 39 95
CE1 1% [0,111+0,082 411 192(0,148 £ 0,148 48 115
CE2 0,5% (0,033 £ 0,033 121 57(0,312 £ 0,027 101 243
CE2 1% (0,027 £ 0,021 100 46)0,069 + 0,098 22 54
AO 1 0,5% |0,040 £ 0,057 149 70(0,151 £ 0,111 49 117
AO1 1% |0,000 £ 0,000 0 0/0,163 = 0,057 53 127
AO 2 0,5 % |0,000 £ 0,000 0 0]0,177 £ 0,049 57 138
AO2 1% |0,000 £ 0,000 0 0/0,229 + 0,032 74 178
GM 0,5 % |0,000 + 0,000 0 0/0,050 + 0,038 16 39
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As before, the table includes the averages and standard deviations of the absolute
Power-law index values. For the indices the standard deviations were quite high when
compared to the differences between the absolute values. This decreases the reliability
of the results, but they can still be used to make indicative comparisons between the
samples. In the “milled” and “disc” columns the absolute values have been compared to
the indices determined from the additive-free milled and disc samples, respectively. The

grey bars visualize the differences.

The effect of the extra processing step done on the additive-free disc samples is more
significant for the Power-law index than it was for the zero-shear viscosity, and the di-
rection in which the index changes is not always the same. For PP and PC/ABS pro-
cessing causes the index to decrease, for PP to 25 % and for PC/ABS to 42 % of the
indices of the milled samples. Conversely, the indices of PS and ABS increase with pro-
cessing, for PS to 336 % and for ABS to 214 % of the indices of the milled samples.

For PP the sample with 0,5 % of CE 1 kept the index at approximately the same level as
the index of the milled sample, and for the other samples with CEs the indices increased
to about two to three times the index of the milled sample. Adversely, the indices of the
samples with AOs and GM are significantly lower, ranging from 2 % to 48 % when com-
pared to the index of the milled sample. When comparing the indices of the samples with
CEs to the index determined from the disc samples, they have all increased, the per-
centages ranging from 387 % to 1134 %. Additionally, the indices of the samples with
GM and 0,5 % of AO 2 have increased above the additive-free disc sample, but not

above the milled sample. Generally, the AOs have decreased the index the most.

In the case of PS, the processing caused the Power-law index to increase. However,
adding the additives seems to have then lowered the indices back down below the index
of the additive-free disc sample. The exception to this is the sample with 0,5 % of CE 1,
whose index stayed at about the same level (102 %) when compared to the disc sample.
The additives, that returned the indices closest to the index of the less processed milled
sample were 0,5 % of AO 2 and GM, whose indices were 100 % and 109 % when com-
pared to the milled sample, respectively. The additives that decreased the index signifi-
cantly below the one of the additive-free milled samples were CE 2 and 0,5 % of AO 1.

Overall, the indices varied in a way that cannot be linked to the additive types.

Processing of ABS also caused the Power-law index to increase. Once again, most of
the additives caused the index to decrease significantly below the index of the disc sam-
ples, except for the samples with CE 1. 1 % of CE 2 returned the index back to the same

level as the index of the less processed milled sample. All samples with GM and AOs,
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except the one with 0,5 % of AO 1, decreased the index even below the index of the

milled sample.

For PC/ABS processing caused the Power-law index to decrease. Most additives caused
the index to then increase again when comparing to the additive-free disc sample. The
exceptions to this were 0,5 % of CE 1, 1 % of CE 2, and GM, all of which decreased the
index further. Even though most additives slightly reversed the effects of processing,
only 0,5 % of CE 1 returned the index to the same level as the less processed milled

sample. GM decreased the index the most.

7.2 Thermal properties

7.2.1 Oxidation induction times of samples with antioxidants
The OITs of the samples with and without AOs were measured. The results are shown

in Figure 31. The test duration was 60 minutes, but oxidation happened in the first

30 minutes, so only this section is shown.
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Figure 31. The DSC curves to determine OITs of a) PP, b) PS, c) ABS, and
d) PC/ABS

The figure shows the DSC curves of the plastics, as well as where the atmosphere
changes from nitrogen to oxygen (vertical dotted line). It can be seen that PP and PS
without AOs oxidize quite quickly after contact with oxygen, their OITs being 4,2 min and
2,0 min, respectively. The AOs significantly improved their ability to resist oxidation,
since the samples with AOs did not oxidize at all during the 60-minute heating period.
ABS and PC/ABS did not oxidize at all even without AOs at the testing temperature.
However, ABS and PC/ABS were both processed at temperatures above the testing

temperature, so the lack of oxidation here does not necessarily signify a lack of oxidation
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during processing. The tests were not done in a higher temperature due to equipment
constraints.

7.2.2 Thermogravimetric analysis of additive-free samples
A TG analysis was done to investigate if the sloping of the Newtonian plateaus of ABS

and PC/ABS can be explained by fillers. The measured TG curves are shown in Fig-
ure 32.
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Figure 32. TGA curves of the additive-free plastics

The residual masses for PP, PS, ABS, and PC/ABS were 5,1 %, 1,9 %, 4,3 %, and
22,3 %, respectively. This implies that all of the samples had at least some fillers in them,
PC/ABS being the most filled material. This suggests that at least the sloping of the
PC/ABS curve’s Newtonian region could be caused by fillers. When it comes to ABS, it
seems as though the slope of its Newtonian region cannot be caused by the fillers, since
the filler content of ABS is at the same level as the filler contents of PP and PS, whose
Newtonian plateaus were horizontal. However, as was mentioned in Chapter 3.2,
whether fillers cause the Newtonian region to slope depends on the particle size of the
filler, small fillers being the ones that cause the sloping, while larger fillers only increase
the zero-shear viscosity. Therefore, even if PP, PS, and ABS all have relatively similar
filler contents, it could be that the particle size of the fillers in ABS is small enough to

cause the sloping, whereas in PP and PS the fillers are too large to induce this effect.

7.3 Mechanical properties

7.3.1 Modulus

Tensile tests were performed, and the mechanical properties were determined according
to 1ISO 527-1 [103]. The extensometer malfunctioned while measuring a few samples,

and so the data of these samples was left out when determining yield values using the
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extensometer strain. Figure 33 shows the stress-extensometer strain curves best de-
scribing each plastic-additive combination, all results can be seen in Annex D, which also
indicates the samples which were left out due to extensometer malfunction. The figure
shows both the whole stress-extensometer strain curve until the removal of the exten-

someter, as well as the beginning of the curve where modulus is determined.
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Figure 33. Stress-extensometer strain curves for the studied plastics with

and without additives. The curves on the left have the full curve until the re-
moval of the extensometer, and the curves on the right are close-ups of the
same curves in the area where the modulus is determined. a) PP, b) PS,
c) ABS, d) PC/ABS

Modulus is calculated as the slope of the curve in the strain range 0,0005
0,0025 mm/mm [103]. The calculated average modulus values and standard deviations

are presented in Table 8.
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Table 8. The absolute (abs.) modulus values and standard deviations of the plas-
tic-additive combinations, and the modulus values of the samples with additives

normalized (norm.) with the moduli of the additive-free samples.

Additive PP PS
abs. norm. abs. norm.
(Mpa) (%) (Mpa) (%)
- - 1727,6 £ 133,3 100| 2429,2 £ 58,7 100
CE1 05% | 1810,7+42,0 105 2344,4 +92)9 97
CE1 1% 1717,4 £ 45,1 99 2409,0 £ 62,7 99
CE2 05% | 1761,7+52,2 102| 2446,8 + 188,0 101
CE2 1% 1702,4 £ 93,9 99| 2331,7 £40,6 96
AO1 05% | 1861,5+35,8 108| 2312,0 £ 89,8 95
AO1 1% 1894,2 + 67,4 110( 2380,2 + 117 ,4 98
AO2 05% | 1892,9+46,2 110| 2405,2 + 196,5 99
AO2 1% |1734,3+121,7 100| 2284,4+72,5 94
GM 0,5% |1969,3+112,5 114| 2547,0 + 170,0 105
Additive ABS PC/ABS
abs. norm. abs. norm.
(Mpa) (%) (Mpa) (%)
- - 2708,7 £ 125,2 100| 2831,8 + 282,3 100
CE1 0,5% | 2515,6 £ 192,7 93| 2755,7 + 182,7 97
CE1 1% |2487,8+112,1 92| 2777,8 + 136,9 98
CE2 0,5% |2659,2+130,0 98| 2641,5+113,4 93
CE2 1% 2597,9+27,8 96| 2708,2 + 131,5 96
AO1 05% | 2487,2+70,8 92| 2782,7+84,6 98
AO1 1% |2402,1+122,7 89| 2720,3 + 125,4 96
AO 2 0,5% |2439,6 £ 106,7 90| 2755,5 + 137,3 97
AO2 1% 2439,1 £ 84,1 90| 2725,7 + 1144 96
GM 05% | 2462,4+70,5 91| 2669,5 + 86,8 94

The “abs.” column in the table shows the absolute average values and standard devia-

tions calculated for each plastic-additive combination. The standard deviations are very

high compared to the differences between the absolute moduli values, but as before,

they can still be used to make indicative comparisons to try to find which additive reduces

the thermal degradation most efficiently. The “norm.” column shows the moduli of the

plastics with additives normalized with the modulus of the additive-free plastic to better

see how they compare. The bars are once again meant to help visualize the differences.
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For PP it can be seen that the additives generally increase the modulus. The exceptions
are 1% of CE 1, and 1 % of CE 2, which ever so slightly decrease the modulus. The
other samples with CEs also have quite low moduli. The AOs have increased the mod-

ulus by 0 — 10 %, and the modulus increased the most with GM, by 14 %.

