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English Abstract

English Abstract

The increasing plastic consumption and inadequate end-of-life solutions have led to significant
pollution, prompting policymakers to act. In a circular economy, waste reduction is essential,
but recycling must also replace landfilling and energy recovery. To achieve this, a holistic
perspective is needed to identify challenges across the entire lifecycle. This research explores
key questions like: Can packaging be fully recyclable? What role do labels play? And why are
there no closed-loop applications for polypropylene (PP)? Additionally, the perceptions of

consumers were examined to understand their often neglected view.

This study analyzed various PP packaging through mechanical, thermal, and rheological
testing, comparing them within each other and to virgin materials. Online surveys were used

to gather consumer pereceptions.

Findings revealed that while labels serve as crucial information carriers and display good
mechanical stability, rheological and thermal analysis highlighted persistent challenges.
Furthermore, toxic substances detected after processing indicate that label recycling must be
approached with caution. Therefore, using 100% of the packaging for recycling is not yet
possible, however, the efficient use of labels (around 2% of packaging) brings us closer to

achieving this goal.

PP faces additional obstacles due to its different grades and various decoration technologies,
which hinder accurate sorting and closed-loop recycling. Inks, such as those found on labels,
introduce harmful substances that affect the safety of the recycled material. Meanwhile,
consumer perceptions of plastic remain largely negative, despite its crucial role in closing the

recycling loop.

Collaboration between all parties involved is essential for a successful transition. Inks need to
be removed from the recycling stream through an easily removable label. In addition,
standardization of PP grades and decoration methods would improve identification and
sorting, resulting in larger quantities of high-quality recyclates. Clearer guidelines would also
raise consumer confidence in recycling. A systemic shift is necessary—only through joint

efforts can plastic packaging become a truly circular material.
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Deutsche Kurzfassung

Deutsche Kurzfassung

Der steigende Kunststoffverbrauch und unzureichende Losungen der Entsorgung haben zu
einer erheblichen Verschmutzung gefiihrt, die politische Entscheidungstrager zum Handeln
zwingt. In einer Kreislaufwirtschaft sollte Reduktion an erster Stelle stehen, Recycling sollte
dazu dienen die Deponierung und energetische Verwertung so gut als moéglich zu ersetzen.
Diese Dissertation diente zur Identifizierung von Herausforderungen entlang des Kunststoff
Wertschopfungskreislaufs, wofiir eine ganzheitliche Sichtweise erforderlich ist. Daraus
ergaben sich unter anderem folgende Fragen: Kénnen Verpackungen vollstandig recycelt
werden? Welche Rolle spielen Etiketten? Warum gibt es keine geschlossenen
Kreislaufanwendungen fiir Polypropylen (PP)? AuBerdem wurde die Wahrnehmung der

Verbraucher_innen untersucht, um ihre oft vernachlassigte Sichtweise zu verstehen.

Es wurden verschiedene PP-Verpackungen mechanisch, thermisch und rheologisch
untersucht und untereinander sowie mit Neuware verglichen. Mittels Online-Umfragen

wurde die Wahrnehmung der Verbraucher_innen abgefragt.

Die Ergebnisse zeigten, dass die Etiketten zwar wichtige Informationstrager sind und
mechanisch recycelt werden koénnen. Allerdings, hindern vor allem gefundene toxische
Substanzen das Recycling dieser. Auch wenn somit eine Wiederverwertbarkeit von 100 %
noch nicht moglich ist, bringt uns die effiziente Verwendung von Etiketten (etwa 2 % der
Verpackungen) diesem Ziel ndher. PP hindert durch seine unterschiedlichen Qualitaten und
die verschiedenen Dekorationstechniken eine genaue Sortierung und ein Recycling im
geschlossenen Kreislauf. Gleichzeitig wird Kunststoff von den Verbrauchern und
Verbraucherinnen nach wie vor negativ wahrgenommen, obwohl diese eine entscheidende

Rolle bei der SchlielBung des Recyclingkreislaufs von angefallenen Verpackungen spielen.

Fiir einen Wandel ist die Zusammenarbeit zwischen allen Beteiligten unerldsslich. Druckfarben
mussen durch ein leicht entfernbares Etikett aus dem Recyclingstrom entfernt werden.
Standardisierung der PP-Sorten und Dekorationsmethoden kann Rezyklatmengen erhdhen,
aufgrund der besseren Identifizierung und Sortierung. Weiters braucht es klare
Kommunikation, um das Vertrauen der Verbraucher_innen zu starken. Nur durch gemeinsame

Anstrengungen konnen Kunststoffverpackungen zu einem echten Kreislaufmaterial werden.

A
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Introduction & Motivation

1 Introduction & Motivation

“Circular economy” is a term that is often used loosely, which can lead to great damage in the
long term; according to Kirchherr et al. (2017) [1], it can be defined “as an economic system
that replaces the ‘end-of-life’ concept with reducing, alternatively reusing, recycling and
recovering materials in production/distribution and consumption processes. [...] with the aim
to accomplish sustainable development, thus simultaneously creating environmental quality,

economic prosperity and social equity, to the benefit of current and future generations.” [1].

Among others, the project Pack2thelLoop (#907682) was accompanied, and the following
individual circle was followed, which could be viewed holistically with the project partners and

provided orientation for this thesis, see Figure 1-1.

(i
COLLECTION
PRODUCTION SORTING
: ' ' ' RECYCLING

MATERIALS TESTING

Figure 1-1. Life cycle stages for the circular economy of plastics used for orientation in the
project “Pack2theloop” (#907682). This research was funded by the FFG — Austrian
Research Promotion Agency.
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Naturally, the focus was on the Austrian recycling system and, thus, on systems in already
highly developed countries due to the high level of research activities in Europe. However, it
should be made clear that despite the lack of literature from South America and Africa [2], the
development in those countries is not less important, but unfortunately, it was simply not
within the scope to examine these systems as well. Nevertheless, hopefully, with the following
findings from Austria, progress can also be made worldwide, and possible obstacles can be
avoided. It must also be clear that it does not make sense to impose the European system
exactly as it is on other continents [3], and therefore, the results should serve to build
knowledge, because a waste management system must be adapted according to political,

economic, and cultural circumstances [4].

However, Europe should not rest on its laurels with its already well-developed recycling
systems [5], as communication and collaboration along this plastic life cycle are essential and

still lacking [6].

It is important to improve recycling so that it can become more relevant. Solutions are also
needed for seemingly minor challenges, and efforts should be made to anticipate and research

future challenges and limits of recycling, which is why Chapter 3 is so important.

While the end-of-life stage is currently the focus of research [6] and also of great importance
[7], it was also often the focus of this dissertation, yet with a broader perspective on the topic
of design & manufacturing (in Figure 1-1 “Production”), because design & manufacturing can
lay the basis to reduce waste during the use phase [7]. This was highlighted in Chapter 4. Last
but not least, the consumer (actually even on top in Figure 1-1) is an important pillar for
behavioral change toward waste reduction [7] therefore, Chapter 5 was dedicated to

consumers and their perception.

This introduction (Chapter 1), along with the Discussion (Chapter 6) and Conclusion & Outlook
(Chapter 7), summarizes the key points from Chapters 3-5, highlighting the most important
findings of this thesis. In Chapters 3-5, a more detailed exploration of the specific topics is

provided.
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1.1 Plastic Consumption