For PS GM increased the modulus by 5 %, whereas CEs and AOs mainly decreased it

by 1 —6 %. The exception to this is 0,5 % of CE 2, which increased the modulus by 1 %.

The moduli of the ABS samples with additives are all lower than the modulus of the
additive-free sample. For the samples with AOs or GM the moduli dropped by 8 — 11 %,
and for the samples with CEs the moduli only dropped by 2 — 8 %.

The moduli of all plastic-additive combinations for PC/ABS were lower than the modulus
of the additive-free plastic. They did not have much variance, ranging between 93 — 98 %

of the original modulus.

7.3.2 Yield stress and strain
Yield occurs at the first local maximum, i.e., where the strain increases without the stress

increasing [103]. These values were determined from the full stress-extensometer strain
curves shown in Figure 33. PP is an exception to this, since it did not reach yield before
the extensometer was removed, so its yield values were determined from the stress-

nominal strain curves (Figure 34).

For PS and ABS, the yield point is clearly visible in all curves in Figure 33. PS has an
extended area, where the material yielded until the extensometer was removed, whereas
most ABS samples broke before the removal of the extensometer. The yield points of
PC/ABS are not quite as obvious, but nonetheless the stress began to decline before the
extensometer was removed. As mentioned, PP did not yield before the removal of the
extensometer. The strength of a material is determined as the stress at yield, or the
stress at break if the material does not yield before breaking. All of the studied samples
did yield, and so their strengths were determined at yield. The effects of the additives on

the yield point are more precisely compared in Tables 9 and 10.
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Table 9. The absolute (abs.) yield stress values and standard deviations of the
plastic-additive combinations, and the yield stress values of the samples with
additives normalized (norm.) with the yield stress values of the additive-free

samples.
Additive PP PS
abs. norm. abs. norm.
(Mpa) (%) (Mpa) (%)
- - 284+0,7 100 29,8+0,9 100
CE1 0,5% 203+14 103 28,6 +0,7 96
CE1 1% 28,5+0,3 100 29,0+£0,7 97
CE2 0,5% 28,1+0,9 99 28,8+0,6 97
CE2 1% 284+0,3 100 28,7+04 96
AO1 0,5% 30,4 + 0,1 107 28,3+0,9 95
AO1 1% 30,1+0,9 106 28,2+0,9 95
AO2 0,5% 295+14 104 26,6+1,8 89
AO2 1% 292+14 103 26,7+1,3 90
GM 0,5% 29,8 +1,1 105 29,8+0,9 100
Additive ABS PC/ABS
abs. norm. abs. norm.
(Mpa) (%) (Mpa) (%)
- - 43,5+ 3,0 100 59,1+0,7 100
CE1 0,5% 456+ 1,2 105 61,0+ 0,7 103
CE1 1% 45,6 £0,8 105 61,6 +£0,7 104
CE2 0,5% 45,6 £0,2 105 61,6 +0,9 104
CE2 1% 46,2+ 0,7 106 62,0£0,2 105
AO1 0,5% 454 £ 11 104 61,31£0,6 104
AO1 1% 441+ 3,0 101 61,4+0,3 104
AO2 0,5% 434 +1,3 100 61,0+£0,8 103
AO2 1% 445+ 0,3 102 61,7+ 0,1 104
GM 0,5% 44,6 £ 0,6 102 59,7+1,8 101
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Table 10. The absolute (abs.) yield strain values and standard deviations of the
plastic-additive combinations, and the yield strain values of the samples with
additives normalized (norm.) with the yield strain values of the additive-free

samples.
Additive PP PS
abs. norm. abs. norm.
(mm/mm) (%) (mm/mm) (%)
- - 0,095 £ 0,021 100( 0,016 + 0,001 100
CE1 0,5% | 0,094 +0,010 99( 0,014 £ 0,000 91
CE1 1% 0,095 £ 0,001 100( 0,014 + 0,001 92
CE2 0,5% | 0,091+0,010 95| 0,014 + 0,001 88
CE2 1% 0,094 + 0,002 99( 0,015+ 0,001 92
AO1 0,5% | 0,096 £ 0,002 101| 0,015+ 0,001 93
AO1 1% 0,094 £ 0,010 99( 0,014 + 0,001 90
AO2 0,5% | 0,091+0,010 96/ 0,016 + 0,003 103
AO2 1% 0,100 £ 0,003 105 0,014 + 0,001 88
GM 0,5% | 0,088+0,015 92( 0,014 + 0,001 90
Additive ABS PC/ABS
abs. norm. abs. norm.
(mm/mm) (%) (mm/mm) (%)
- - 0,023 £ 0,001 100( 0,042 + 0,001 100
CE1 0,5% | 0,023 +0,000 100( 0,041 + 0,001 98
CE1 1% 0,023 + 0,000 100( 0,040 + 0,003 95
CE2 0,5% | 0,023 + 0,001 100( 0,040 + 0,001 97
CE2 1% 0,024 + 0,001 103 0,041 + 0,001 98
AO1 0,5% | 0,023 £ 0,000 102( 0,040 = 0,001 96
AO1 1% 0,023 + 0,001 99( 0,040 + 0,000 96
AO2 05% | 0,022+ 0,001 98 0,039+ 0,000 94
AO2 1% 0,023 £ 0,001 99( 0,040 + 0,001 95
GM 0,5% | 0,022 + 0,001 98| 0,039 + 0,001 94

As before, the “abs.” columns give the absolute values and standard deviations for stress
and strain at yield. The standard deviations were once again quite high in comparison to
the differences between the absolute stress and strain values, but the absolute values
were still used to make indicative comparisons. The “norm.” columns compare the abso-
lute values of the plastics with additives to the absolute values of plastics without addi-

tives.
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For PP the stress at yield has largely increased, the exceptions being the yield stresses
of the samples with CE 2 and 1 % of CE 1. Overall, the yield stresses have increased
less for the samples with CE, as opposed to the samples with AO or GM. For the strain
the results are the opposite, the strains have mainly decreased, except for 1 % of CE 1,
0,5 % of AO 1, and 1 % of AO 2. In this case the strain of the sample with GM is quite a

bit lower than the strains of the samples with CEs or AOs.

In case of PS the majority of yield stresses of the samples with additives have decreased
when comparing to the additive-free sample, except for the sample with GM, for which
the yield stress remained the same. The stresses of the samples with AO 2 decreased
by about 10 %, whereas the stresses of the other samples decreased by 3 — 5 %. The
yield strains decreased by 7 — 12 %, except for the sample with 0,5 % of AO 2. There is

no visible correlation between the strains and the additive types.

For ABS the yield stresses have mainly increased by 1 — 6 % due to the additives, except
for the stress of the sample with 0,5 % of AO 2, which stayed the same. The changes in
the stresses were slightly higher for the CEs (5 — 6 %) than for the AOs or GM (0 — 4 %).
The yield strains stayed mainly the same when compared to the additive-free sample.
The strains of the samples with CE 1 and 0,5 % of CE 2 remained the same, the samples
with 1 % of CE 2 and 0,5 % of AO 1 increased the strain by 2 — 3 %, and the strains of
the samples with the rest of the AOs and the GM decreased by 1 — 2 %. Overall, the

strains of the samples with CEs were higher.

All the additives caused the yield stresses of the PC/ABS samples to increase by
3 -5 %, except for the sample with GM, whose stress only increased by 1 %. Con-
versely, the yield strains of the samples with additives were all lower when compared to
the additive-free sample. The strains of the samples with CEs decreased by 2 — 5 %,
and the strains of the samples with AOs and GM decreased by 4 — 6 %, so there is only

a very slight correlation between the additive types and the changes in the strains.