Plastic production has increased steadily worldwide in recent years and is meant to increase
further [8], [9]. In the year 2023, 413.8 Mt of plastics were produced globally. Europe accounts
for 12 % of plastics production, or 54 Mt of which 13.2 % are mechanically recycled [9]. As the
European Union (EU) is aiming for a circular economy, including the recycling of plastics [10],
[11], it remains clear that there is still a lot to do. Additionally, many countries and global
organizations are implementing legislation and policies to address plastic pollution in different
forms [12]. This shows the urgency of this extremely important topic of polymers, which are
omnipresent and are used in a variety of areas, with the leading sector being packaging (39 %),
followed by building & construction (22.9 %), automotive (8.3 %), and others. Having a look at
the different polymers in use the variety is impressive with only mentioning the common
packaging polymers Polypropylene (PP), Polyethylene — (Linear) Low Density (PE-LD & PE-LLD),
Polyethylene—High or Medium Density (PE-HD & PE-MD), Polyethylene terephthalate (PET),

and Polystyrene (PS). With 15.9 % PP is the leading polymer used for a variety of products [13].
1.2 Polypropylene (PP) - a diverse stream

PP is a chain of many propylene monomers, polymerized using a metallocene or Ziegler-Natta
catalyst. Depending on the different catalysts and polymerization methods, PP can vary in
stereochemical configuration, which results in different properties. By adjusting the molar
mass, the flowability of the polymer is modified. Consequently, various grades of PP are suited
for different processing methods and application areas. This versatility is one of the reasons
why PP is nowadays found in many different applications. Only in the packaging sector, PP is

used for trays, cups, bottles, buckets, and sheets, such as labels [14], [15].

These PP products differ in their flowability, which is usually measured in the industry as the
melt flow rate (MFR). Consequently, the molar mass can be derived from the MFR; a high MFR
indicates a low molar mass (low viscosity). This, in turn, affects the range of manufacturing
processes, as thermoforming, blow molding, and injection molding all require increasing MFR
[16], [17]. Further, the mechanical properties are affected, high MFR leads to low (brittle)

elongations at break [18].
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This means in most European countries, where packaging is currently collected separately by
polymer, there is a diverse stream of different grades of PP. As a result, recyclers must manage
varying qualities [19]. Leading to regranulates with high MFR values, which limits the

application to injection molding products and impedes closed-loop applications [17], [20].
1.3 Disadvantages of plastic

But it's not just PP that still has challenges to overcome; plastic, in general, has become sadly
famous precisely because of its negative properties. The harmful effects of plastics and their
contribution to environmental waste that threatens ecosystems and wildlife are alarming the
society [21]. Recycling rates must be improved, as too much plastic waste is still landfilled
globally. While most of the focus is on plastic packaging, this represents only 40 % of the total
demand [22]. However, the remaining 60 % of non-packaging will also require our attention
in the future, as they also end up in landfills. For instance, in the United States, in 2014, 75.5 %
of discarded plastics were sent to landfills [23], while in Europe, 23 % is still landfilled [22].

This not only leads to pollution but also leaves valuable resources untapped [24].

Another critical issue to consider is the generation of microplastics. Research is still working
to understand the risks and threats [25], [26], but it remains a complex topic that must be
accompanied by the scientific community to avoid unintended consequences [27]. Given the
continuous rise in plastic production [22], plastics seem to be here to stay. As such, we need
to treat it carefully, viewing it as a valuable resource to be kept in circulation to minimize

environmental damage, including the generation of microplastics.
1.4 Recycling as a solution?

Three strategies are emerging on the path to a circular economy. First, “slowing resource
loops” aims to keep the product in the use phase for longer. Second, “closing resource loops"
aims to achieve a circular path by recycling the materials of products that can no longer be
used. Third, “narrowing resource flows” is aimed at reducing resources. However, this strategy
is to be approached cautiously as it is also applied in linear systems to enhance efficiency and
produce more products with fewer resources. To sum up, for a circular economy, slowing
resource loops over time is essential, along with reducing resource usage and keeping them

in circulation [28]. A more specific approach involves the R-strategies (see Figure 1-2) that

4
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promote an ideal circular economy by using and producing products wisely. This includes the
principles of Refuse, Rethink, and Reduce at the top. The basis consists of slowing resource
loops, emphasizing practices such as Reuse, Repair, Refurbish, Remanufacture, and
Repurpose. At the base of this pyramid, we are left with the last options: Recycle and Recover
[29], [30]. This confirms that recycling should be viewed as one of the last options in a
product's life cycle. [31]. Nevertheless, it is crucial to improve the system from the bottom up
since issues in recycling, as defined in this thesis, need to be addressed at the design and
manufacturing stage. It is also clear that the transition from a linear to a circular system entails
numerous challenges, not only rethinking product and service designs, but also changes in
consumer behavior [29], which underlines the importance of a holistic perspective on that

topic.