7.3.3 Break stress and strain
The stress and strain at break are determined at the highest value of stress on the stress-

strain curve right before the load drop caused by the crack initiation, which leads to the
sample separating [103]. In the case of most samples the samples did not break until
after the extensometer was removed, so the break stresses and strains were determined
from the stress-nominal strain curves. The stresses in these curves are the exact same
as in the stress-extensometer strain curves, but the strains are the nominal strains. The
stress-nominal strain curves are shown in Figure 34. The curves chosen for the figure

for every plastic type are the ones that best describe the behavior of each plastic-additive
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combination. The average break stresses and strains are shown in Tables 11 and 12. All
of the results are shown in Annex D.
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Table 11. The absolute (abs.) break stress values and standard deviations of the
plastic-additive combinations, and the break stress values of the samples with
additives normalized (norm.) with the break stress values of the additive-free

samples.
Additive PP PS
abs. norm. abs. norm.
(Mpa) (%) (Mpa) (%)
- - 17,8+ 04 100 32,4+1,6 100
CE1 0,5% 18,5+£2,0 104 31,2+0,8 96
CE1 1% 20,7+1,6 116 31,2+1,1 96
CE2 0,5% 20,6 +0,9 116 30,0+£0,9 93
CE2 1% 225+0,9 126 30,5+1,1 94
AO1 0,5% 18,9+1,7 106 30,114 93
AO1 1% 18,6 £1,9 104 298+14 92
AO2 0,5% 17,6 £ 0,4 99 28,9+0,8 89
AO2 1% 17,1+£0,9 96 27,3+21 84
GM 0,5% 18,9+ 3,4 106 32,1+0,8 99
Additive ABS PC/ABS
abs. norm. abs. norm.
(Mpa) (%) (Mpa) (%)
- - 379125 100 48,7+1,0 100
CE1 0,5% 40,5+ 3,3 107 49,7 +£0,5 102
CE1 1% 38,1+1,3 101 52,7+ 3,8 108
CE2 0,5% 39,7 +1,7 105 50,3+1,0 103
CE2 1% 38,3+1,6 101 50,2 £0,7 103
AO1 0,5% 39,629 105 50,7 £1,0 104
AO1 1% 379+25 100 50,3+2,8 103
AO2 0,5% 38,4+20 101 50,1+0,5 103
AO2 1% 392+22 103 50,7 £ 3,9 104
GM 0,5% 40,0 £ 3,2 105 477+ 21 98
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Table 12. The absolute (abs.) break strain values and standard deviations of the

plastic-additive combinations, and the break strain values of the samples with

additives normalized (norm.) with the break strain values of the additive-free
samples.

Additive PP PS

abs. norm. abs. norm.
(mm/mm) (%) (mm/mm) (%)
- - 0,408 + 0,064 100( 0,322 + 0,066 100

CE1 05% | 0,414+0,139 101| 0,330 + 0,096 102
CE1 1% 0,289 + 0,085 71| 0,325+ 0,060 101
CE2 0,5% | 0,290 + 0,056 71| 0,276 + 0,068 86
CE2 1% 0,228 + 0,045 56| 0,289+ 0,039 89
AO1 0,5% | 0,379 +£0,059 93| 0,335+0,064 104
AO1 1% 0,377 + 0,035 92| 0,335+0,044 104
AO2 0,5% | 0,423 0,046 104| 0,303 + 0,058 94
AO2 1% 0,478 + 0,027 117| 0,311 0,069 96
GM 05% | 0,436+0,128 107| 0,360 + 0,038 112

Additive ABS PC/ABS
abs. norm. abs. norm.
(mm/mm) (%) (mm/mm) (%)

- - 0,085 + 0,028 100| 0,133 +0,033 100
CE1 05% | 0,075+0,027 88| 0,162+ 0,015 122
CE1 1% 0,092 + 0,024 108| 0,117 + 0,030 88
CE2 05% | 0,104 +0,030 122| 0,153 + 0,023 115
CE2 1% 0,091 £ 0,025 108| 0,125+ 0,024 94
AO1 0,5% | 0,106 0,032 125| 0,121 +£0,019 91
AO1 1% 0,080 + 0,026 95| 0,138 + 0,046 104
AO2 0,5% | 0,075+0,028 89| 0,149+ 0,040 112
AO2 1% 0,074 £ 0,017 87| 0,142 + 0,024 107
GM 05% | 0,072+0,038 85| 0,131 +0,017 e

The “abs.” columns have the absolute values and standard deviations for break stress
and strain values for the samples. The standard deviations for the break values were
very high compared to the differences between the absolute values, especially for the
break strains. However, the values were still used to make indicative comparisons. The
“norm.” columns have the relative values normalized with the absolute values of the ad-

ditive-free values to see how the values of the samples with additives compare.
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Most of the additives caused the break stresses of the PP samples to increase, except
for the samples with AO 2, which decreased by 1 — 4 %. The samples with the highest
stresses compared to the additive-free samples were the ones with CE 2 and 1 % of
CE 1, as they increased the stresses by 16 — 26 %. The rest of the samples increased
the stresses by 4 — 6 %. The CEs generally increased the stresses more. For the break
strains the situation is the opposite for most samples. The samples with CE 2 and 1 %
of CE 1 decrease the strain by 29 — 44 %, whereas the sample with 1 % of AO 2, which
decreased the stress the most, has the highest strain, 17 % higher than the one of the

additive-free sample. Generally, the strains of the samples with AOs or GM are higher.

For PS the additives have caused the break stresses to decrease. The stress of the
sample with GM decreased the least, only by 1 %. The stresses of samples with CEs
decreased by 4 — 7 %, and the stresses of samples with AOs decreased by 7 — 16 %.
For the break strain values the differences between the different additives were visible.
The strain was increased by CE 1 (1 -2 %), AO 1 (4 %), and GM (12 %), and decreased
by CE 2 (11 — 14 %), and AO 2 (4 — 6 %). As can be seen, GM increased the strain the

most.

The additives have increased the break stress of ABS, except for the sample with 1 %
of AO 1, in which case the stress stayed the same. For the other samples with additives
the stress increased by 1 — 7 %. There does not seem to be a correlation between the
type of additive used and the magnitude of the change in break stress. The effects of the
additives on the break strain are significantly less even across all the additives. Only 1 %
of CE 1, CE 2, and 0,5 % of AO 1 increased the strains, and the addition ranges from
8 % to 25 %. For the samples with the other additives the strains have decreased by 5 —
15 % in comparison with the additive-free sample. There is a slight correlation between

CEs and the strains being higher.

The break stresses of the PC/ABS samples with additives are very consistent. The
stresses of most of the samples have increased by 2 — 4 %. The exceptions to this are
the sample with 1 % of CE 1, which increased the stress by 8 %, and the sample with
GM, which decreased the stress by 2 %. The break strains are significantly less con-
sistent. The strains of the samples with 1 % of CE 1, 1 % of CE 2, 0,5 % of AO 1, and
GM decreased by 1 — 12 %. The strains of the remaining samples increased by 4 — 22 %.

There is no visible correlation between the strains and the additives used.
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8. DISCUSSION

8.1 Analysing results

In this chapter the results from Chapter 7 are compared to what was mentioned about
the effects of changing MW and MWD on the properties in Chapter 3 to see which addi-
tives are the most effective ones. To review what was said in Chapter 3, thermal degra-
dation causes the MW to decrease and MWD broaden. Increasing MW will increase the
zero-shear viscosity. This effect is quite strong. The slope of the shear-thinning region is
affected by the MWD, and the broader the MWD is the higher the Power-law index will
be. The modulus is not affected much by MW directly, but it does increase with crystal-
linity and orientation. Crystallinity increases as MW decreases, and orientation increases
as MW increases. Stress and strain increase with MW until the effect evens out and they
become independent of MW. If the MW of a sample is above this limit, decreasing the
MW will have a very small effect on the stress and strain values. Stress and strain are

also increased by narrowing the MWD.

To be able to better compare the effects of the additives on the properties, all properties
for one plastic type are collected in one table. The information is collected from Ta-
bles 6 — 12. Only the normalized values are shown here, as well as the grey bars used
to visualize the results in Chapter 7. The diagonal hatching marks indicate which additive
type gives the plastic the highest MW or the narrowest MWD based on each property. In
the case of the zero-shear viscosity and the Power-law index only the normalized values

compared to the disc samples are shown. The comparisons are shown in Tables 13 — 16.
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Table 13. Comparing the effects of additives on the properties of PP.

Additive Zero- Power-
shear law Yield Yield Break Break
viscosity index Modulus stress strain  stress strain
(%) (B (B (R (%) (%) (%)
- - 100 100 100 100 100 100 100
CE1 05% 62 387 105 103 99 104 101
CE1 1% 29 1134 99 100 100 116 71
CE2 0,5% 37 724 102 99 95 116 71
CE2 1% 27 1061 99 100 99 126 56
AO1 0,5% 93 50 108 107 101 106 93
AO1 1% 92 79 110 106 99 104 92
AO 2 0,5% 92 113 110 104 96 99 104
AO2 1% 99 7 100 103 105 96 117
GM 0,5% 70 193 114 105 92 106 107

The MW of PP affects the zero-shear viscosity and modulus, as well as the stresses and
strains. Based on the zero-shear viscosity the samples with AOs have the highest MW,
the sample with GM has the second highest MW, and the samples with CEs have the
lowest MWs. It was mentioned in Chapter 3.2, that fillers can increase the zero-shear
viscosity, but this was only the case for higher filler-contents. The amount of GM used in
this study is not high enough to increase the zero-shear viscosity. PP is a semicrystalline
polymer, so the modulus will likely increase as the MW decreases since this increases
the crystallinity. Judging by the modulus, it seems that the samples with CEs have the
highest MW, and the sample with GM has the lowest. As mentioned in Chapter 3.3,
fillers, such as GM, can increase the crystallinity and modulus of the polymer, which is
likely why the modulus of the GM sample is so high. According to the yield stress the
AOs and GM increased the MW more than the CEs did. Based on the yield strain the
MW has quite a bit of variance, but the MWs of the samples with CE or AO are still slightly
higher than the MW of the sample with GM. The break stresses imply the MWs of the
samples with CEs are higher than the MWs of the samples with AOs or GM. The break
strains generally suggest the samples with CEs have lower MWs than the samples with
AOs and GM do. It was mentioned in Chapter 3.3 that fillers will typically decrease the
strength of a polymer. In this case the filler, GM, does not seem to have decreased the
yield and break stresses significantly. Based on this comparison it seems the AOs work

the best to reduce thermal degradation and maintain the MW of PP.
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The MWD affects the Power-law index, as well as the stresses and strains. Based on
the Power-law index, the samples with AOs have the narrowest MWDs, and the samples
with CEs have the broadest. According to the yield stresses and the break strains the
samples with AOs and GM have narrower MWDs than the samples with CEs do. The
yield strains suggest the CEs and AOs have narrowed the MWD more than GM has. The
break stresses imply the CEs narrowed the MWD more. Based on this the samples with
AOs have the narrowest MWDs, meaning they have reduced thermal degradation the
most. This is also in line with what was mentioned earlier in Chapter 4.2 about how CEs
broaden the MWD.

Table 14. Comparing the effects of additives on the properties of PS.

Additive Zero- Power-
shear law Yield Yield Break Break
viscosity index Modulus stress strain  stress strain
(6 (%) (R (%) (R (%) (%)
- - 100 100 100 100 100 100 100
CE1 0,5% 78 102 97 96 91 96 102
CE1 1% 77 78 99 97 92 96 101
CE2 05% 88 4 101 97 88 93 86
CE2 1% 82 2 96 96 92 94 89
AO1 0,5% 87 0 95 95 93 93 104
AO1 1% 82 84 98 95 90 92 104
AO2 0,5% 86 30 99 89 103 89 94
AO2 1% 78 60 94 90 88 84 96
GM 0,5% 89 32 105 100 90 99 112

The additives seem to have affected the MW equally well based on the zero-shear vis-
cosity and yield strain of PS, and no correlation is visible between the additives and their
effects on the viscosity and strain. PS is an amorphous polymer, so the orientation will
be the most significant variable affecting the modulus. The moduli imply the MW of the
sample with GM is higher than those of the samples with CEs or AOs. However, as
mentioned in Chapter 3.3, fillers can increase the modulus. So at least a portion, if not
all, of the increasing effect of GM on the modulus might originate from GM acting as a
filler, as opposed to its effect on the MW. The yield stresses, break stresses, and break
strains all also suggest the sample with GM has the highest MW. Stresses and strains
were said to decrease as filler is added, so in this case the increasing effect of GM likely
is not due to GM acting as a filler. All in all, GM seems to be the most effective additive

for reducing thermal degradation in PS.
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The Power-law indices are very varied, and do not seem to imply any sort of correlation
between the additives and the development of the MWD, so it must be concluded that
all additives work equally well. The same can be said for the yield strains, though they
are significantly more even. The stresses and break strain suggest the sample with GM
has the narrowest MWD. All in all, the sample with GM has the narrowest MWD, implying
GM reduces thermal degradation the most. However, this does not agree with what was
said about CEs broadening the MWD in Chapter 4.2, since the anhydride groups cause
GM to act as a CE. This suggests the broadening of the MWD caused by thermal deg-

radation is greater than the broadening caused by the CEs.

Table 15. Comparing the effects of additives on the properties of ABS.

Additive Zero- Power-
shear law Yield Yield Break Break
viscosity index Modulus stress strain  stress strain
(6 (%) (R (%) (R (%) (%)
- - 100 100 100 100 100 100 100
CE1 0,5% 234 253 93 105 100 107 88
CE1 1% 303 192 92 105 100 101 108
CE2 05% 273 57 98 105 100 105 122
CE2 1% 289 46 96 106 103 101 108
AO1 0,5% 120 70 92 104 102 105 125
AO1 1% 91 0 89 101 99 100 95
AO 2 0,5% 82 0 90 100 98 101 89
AO2 1% 92 0 90 102 99 103 87
GM 0,5% 104 0 91 102 98 105 85

Based on the zero-shear viscosity the CEs have increased the MW significantly more
than the AOs and GM have. ABS is also an amorphous polymer, and so the modulus
increases as the MW, and thus orientation, increases. Based on the modulus the CEs
are the most effective additives, though the effect is considerably more subtle than the
effect on the zero-shear viscosity is. The yield stresses and strains also imply the sam-
ples with CEs have the highest MWs. The break stresses are varied but seem to have
increased evenly for all additives. The break strains are very varied, but the strains of
the samples with CEs are generally higher, implying their MWs are the highest. GM act-
ing as a filler does not seem to have had an effect on the modulus or the stresses. Based
on these comparisons the CEs reduced thermal degradation and increased the MW the

most.
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The samples with CEs generally have higher Power-law indices, indicating that their
MWDs are broader than those of the samples with AOs and GM. However, based on the
yield stresses, yield strains, and break strains the samples with CEs have the narrowest
MWDs. The break stresses show no clear correlation. The MWDs of the samples with
CEs seem to be generally the narrowest, which indicates they reduced thermal degra-
dation the most. This goes against what was said about CEs broadening the MWD, but
this might once again suggest the degradation causes the MWD to broaden more than
the CEs do.

Table 16. Comparing the effects of additives on the properties of PC/ABS.

Additive Zero- Power-
shear law Yield Yield Break Break
viscosity index Modulus stress strain  stress strain
(6 (%) (W) (%) (R (%) (%)
- - 100 100 100 100 100 100 100
CE1 0,5% 88 95 97 103 98 102 122
CE1 1% 95 115 98 104 95 108 88
CE2 05% 93 243 93 104 97 103 115
CE2 1% 144 54 96 105 98 103 94
AO1 0,5% 70 117 98 104 96 104 91
AO1 1% 57 127 96 104 96 103 104
AO 2 0,5% 62 138 97 103 94 103 112
AO2 1% 60 178 96 104 95 104 107
GM 0,5% 89 39 94 101 94 98 99

The zero-shear viscosity of PC/ABS implies the samples with CEs and GM have the
highest MWs. PC/ABS is an amorphous polymer, so modulus increases with MW. Nei-
ther the moduli nor the break strains show any correlation between the additives and the
changes in MW, though there is significantly more variation in the break strains. The
effect of GM acting as a filler is once again not visible on the modulus. The yield and
break stresses both suggest the CEs and AOs have increased the MW more than GM
has. It seems as though for PC/ABS GM acting as a filler might have decreased the
stresses, since they are lower than the stress values of the samples with AOs or CEs.
The yield strain indicates the MWs of the samples with CEs are slightly higher than those
of the samples with AOs or GM. It seems that for PC/ABS the CEs are the most effective

at reducing thermal degradation.

The Power-law indices imply the MWD of the sample with GM is the narrowest. The yield

and break stresses suggest the samples with CEs and AOs have narrower MWDs than
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the sample with GM. The MWD of the samples with CEs are the narrowest according to
the yield strain. The break strain shows no correlation. Based on this comparison the
samples with CEs have the narrowest MWDs and have reduced thermal degradation the
most. Once again, this does not agree with how CEs are said to broaden the MWD, and

implies thermal degradation broadens the MWD more than CEs do.

The reliability of the properties in accurately estimating the changes in MW varies. Some-
times the additive type that gives the highest MW to the plastic changes based on which
property it is deduced from. For example, for PP the additive type giving the highest MW
are the AOs based on the zero-shear viscosity, but according to the modulus CEs give
the highest MW. Based on the data available, the most correct estimation of which addi-
tive type gives the highest MW is the additive, that most properties agreed had given a
high MW. In other words, the additive type that had the most diagonal hatching in Ta-
bles 13 — 16. The zero-shear viscosities and yield stresses were the most reliable, they
estimated the most effective additive correctly for every plastic. The other properties es-
timated the additive correctly for two or three plastics. Overall, the estimations of the

effectiveness of the additives based on the properties agreed quite well.