Circular Economy

1. Smarter product
use and manufacture

Reus; 2. Extend lifespan of
Repair :
Refurbish products and its parts
Remanufacture
Repurpose
3. Useful application
of materials
Recycle
Recover

Linear Economy

Figure 1-2. R-strategies for a circular economy from Ries et al. [29].

1.5 Sorting and mechanical recycling process

For packaging, mechanical recycling is most important. In European countries, plastic
packaging is mostly collected with metal and/or composite material [32]. Following collection,
thorough sorting is therefore essential for recycling. Such a sorting plant is a high-tech facility,

which will be explained in detail in the following paragraph and by means of Figure 1-3.
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The input material is usually delivered in bags to a sack opener. After this, a screening section
separates the waste into different size categories, often using a rotary sieve. This is followed
by a wind sifter, which uses an air stream to remove fine residues like dust, small particles,
and light foils. Heavier feedstock falls onto a conveyor belt and continues through the sorting
process. A magnet placed above the conveyor belt is used to extract ferrous materials from
the stream. Nonferrous materials such as aluminum and copper are separated using an Eddy
current magnet. This type of magnet induces an electric current in the nonferrous, yet
conductive materials, creating a magnetic field around them. This induced magnetic field is
repelled by the rotor's surrounding magnetic field in the Eddy current magnet, allowing the
effective separation of nonferrous materials. Currently, the standout feature of a sorting
facility is the use of optical sensor-based separation. Various near-infrared spectroscopy
sensors scan the waste, and with integrated air nozzles positioned after the conveyor belt,
specific polymers (or paper, drink cartons, etc.) can be ejected. Each material produces distinct
reflected spectra when illuminated by a light source, allowing for quick and reliable
differentiation of the materials [33], [34]. Additionally, this sensor-based sorting is frequently
adapted and expanded by various new digital features, enhancing the performance [35], [36],
[37]. A ballistic separator is another commonly used unit that produces three different
fractions of materials. Due to its orbital movement and slight inclination, lightweight 2D
objects rise to the top, while heavier 3D objects fall to the bottom. The structure of the
paddles includes a sieved design, which also generates a third fraction comprised of small
residues. This process is often followed by additional sensor-based separation technologies.
In a sorting facility, the arrangement may vary depending on the feedstock and desired quality,

but ultimately, the fractions are separated by material type [33], [34].
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Figure 1-3. Sorting of plastics, metal, and drinking cartons (PMD) from Ragaert et al. [34].

After sorting, the material is sent to recycling plants based on the polymer type, where further
sorting occurs. Manual sorting is possible when recycling PET bottles, especially in the
production of food contact materials it is essential. The bottles with the caps and labels
attached are then shredded and, depending on the specific procedure, sent to a washing
process with caustic soda or otherwise pre-treated and sent for extrusion. The labels and caps
are removed from the bottle material in advance by float-sink separation and/or wind sifting.
Labels are currently incinerated [38]. However, in view of the increasing demand for efficient
recycling and the desire for recyclable packaging [39], [40], they could represent an interesting

fraction.