The properties were significantly less reliable in estimating the MWD. Firstly, since the
stresses and strains are thought to be affected by both MW and MWD, it is very difficult
to differentiate which one is causing the changes in the properties. However, as the es-
timations based on the stresses and strains are in good agreement with the estimations
based on the zero-shear viscosities, which only depend on the MW, it can be assumed
the changes in stresses and strains are mainly governed by the MW. Especially, since,
when estimating which additive type gives the narrowest MWD, the estimations based
on the stresses and strains mostly do not agree with the estimations made on the basis
of the Power-law indices, which only depend on the MWD. Secondly, the properties were
overall slightly worse at correctly estimating the additive giving the narrowest MWD. The
stresses and strains estimated the narrowness of the MWD similarly to how they esti-
mated the largeness of the MW, since properties that indicated a high MW simultane-
ously indicated a narrow MWD. This means the yield stress estimated the narrowest
MWD correctly for all plastics, and the other stresses and strains estimated them cor-
rectly two or three times. The Power-law index only predicted MWD correctly once. If the
stresses and strains were ignored when estimating the narrowest MWD, and the assess-
ment was only based on the Power-law index, the additive type that gave the narrowest
MWD would be the AOs for PP, AOs and GM for ABS, and GM for PC/ABS. For PS there

was no visible correlation between the additives and the changes in the index.
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The assumption at the beginning of this work was that the MWs would either remain the
same or increase as a consequence of adding the additives. However, in many cases
the properties changed after the addition of additives in a way that implies the MW de-
creased. Since the only thing different between the testing of the samples with and with-
out additives are the additives themselves, they must be the reason for this effect. One
of the causes for the effect might be plasticization. Zero-shear viscosity, modulus, and
stress would decrease after the addition of a plasticizer, whereas strain would in-
crease [143]. The molecules of AOs and CEs are quite small and could therefore act as
plasticizers in the plastics, causing the zero-shear-viscosity, modulus, and the stresses
to decrease. This, however, seems to be an unlikely explanation for the phenomenon,
since during a literature review, no articles were found discussing the plasticizing effect
of AOs or CEs. Additionally, the MWs of plasticizers tend to be very low, usually below
1000 g/mol, whereas the MWs of the AOs and CEs in this study were all higher, except
for the MW of AO 2 (Tables 4 and 5) [143]. This suggests the AO and CE molecules
might be too large to work well as plasticizers. In addition, the plasticization theory does
not explain the decrease in strains since they should increase after the addition of a
plasticizer. Another explanation for the seemingly decreasing MWs could be that there
is something in the plastics that the additives can interact with, that will result in the
properties decreasing, even if the MW has not decreased. As the plastics in this study
are recycled materials, and thus quite heterogeneous, it is very likely that there are some
previous additives and impurities in them that do not function well with the added addi-

tives. This might explain the drop in the properties.

Chapter 4.2 described how the anhydride groups in GM can react with hydroxyl groups,
and how the epoxy groups in the CEs chosen for this study can react with hydroxyl and
carboxyl groups. As was mentioned, the reactivity of epoxy groups with carboxyl groups
is higher than their reactivity with hydroxyl groups. Some information about the active
groups in the oxidized polymers of this study can be deduced based on which additive
types were the most effective for the plastics. Since the AOs increased the MWs of PP
most, this implies the oxidized PP maybe did not have that many hydroxyl or carboxyl
groups that GM or the CEs could react with. As mentioned, anhydride groups can only
react with hydroxyl groups and epoxy groups are more prone to reacting with carboxyl
groups. Since GM was the most effective additive for PS, and CEs were most effective
for ABS and PC/ABS, this suggests the hydroxyl groups were the dominant reactive
group for oxidized PS, whereas ABS and PC/ABS likely had more carboxyl groups.
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8.2 Can recycled plastics be used in new EEE?

To see if the plastics studied in this thesis could replace virgin polymers in EEE, and to
see how they compare to other recycled plastics, the tensile properties of the studied
plastics were compared to the properties of virgin plastics [144] — [152] and recycled
plastics [6] — [20] from previous literature. For the rest of this chapter the plastics studied
in this thesis are referred to as studied recycled plastics, the plastics studied in previous
literature are called previous recycled plastics, and the virgin plastics are called virgin
plastics. The virgin plastic products were chosen so that all products are sold in Europe,
the properties were tested according to 1ISO standards, and the suggested applications
mentioned EEE. The full list of products is shown in Annex E. The articles the properties
of the previous recycled plastics were taken from were chosen so that the plastics were
recycled from EEE. There were not enough articles available to only use articles with
European plastics tested according to ISO standards. Significantly more articles about
ABS and PC/ABS fitting this criterion were found, than articles about PP and PS recycled
from EEE. Only the properties of previous recycled plastics without added additives were
included in the comparisons, since very few of the articles studied the effects of additives,
and even fewer used additives that were also used in the current study. The information
of the previous recycled plastics is shown in Annex F. The properties are compared in
Figure 35.
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Figure 35. The properties of the studied recycled plastics compared to vir-

gin and previous recycled plastics. X = properties of the additive-free sam-
ples, black dots = properties of studied recycled plastics with additives, grey
dots = properties of virgin plastics, circles = properties of previous recycled
plastics. a) modulus, b) yield stress, c) yield strain, d) break stress, e) break

strain.
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It can be seen in Figure 35a that the recycled plastics from this study generally had quite
high moduli when compared to either the virgin or the previous recycled plastics. For PP
the moduli of the studied recycled plastics were higher than those of either the virgin or
previous recycled plastics. PS was an exception, since when compared to the virgin
plastics, the moduli of the studied recycled plastics was average. However, the modulus
of the previous recycled PS was still lower. For ABS the moduli of the previous recycled
plastics were on average slightly higher than those of the virgin plastics. The moduli of
the studied recycled ABS samples were approximately at the same level with the upper
values of both virgin and previous recycled plastics. The moduli of PC/ABS were similarly
at the same level with the upper values of virgin and previous recycled plastics, but this
time the virgin plastics had a higher average modulus than the previous recycled plastics
did.

Figure 35b shows the yield stresses of the plastics. Most articles on previous recycled
plastics did not explicitly give a yield stress, and instead a tensile strength was given.
However, as the tensile strength was determined as the yield stress for all plastics in this
study, the previous recycled plastics were assumed to behave similarly, and thus the
tensile strengths of the previous recycled plastics were compared with the yield stresses
of the virgin and studied recycled plastics. The average yield stresses of the studied
recycled plastics were approximately at the same level as the average yield stresses of
the virgin plastics, especially for ABS and PC/ABS. For PP the average vyield stress of
studied recycled samples was slightly above average, and for PS it was below average.
The yield stresses of the previous recycled plastics were mostly below those of the stud-
ied recycled plastics and were also on average worse than the yield stresses of the virgin
plastics. PP was an exception to this, as the average yield stresses of virgin and previous

recycled PP were quite close to each other.

The articles on the previous recycled plastics had only one yield strain value, so previous
recycled plastics were omitted from Figure 35c. The relationship of the yield strains of
the studied recycled plastics, when compared to the virgin plastics, varied. The yield
strains of the studied recycled ABS and PC/ABS samples were slightly below the aver-
age strains of the virgin plastics. The strains of the studied recycled PS samples were
quite significantly below the average strain of the virgin PS. However, the strains of the
studied recycled PP samples were considerably higher than the average strain of the

virgin PP.

Very few break stress values were available for previous recycled plastics, and so they
were left out again from Figure 35d. Similarly, no break stresses were available for virgin

PP and ABS, so only the break stresses of the studied recycled PS and PC/ABS samples
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can be compared. Both of their stresses were slightly below the average stress of the

virgin plastics.

There were no break strain values available for previous recycled PP, so in Figure 35e
the studied recycled PP samples can only be compared to the virgin PP. The average
break strains of the studied and previous recycled plastics were at about the same level
for PS, ABS, and PC/ABS. The break strains of the studied and previous recycled plas-
tics were quite significantly below the strains of the virgin plastics, except for PS, whose
average strains for studied recycled, previous recycled, and virgin plastics were all rela-

tively close to each other.

As can be seen, the properties of the studied recycled plastics resembled the properties
of the virgin plastics in some cases, but in other cases they were reminiscent of the
properties of the previous recycled plastics. Based on yield stress the studied recycled
plastics were closer to the virgin plastics, but the break strains were closer to the previous
recycled plastics. The higher yield stress of the studied recycled plastics might be ex-
plained, if the fillers found in Chapter 7.2 are the kind, that has a reinforcing effect on the
polymer, which was mentioned to be possible in some cases in Chapter 3.3. They might
also explain why the break strains of the studied recycled plastics are so low compared
to the break strains of the virgin plastics, as in Chapter 3.3 fillers were said to typically
decrease strains. It might also be that the recycling process described in Chapter 2.2.3
was exceptionally good compared to the previous recycled plastics, meaning there were
less impurities in the studied recycled materials to weaken them. However, the degrada-
tion during use and processing seems to have weakened the studied recycled plastics

enough to decrease the break strain.