The recycling of PP works similarly in principle. After sorting with the above-mentioned
equipment, and washing, the extrusion process is the main part where stabilizers can be
added to produce a suitable recyclate. However, due to economic reasons, PP is often recycled
as a “mixed Polyolefin” fraction [41] and licenses for a food-grade PP recycling are still lacking
[42]. Furthermore, as previously stated, the diverse properties of PP present significant
challenges for recyclers, who must manage various quality stages and depend on the input

material. [19].
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1.6 Design & Recycling

1.6.1 Decoration technologies for PET bottles

For PET bottles, labels are an essential part of the packaging as they convey important
information. For the brand owner, it is a tool for communicating with consumers to encourage
them to buy, and it contains mandatory information such as the best-before date, ingredients,
as well as graphical illustrations for an appealing appearance, and recycling instructions.
Labels can be made from different materials, either plastics (PP, PS, PET, PE, etc.) or paper,
and are used in nearly all sectors (food, automotive, electronics, cosmetics, etc.). For PET
bottles, next to labels, which usually cover only a part of the packaging, plastic sleeves are also
of importance. On the one hand, sleeves have the advantage of not requiring adhesive, but
on the other hand, they cover the entire packaging and can complicate the sorting process for
recycling [43], [44]. Appropriate measures can, however, increase correct sorting [45]. Then,
sleeves and labels can help achieve proper separation between the pure base material and

ink-contaminated label or sleeve material [46].
1.6.2 Decoration technologies for cups

There are many shapes, sizes, and decoration technologies for cups. In the case of in-mold
labeling, the label for the packaging is inserted into the mold beforehand, in which the
packaging is then blow- or injection-molded, but also as a thermoforming process, it is already
on the market. The product is, therefore, joined to the label in a single step by heat-sealing,
which saves an additional, subsequent step for attaching the label. Furthermore, its enhanced
appearance is often highlighted as an advantage. However, for recycling, the enclosed inks

and pigments are hardly removable and, thus, degrade the regranulate [15], [47].

There are various processes for direct printing, all based on the same principle: printing
directly onto the packaging. The thickness of the ink layer may vary depending on the specific
method used. However, like in-mold labeling, these processes share the drawback that the ink

cannot necessarily be removed during recycling. [48].

Another common method of decorating cups is to use the aforementioned sleeves (Chapter
1.6.1). A classical wrap-around plastic sleeve is prepared, and with heat shrinking, it is

attached to any shape of packaging, like a common dairy cup. Furthermore, cardboard sleeves

8
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also exist for cups. However, they cannot heat shrink, but are ideally attached without [48] as

seen in Chapter 4, often with an adhesive point or line.

Additionally, cups with paper labels exist either as self-adhesive or as in-mold labels [15], [49].
However, the amounts in the investigated stream (Chapter 4) were negligible and, therefore,

not further examined in this dissertation.
1.7 Insight into the Consumer

Consumers may not even be aware of this, but they themselves are an essential part of a well-
functioning and successful circular economy [1]. Packaging reaches the end of its life in the
use phase, and it is then up to the consumer to decide whether their packaging can follow a
linear or circular path. However, consumers often struggle with uncertainties [50] and rely on
their gut feeling using hints such as color and material (depending on their cultural
background) [51]. This aligns with Lindh et al. [52] who concluded that consumers refer to the
material when questioned about the environmental impact of packaging. Especially in
comparison to paper, assumptions such as plastic is “bad” and paper is “good” persist [53].
This can be disadvantageous as social and moral norms, as well as psychological factors, such
as perceived convenience, explain and predict consumers’ recycling intention [2], [54], [55].
These factors are also consistent in explaining the consumption behavior of plastics, in which

the influence of habits and social desirability, in particular, play an important role [56].

For recycling, it is assumed that extrinsic factors, in conjunction with existing motivation,
increase the intention to recycle [57]. However, in urban areas, it is particularly difficult to
increase the collection rates of plastic packaging [58]. Aligning with other literature, it is
suggested that despite external factors like adequate waste management, a positive attitude
towards recycling remains essential [59], [60]. Furthermore, the perceived value of materials
is relevant as the appearance of the packaging influences not only the perceived product
quality [61] but also the decision on whether to recycle something or not. Reusable packaging,

for example, is perceived as more valuable and is more likely to be recycled [62], [63].
1.7.1 Communication with Consumers

The fact that consumers are often not considered in the plastics value chain hinders a circular

system and results in consumers not being able to make informed choices. [6]. This could be

9
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remedied with labels, which are already used by many consumers as guidance [51]. However,
they must be straightforward, easily understandable, and regarded as reliable information by
consumers [64]. In addition, the collection systems must be simple, which currently favors the
change to use co-mingled systems (all plastic and metal). Nonetheless, a changeover must be
accompanied by education and awareness campaigns, standardized labels, and deposit
systems to encourage people to recognize waste as recyclable materials and separate it
sufficiently [58]. This can be enhanced by education programs that start at an early age, not
only because children learn how to manage waste properly, but also because parents are

indirectly brought on board, and it becomes a social norm for the community [2], [65].

Ultimately, however, good communication requires getting to the bottom of perceptions and
finding out what assumptions already exist about a material, such as plastic, and how these

differ from other materials and from the material's packaging and waste.
1.8 Legal Actions & Changes

The communication on the European Green Deal in 2019 brought a breath of fresh air to the
EU and put a large number of sectors under responsibility, but conveyed hopeful changes for
a better climate [66]. The action plan for the circular economy, a main pillar of the European
Green Deal, already provides a clearer framework and also clearly identifies the most
important value chains, including “plastics” and “packaging”, which are to be made more

sustainable [67].

However, even before the Green Deal, the Plastics Strategy [68], as part of the first Circular
Economy Action Plan [69], was intended to promote change in the plastics industry and
identify the challenges to be overcome. It also outlined the baseline on the path to a circular
economy for plastics. In addition to considerations on the Single-Use Plastics Directive, which
finally came into force in June 2019 [70], it also included the aim of revising the Packaging and
Packaging Waste Directive, which was finally amended and is now a regulation at the
beginning of 2025. It pursues the goal of only placing recyclable packaging on the market and
also contains “minimum recycling content” specifications for plastic packaging [71]. These
various packages of measures and strategies demonstrate the efforts of policymakers to

achieve a more sustainable use of plastic and the urgency of this topic.

10
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1.9 Problem Definition & Motivation

In summary, the increasing consumption of plastic that surrounds us in our everyday lives,
combined with pressure from regulators in recent years and growing consumer awareness, is

forcing stakeholders in the recycling value chain and the scientific community to act.

PP, a polymer used for a variety of applications, still poses challenges for recycling in terms of
contamination and lack of desired closed-loop applications. In addition, consumers are not
responsibly engaged in the plastics value chain, are misunderstood, and lack the information

to make decisions that support a circular economy.

For real change in the circular economy for plastics, a holistic view is needed to truly improve
PP recycling and better understand consumers. This dissertation was about finding ways to
achieve the ambitious goals of the legislation and ensure that PP becomes a polymer suitable
for reintegration into further life cycles by looking at it from different angles (from the

perspective of consumers, recyclers, and designers).

11
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2 Aims

The goal was to take a comprehensive and critical approach to the system and identify
strategies to enhance the recyclability of PP. Although the contributions may appear minimal
and disconnected, in such a complex system with numerous interrelated factors, it is crucial
to consider even the smallest contributions, as they can lead to significant positive impacts.
Furthermore, in a future circular economy, it will be all the more important to actively link the

previously linear life cycle stages into a circle.

To achieve these goals, the approach involved asking direct questions and challenging the
assumptions of the current system. Emphasizing diverse perspectives from multiple angles
was also a key priority. Although some stakeholders prefer to point out that waste
management and recycling in Austria are already working well and no improvements are

needed, it was dared to raise questions like the following:
» Can a packaging be 100% recyclable?

» Where do potential hazards in recycled materials come from? Maybe from

Inks?
» Are labels recyclable?
» Are particular decoration technologies unfavorable for recycling?
» s there a difference when sampling from different waste streams?
» Why are there, so far, no closed-loop applications with PP?
» What happens if the same polymer with different viscosities is mixed?
» What is the consumer perception of plastics?