Engineering plastics generally have good properties even after recycling and can there-
fore be effectively reused [153]. The comparisons in Figure 35 are mainly consistent with
this observation, except for the break strains, which had decreased quite significantly in
some cases. The amount of recycled plastic used in EEE today is still very low [49] [50].
However, the companies in the industry are constantly working to improve their products
on this front. This can be seen in the publications written by Nordic Council of Ministers
[49] and DIGITALEUROPE [154], which describe how several EEE manufacturers plan
to increase the amount of recycled plastic in their products in the future. As the properties
of the recycled plastics studied in this thesis were quite good, they would likely be suita-
ble to be used as material in new EEE, as long as the inferior break strains will not be an
issue or can be improved. This would be the ideal situation, as the ultimate goal of a
circular economy would be to set up a closed-loop system, where the material will circu-

late within the EEE industry [49]. However, if the decreased break strains are an issue
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and the plastics need to be downcycled, they can be used as blends or in composites
[153]. The composites can be used in such applications as construction, the transporta-

tion industry, and the aerospace industry [153].

8.3 Is recycling WEEE plastics rational?

In many cases the reason why more recycled plastics are not used in products is due to
the higher price of the recycled plastic. However, as a large portion of plastics used in
EEE are engineering plastics, which are expensive, using recycled plastics can in this
case be cheaper [49] [153]. Additionally, the prices of recycled plastics are less affected
by crude oil prices [50]. In addition to being economically beneficial, using more recycled
plastic is of course also ecologically advantageous. Using recycled plastics when making
a product could reduce the environmental impact of the product considerably, even by
over 20 % [49].

So, if the price of recycled plastic is not the reason why they are not used more in EEE,
then what is? One problem is the number of different types of plastics used in EEE. The
high number of plastics makes sorting them a complicated process. If sorting is done,
the resulting batches of different plastics will be too small to be economically worthwhile.
This can be solved by harmonising the plastic types used in EEE. This would reduce the
number of plastics used and increase the individual material streams after recycling. An-
other problem are the large number of different chemicals and additives used in EEE
plastics, which can form an obstacle against recycling. The solution to this problem is to
design the products so that the amount of chemicals and additives used can be reduced.
A problem related to the identification of plastics has to do with the identification codes
used to mark the plastic types of the parts in EEE, and how they are often not correct.
This means they cannot be used in recycling the plastic parts of EEE, and instead an-
other method must be used, such as NIR. The incorrect markings are caused by using
a mould, that was originally only meant to be used with one type of plastic, with another
one, which means the identification code marking on the mould is now incorrect. This
could be corrected by being stricter about mould usage. Additionally, if the number of
plastic types were to be reduced, there would be less of a need to use the same mould
to make parts out of different plastics. Finally, a list of guidelines for the designing of EEE
ought to be compiled as a collaboration between the producers and the manufacturers
that would encourage the producers to design more circular and easier to recycle prod-
ucts. [49]
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9. CONCLUSIONS

This study aimed to find out which additive types would be best at preventing thermal
oxidation and preserving the MW and MWD, whether rheological and mechanical prop-
erties can be used to assess how well the additives have maintained the MW and MWD,
and if the recycled plastics had good enough properties to be used in EEE. It was found
that there are differences in how additive types affect the properties of different plastics.
The MW was found to increase the most with AOs for PP, with GM for PS, and with CEs
for ABS and PC/ABS. The results indicated that the zero-shear viscosity and modulus,
as well as the yield and break stresses and strains agreed rather well on which additive
type gave the highest MW for each plastic and are thus quite reliable in assessing
changes in MW. However, the Power-law index, as well as the yield and break stresses
and strains were significantly less reliable in estimating the MWD. The properties of the
recycled plastics were quite good in comparison to the virgin plastics, except for the
break strains, and could likely be used to replace at least a portion of virgin plastics in
new EEE.

A micro compounder was used to produce the samples for the study, for which tensile
and rheological properties were determined. The micro compounder was chosen as a
method of producing the samples even though it causes more degradation in the poly-
mer. An idea for a further study could be to do the same experiments on samples pro-
duced on a full-sized injection moulding machine and extruder to see how the higher
shear stresses of the micro compounder affected the properties of the polymers. In ad-
dition, the additives chosen for the study were quite limited, only epoxy-type CEs and
primary AOs were used, so additional studies could be done using different types of AOs
and CEs. The tensile and rheological properties were chosen as the way to assess the
changes in the MW and MWD. However, as the properties can also be altered due to
the interactions between the new additives and the previous additives in the recycled
plastics, a subject for a further study could be finding a more direct way to estimate the
changes in MW and MWD that is less dependent on other factors. Additionally, a study
could be carried out to see what previous additives are present in the recycled plastics,
and what interactions they have with the new additives that could cause the changes in
the properties. Finally, it was stated, based on the most effective additive types for each
plastic, that PP had few hydroxyl and carboxyl groups, PS had more hydroxyl groups,
and ABS and PC/ABS had more carboxyl groups. This could be studied further to see if
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this conclusion is true, and if it is what explains why certain additive types were more

effective for different plastics than others.

This study has provided plenty of valuable information. Most importantly, it has proven
that preventing or reducing the degradation during processing requires different types of
additives for different polymers. Additionally, it has shown, that the recycling process
used to obtain the recycled plastics studied in this study produced plastic fractions with
higher tensile strengths than the recycled plastics found in literature. This study has also
produced more data on the properties of PP and PS recycled from WEEE, which were
lacking, since the majority of the previous literature on the recycled WEEE plastics was
concerned with ABS and PC/ABS. Additionally, no data was found in previous literature
on Joncryl ADR 4400 and Joncryl ADR 4468 being used with PP, PS, ABS, or PC/ABS,

and it has now been produced.

As the properties of the recycled WEEE plastics are generally very close to the virgin
plastics, it is recommended that the amount of recycled plastic in new EEE be increased.
In order to make recycling easier, the products should be designed accordingly. As men-
tioned, the number of plastic types used should be reduced to a few essential ones, and

the overall amount of additives and chemicals should be decreased.
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ANNEX B: VISCOSITY RESULTS

Viscosity curves of PP samples
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Figure B.1. Viscosity curves of additive-
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Figure B.3. Viscosity curves of PP with
0,5 % of CE 1 (Joncryl ADR 4400).
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Figure B.2. Viscosity curves of additive-

free PP disc samples.
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Figure B.4. Viscosity curves of PP with
1 % of CE 1 (Joncryl ADR 4400).
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Figure B.5. Viscosity curves of PP with
0,5 % of CE 2 (Joncryl ADR 4468).
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Figure B.7. Viscosity curves of PP with
0,5 % of AO 1 (Irganox 1010).
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Figure B.9. Viscosity curves of PP with
0,5 % of AO 2 (Irganox 1076).
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Figure B.6. Viscosity curves of PP with
1 % of CE 2 (Joncryl ADR 4468).
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Figure B.8. Viscosity curves of PP with
1 % of AO 1 (Irganox 1010).
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Figure B.10. Viscosity curves of PP with
1 % of AO 2 (Irganox 1076).



10000 1
Loop §600ees0ba,,

I K
= 100 )
=
wv
o
2
> 10

® PP_GM_0,5%_1

A PP_GM_0,5%_2

. PP_GM_0,5%_3
001 01 1 1o 100

Shear rate [1/s]

Figure B.11. Viscosity curves of PP with

0,5 % of GM.

Viscosity curves of PS samples
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Figure B.12. Viscosity curves of addi-

tive-free PS milled samples.

10 000 1~
66064,
[ ® ® ® o
—1000 - e
*m [
£ $
> ®
',
g 100 A ®
>
ePS d 1
APS d 2
*
10 PS_d|_3 T T 1
0,01 0,1 1 10 100

Shear rate [1/s]

Figure B.13. Viscosity curves of addi-

tive-free PS disc samples.
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Figure B.14. Viscosity curves of PS with Figure B.15. Viscosity curves of PS with

0,5 % of CE 1 (Joncryl ADR 4400). 1 % of CE 1 (Joncryl ADR 4400).
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Figure B.16. Viscosity curves of PS with  Figure B.17. Viscosity curves of PS with

0,5 % of CE 2 (Joncryl ADR 4468). 1 % of CE 2 (Joncryl ADR 4468).
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Figure B.18. Viscosity curves of PS with  Figure B.19. Viscosity curves of PS with
0,5 % of AO 1 (Irganox 1010). 1 % of AO 1 (Irganox 1010).
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Figure B.20. Viscosity curves of PS with  Figure B.21. Viscosity curves of PS with

0,5 % of AO 2 (Irganox 1076). 1 % of AO 2 (Irganox 1076).
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Figure B.22. Viscosity curves of PS with
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Viscosity curves of ABS samples
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Figure B.23. Viscosity curves of addi-

tive-free ABS milled samples.
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Figure B.25. Viscosity curves of ABS

with 0,5 % of CE 1 (Joncryl ADR 4400).
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Figure B.27. Viscosity curves of ABS

with 0,5 % of CE 2 (Joncryl ADR 4468).
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Figure B.24. Viscosity curves of addi-

tive-free ABS disc samples.
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Figure B.26. Viscosity curves of ABS
with 1 % of CE 1 (Joncryl ADR 4400).
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Figure B.28. Viscosity curves of ABS
with 1 % of CE 2 (Joncryl ADR 4468).
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Figure B.29. Viscosity curves of ABS
with 0,5 % of AO 1 (Irganox 1010).
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Figure B.31. Viscosity curves of ABS
with 0,5 % of AO 2 (Irganox 1076).
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Figure B.33. Viscosity curves of ABS
with 0,5 % of GM.
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Figure B.30. Viscosity curves of ABS
with 1 % of AO 1 (Irganox 1010).
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Figure B.32. Viscosity curves of ABS
with 1 % of AO 2 (Irganox 1076).
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Viscosity curves of PC/ABS samples
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Figure B.34. Viscosity curves of addi-
tive-free PC/ABS milled samples.
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Figure B.35. Viscosity curves of addi-

tive-free PC/ABS disc samples.
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Figure B.36. Viscosity curves of PC/ABS Figure B.37. Viscosity curves of PC/ABS

with 0,5 % of CE 1 (Joncryl ADR 4400).
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with 1 % of CE 1 (Joncryl ADR 4400).
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Figure B.38. Viscosity curves of PC/ABS Figure B.39. Viscosity curves of PC/ABS

with 0,5 % of CE 2 (Joncryl ADR 4468).

with 1 % of CE 2 (Joncryl ADR 4468).
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Figure B.40. Viscosity curves of PC/ABS Figure B.41. Viscosity curves of PC/ABS
with 1 % of AO 1 (Irganox 1010).

with 0,5 % of AO 1 (Irganox 1010).
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Figure B.42. Viscosity curves of PC/ABS Figure B.43. Viscosity curves of PC/ABS
with 1 % of AO 2 (Irganox 1076).

with 0,5 % of AO 2 (Irganox 1076).
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Figure B.44. Viscosity curves of PC/ABS
with 0,5 % of GM.
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ANNEX C: PROCEDURE FOR CALCULATING
THE POWER-LAW INDICES

The Power-law indices were calculated by using the Excel add-in Solver. The indices
were determined by fitting a Power-law model onto the last three data points of each
viscosity curve. The index of the first additive-free milled PP sample is calculated as an

example of the procedure (Figure C.1).

A B C D L
1 |PP_m
2 1
3 |shearrate viscosity (measured) viscosity (calculated) error
4 |1/s Pa*s Pa*s Pa*s
] 39,9 311 3114366164 0,190633872
& 63,3 206 204,6650739 1,782027791
¥ 100 134 135,0164276 1,033125096
8
g |Sum 3,005786759 (Pa*s)"2
10 |n 0,090 -
11 |K 8906,908303 Pa*s*n

Figure C.1. Values for calculating the Power-law index for a viscosity curve.

Cells A5 — A7 show the shear rates of the last three data points of the viscosity curve.
Cells B5 — B7 show the viscosities measured at these shear rates. Cells C5 — C7 show

the viscosities calculated with the Power-law model shown in Equation C.1.
ne=Ky" (C.1)

n.:  calculated viscosity [Pa*s], in cells C5 — C7
K: consistency factor [Pa*s"], in cell B11
shear rate [1/s], in cells A5 — A7

Power-law index [-], in cell B10

Cells D5 — D7 show the difference between the calculated and measured viscosities
raised to the power of 2 (Equation C.2). Cell B9 shows the sum of all the errors in cells
D5 - D7.

error = (e = Nm)? (C.2)

n.:  calculated viscosity [Pa*s], in cells C5 — C7

Nm: Mmeasured viscosity [Pa*s], in cells B5 — B7

Figure C.2 shows the setting of the Solver.
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Solver V<3
o) (QOE)
Objective (Minimize $B%9 )

Constraints (Add formula cells with limits)

Model (Type: Click to Diagnose)

Figure C.2. Excel Solver settings.

The sum of the errors in cell B9 is set as the Obijective, and the Solver is asked to mini-
mize the value. The Variables are the Power-law index in B10 and the consistency factor
in B11. With these settings the Solver will find values for the Power-law index and con-
sistency factor that make the sum of the errors as small as possible. This means the
calculated viscosities of the Power-law model’s curve will be as close to the measured
viscosities as possible. The Power-law index in B10 then tells the Power-law index of the

measured viscosity curve.
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ANNEX D: TENSILE PROPERTIES

Tensile test curves of PP samples
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Figure D.1. Stress as a function of extensometer strain (left) and nominal strain
(right) for additive-free PP.
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Figure D.2. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 0,5 % of CE 1 (Joncryl ADR 4400).
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Figure D.3. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 1 % of CE 1 (Joncryl ADR 4400).
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Figure D.4. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 0,5 % of CE 2 (Joncryl ADR 4468).
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Figure D.5. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 1 % of CE 2 (Joncryl ADR 4468).
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Figure D.6. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 0,5 % of AO 1 (Irganox 1010).
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Figure D.7. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 1 % of AO 1 (Irganox 1010).
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Figure D.8. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 0,5 % of AO 2 (Irganox 1076).
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Figure D.9. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 1 % of AO 2 (Irganox 1076).

35 - 35 -
30 A — 30
25 4 25
g g
s 20 A s 20
o o
@ 15 A @ 15
& ® PP_GM_1 &
10 1 A PP_GM_2 10 1 .
+PP_GM_3
5 4 PP_GM_4 5 e PP_GM_1 aPP_GM_2
PP GM 5 ¢ PP_GM_3 PP_GM_4
0 ¥ T T T T — _I 0 R T T T T T T 1
0 0,01 0,02 0,03 0,04 0,05 o o1 02 03 04 05 06 0,7
Extensometer strain [mm/mm)] Nominal strain [mm/mm]

Figure D.10. Stress as a function of extensometer strain (left) and nominal strain
(right) for PP with 0,5 % of GM.

The extensometer malfunctioned while measuring samples PP_AO1_1%_4,
PP_AO2_0,5%_3, PP_AO2_0,5%_5, and PP_GM_4. As the yield stresses and strains
were not determined with the extensometer strains for PP this did not affect the results.

The malfunctioning happened at high enough strains so that it did not affect the moduli.
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Tensile test curves of PS samples

35 1 35 - =
30 0 11\ —
] ; ] =
\\‘t_ e
1]
25 A 25 A Je
— —_— ¢.
& & e
S 20 S 20 - ¢ *a
o o °
§ 15 A § 15 A
& ePS 1 & ePS_1
10 - APS 2 10 ~ A PS_2
*PS 3 +PS_3
5 PS_4 5 - PS_4
PS_5 ; PS_5
0 h g T T T T 1 0 h g T T T T 1
0 0,01 0,02 0,03 004 0,05 0 0,1 0,2 0,3 0,4 0,5
Extensometer strain [mm/mm] Nominal strain [mm/mm]

Figure D.11. Stress as a function of extensometer strain (left) and nominal strain
(right) for additive-free PS.
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Figure D.12. Stress as a function of extensometer strain (leff) and nominal strain
(right) for PS with 0,5 % of CE 1 (Joncryl ADR 4400).
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Figure D.13. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 1 % of CE 1 (Joncryl ADR 4400).
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Figure D.14. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 0,5 % of CE 2 (Joncryl ADR 4468).
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Figure D.15. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 1 % of CE 2 (Joncryl ADR 4468).
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Figure D.16. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 0,5 % of AO 1 (Irganox 1010).
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Figure D.17. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 1 % of AO 1 (Irganox 1010).
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Figure D.18. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 0,5 % of AO 2 (Irganox 1076).
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Figure D.19. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 1 % of AO 2 (Irganox 1076).
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Figure D.20. Stress as a function of extensometer strain (left) and nominal strain
(right) for PS with 0,5 % of GM.

The extensometer malfunctioned while measuring sample PS_GM_2. This curve was
excluded when calculating the average modulus, yield stress, and yield strain for PS with
GM.

Tensile test curves of ABS samples
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Figure D.21. Stress as a function of extensometer strain (leff) and nominal strain
(right) for additive-free ABS.
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Figure D.22. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 0,5 % of CE 1 (Joncryl ADR 4400).
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Figure D.23. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 1 % of CE 1 (Joncryl ADR 4400).
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Figure D.24. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 0,5 % of CE 2 (Joncryl ADR 4468).
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Figure D.25. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 1 % of CE 2 (Joncryl ADR 4468).
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Figure D.26. Stress as a function of extensometer strain (leff) and nominal strain
(right) for ABS with 0,5 % of AO 1 (Irganox 1010).
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Figure D.27. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 1 % of AO 1 (Irganox 1010).
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Figure D.28. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 0,5 % of AO 2 (Irganox 1076).
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Figure D.29. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 1 % of AO 2 (Irganox 1076).
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Figure D.30. Stress as a function of extensometer strain (left) and nominal strain
(right) for ABS with 0,5 % of GM.
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The extensometer malfunctioned while measuring sample ABS_CE2_0,5%_3. This
curve was excluded when calculating the average modulus, yield stress, and yield strain
for ABS with 0,5 % of CE 2.

Tensile test curves of PC/ABS samples
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Figure D.31. Stress as a function of extensometer strain (left) and nominal strain
(right) for additive-free PC/ABS.
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Figure D.32. Stress as a function of extensometer strain (leff) and nominal strain
(right) for PC/ABS with 0,5 % of CE 1 (Joncryl ADR 4400).
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Figure D.33. Stress as a function of extensometer strain (left) and nominal strain
(right) for PC/ABS with 1 % of CE 1 (Joncryl ADR 4400).
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Figure D.34. Stress as a function of extensometer strain (left) and nominal strain
(right) for PC/ABS with 0,5 % of CE 2 (Joncryl ADR 4468).
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Figure D.35. Stress as a function of extensometer strain (left) and nominal strain
(right) for PC/ABS with 1 % of CE 2 (Joncryl ADR 4468).

119



70 A 70 -
i »
60 - — 60 - /“ B
50 y 50 A / j k‘
g g /
S 40 A S 40 {4
— [r— i
(%) 0 ’f
¢ 30 1 €304 4 .o
&a e PC/ABS_AO1_0,5%_1 A / & PC/ABS_AO1_0,5% 1
20 + 4 PC/ABS_AO1_0,5% 2 20 A 4 PC/ABS_AO1_0,5% 2
+ PC/ABS_AO1_0,5%_3 + PC/ABS_AO1_0,5% 3
10 1 PC/ABS_AO1_0,5% 4 10 + PC/ABS_AO1_0,5% 5
0 PC/ABS_AO1_0,5% 5 . PC/ABS_AO1_0,5%_ 4
0 001 002 003 004 005 0 005 01 015 02 0,25
Extensometer strain [mm/mm] Nominal strain [mm/mm]

Figure D.36. Stress as a function of extensometer strain (left) and nominal strain
(right) for PC/ABS with 0,5 % of AO 1 (Irganox 1010).
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Figure D.37. Stress as a function of extensometer strain (left) and nominal strain
(right) for PC/ABS with 1 % of AO 1 (Irganox 1010).
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Figure D.38. Stress as a function of extensometer strain (left) and nominal strain
(right) for PC/ABS with 0,5 % of AO 2 (Irganox 1076).
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Figure D.39. Stress as a function of extensometer strain (left) and nominal strain
(right) for PC/ABS with 1 % of AO 2 (Irganox 1076).
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Figure D.40. Stress as a function of extensometer strain (leff) and nominal strain
(right) for PC/ABS with 0,5 % of GM.
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ANNEX E: VIRGIN POLYMERS

Product Polymer Applications

Braskem [144]

EP 440N PP Home appliances

SABIC [145]

Sabic PP 412MN40 PP Thin wall technical injection moulding articles

Sabic PP 48M10 PP Components for the electrotechnical industry

Sabic PP 48M40 PP Components for the electrotechnical industry

Sabic PP 512MN10 PP Vacuum cleaner housings

Sabic PP 58MNK10 PP Household applications

Sabic PP PHC28 PP Electronic equipment

Sabic PP PPA20 PP Home appliances, houseware

TotalEnergies [146]

PPC 3650 PP Technical parts

PPC 4640 PP Technical parts

PPC 4660 PP Technical parts

PPC 4663 PP Technical parts

PPC 5660 PP Technical parts

PPC 6742 PP Technical parts

PPC 7712 PP Technical parts

PPC 7810 B PP Technical parts

PPC 7650 PP Technical parts

PPC 9612 PP Technical parts

PPC 9760 PP Technical parts

PPC 9712 PP Technical parts

8260 PS Appliances, fridges

3450 PS Technical parts

6540 PS Appliances, Housewares, Technical parts

3630 PS Technical parts

Covestro [147]

Bayblend FR1514 PC/ABS  Supporting material for energized parts

Bayblend FR1514 BBS073 PC/ABS  Supporting material for energized parts

Bayblend FR3005 HF BBS314 PC/ABS Components for the electrical/electronics sector

Bayblend M301 FR PC/ABS Electrical and electronic devices

Bayblend M303 FR PC/ABS Electrical and electronic devices

Makroblend EL703 PC/ABS  Outdoor electrical enclosures

Trinseo [148]

Emerge PC/ABS 7700 PC/ABS  Electrical housings, consumer electronics, infor-
mation technology equipment

Emerge PC/ABS 7710 SK PC/ABS  Consumer electronics, wearable devices

Emerge PC/ABS 7710 PC/ABS Electrical housings, electrical equipment enclo-
sures

Emerge PC/ABS 7570 PC/ABS  Electrical housing, smartphone/tablet/laptop
housing/casing

Emerge PC/ABS 7700 SK PC/ABS  Consumer electronics, wearable devices
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Product Polymer Applications

Magnum 8391 ABS Household appliance

Magnum 3453 ABS Household appliances, telephones, electrical
and computer equipment

Styron 634 PS Household applications

ELIX Polymers [149]

5120 PC/ABS Small household appliances, electrical switches,
distribution, power sets

5130 PC/ABS Coffee machine, electrical switches, distribution
boards, power sets

P2H-AT ABS Washing machine panel, kitchen & coffee ma-
chines, electrical switches

P2M-AT ABS Power toolboxes

M203 ABS Washing machine panel, electrical switches, dis-
tribution boards, power sets

118HF ABS Housing big parts

M201AS ABS Telephones, electronic boards and housings, re-
frigerator door handles

P3H-AT ABS Lawnmowers, dishwasher panel, lids for electri-
cal accumulators and power sets

H605 ABS Enclosures for electric devices

E310 ABS Refrigerator panel

E401 ABS Refrigerator panel

Ineos Styrolution [150]

Novodur P2H-AT ABS Household appliances, oven casings

Novodur P4XF ABS Large housings

Novodur E401 ABS Refrigerator inliner

Novodur P2M-AT ABS Household appliances

Novodur P2MC ABS Household appliances

Novodur P3H-AT ABS Household appliances, washing machines

Novodur H605 ABS Vacuum cleaner

Novodur H701 ABS Home appliances, electrical and electronics

Terluran GP-22 ABS Appliance housings

Terluran GP-35 ABS Thin wall components for telecommunications

Terluran GP-35 White ABS Housings of electronic and entertainment de-
vices, appliance housings

Terluran HI-10 ABS Appliance housings

Terluran SP-6 ABS Household appliances

Styrolution PS 165N/L PS Transparent parts for refrigerators

Versalis [151]

F 332 ABS Small appliances, electrical components

L 322 ABS Household appliances

SK 112 ABS Electronics

N 3380 PS Technical items, refrigerator clear components

N 3560 PS Injection moulding of domestic appliances,
housewares, refrigerators

N 3840 PS Glossy sheets for fridge applications,

housewares
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Product Polymer Applications

R 321P PS Housewares, technical items, refrigerator com-
ponents

F 332 ABS Small appliances, electrical components

L 322 ABS Household appliances

SK 112 ABS Electronics

Synthos [152]

Synthos PS GP 152 PS Drawers for storing vegetables in refrigerators

Synthos PS GP 585A PS Drawers for storing vegetables in refrigerators




ANNEX F: RECYCLED POLYMERS
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Table F.1. * = The values were read from figures and might not be perfectly accurate.

The brackets in the Polymer-cells show the polymer ratio for PC/ABS if it was available.

If it was not available, it is shown as (?/?).

Polymer | Modulus Tensile Break Standard Recycled from Source
strength strain
(MPa) (MPa) (%)

PP - 26,5 - ASTM Electrical home appli- [18]
ances

PP 955,23 23,45 - ASTM Electronics waste from [6]
computer parts

PS 2061,2 243 27,2 ASTM Waste keyboards [16]

ABS - 20 - GB Housing plastics of air [7
conditioner

ABS - 42,2 11 ISO Domestic appliances [8]

ABS 2400 39,2 12 ISO Dismantled Volvo 700 [9]
series cars

ABS - 39 - GB Lead-acid battery shells  [10]

ABS 2850 * 41> 25* ASTM Electronic equipment [17]
housing

ABS 2250 * - 13,5* ISO Computers [15]

ABS 2110 32,5 7 ISO Housings [20]

ABS 2153 31,27 9,38 ASTM Waste keyboards [16]

ABS 2591 - 1,68 ISO WEEE [19]

PC/ABS | 2338 57,3 - ISO Automotive signal light [14]

(80/20) production waste

PC/ABS | - 59* - GB Shells of waste electrical [11]

(80/20) appliances

PC/ABS | - 55,1 11 ISO CDs [8]

(70/30)

PC/ABS | 2400 46,1 12 ISO Dismantled Volvo 700 [9]

(70/30) series cars

PC/ABS | 2773,7 50,41 7,16 ASTM E-waste [12]

(?17?)

PC/ABS | 2809,7 53,27 3,996 ASTM E-waste [12]

(?17?)

PC/ABS | 2753,7 48,29 5,85 ASTM E-waste [12]

(?17?)

PC/ABS | 1807 39,1 6,09 ASTM Electronic waste plastic [13]

(?/?) products

PC/ABS | 2400 * - 21~ ISO Computers [15]

(?1?)

PC/ABS | 2103 56 16 ISO Housings [20]

(?1?)

PC/ABS | 1830 48 18 ISO Housings [20]

(2/?)