The aim was not only to draw conclusions for Austria but also to gain insights that would be
of interest to a global audience. It was therefore important to consider all stakeholders along

the circular life cycle of packaging and, above all, not to forget the consumer.

Although the focus lies on seemingly small components to improve the recycling system, the

aim is also with this entirety of a dissertation to induce a systematic change with these
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findings. Nonetheless, in times of major legislative changes like the Packaging and Packaging
Waste Regulation (PPWR), we are probably at the best time to initiate a systematic change

with a redesign.

Additionally, a connection between the technical field and social sciences was initiated to
overcome barriers between those disciplines and start a transdisciplinary approach. However,

it showed that this is a very complex system where further efforts are necessary.

Finally, this research is aimed at people, not only at the scientific community, which is why it
was especially important and desired to publish open access and to make the results of this

research visible to as many people as possible.
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3 Unexpected obstacles in mechanical
recycling of polypropylene Ilabels: Are
ambitious recycling targets achievable?

The following manuscript is published in Resources, Conservation and Recycling, 200, 107299.
Jessica Schlossnikl, Elisabeth Pinter, Mitchell P. Jones, Thomas Koch, Vasiliki-Maria

Archodoulaki
3.1 Introduction

Recycling would appear to be everywhere, and its alternatives are increasingly less socially
acceptable [72] and yet only 35% of European plastic consumer waste was recycled in 2020.
Most plastic waste in Europe is thermally recovered (42%) but a considerable portion (23%)
still ends up in landfill [22]. These realities in addition to scientific consensus on the effects of
climate change and shifting social norms are driving more ambitious recycling legislation
included in the Green Deal, which comprises a series of policies and regulations aimed at
promoting circular economy in the EU. Among these recent reforms, the Packaging and
Packaging Waste Directive (PPWD) was revised to stipulate that all packaging must be either
reusable or recyclable in an economically viable manner by 2030, with a target of 100%

recyclability in all packaging [39], [40].

The future of recycling will include many previously unconsidered and as yet academically and
industrially neglected recycling fractions including labels. Labels traditionally serve an
informative and aesthetic function for products, providing consumers with information on
ingredients, nutrition, and allergens, [44], [73], in addition to serving an inventory and logistics
function for supermarkets and supply chains and providing marketing space for branding [74],
[75]. They have, however, never been considered an economically viable fraction for
mechanical recycling due to their low quantities (~65,160 tons/year in the EU27+UK based on
a label that comprises 1.81 + 0.48 % (see Appendix Table A-3) of the total packaging mass and
a PET bottle market volume of 3.6 MT in 2020 [76]) and potential processing hazards

originating from inks, pigments, and other additives [47].
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Bottles are typically shredded without prior removal of caps or labels, the labels wind sifted,
rejected, and incinerated. Shredded bottles and caps are then separated using a swim-sink
process into a polyethylene terephthalate (PET) fraction and a mixed polypropylene (PP) and
polyethylene (PE) fraction [38]. Polymer contamination (PP in PE or vice versa) can result in
different deformation mechanisms in recycled blends, which have important ramifications for
recycling [77], [78]. Clean flexible material, such as labels, can be mechanically recycled [79]
but coloring and printing impurities in labels can lead to reduced mechanical properties and
luminous transmittance levels [46]. The presence of up to 1 wt.% virtually unremovable PP
label contamination in waste electrical and electronic equipment (WEEE) can also cause small
changes in the mechanical properties of acrylonitrile butadiene styrene (ABS) and polyvinyl
chloride (PVC) [80]. Scope of application for recycled labels has otherwise been limited to use

as a foaming agent (21% labels) [81].

Alternatives to labels, such as shrink sleeves can also be used to protect bottles. Both labels
and sleeves may play a systemic role enabling recyclability of base packaging material by
isolating higher concentrations of pigments and other printing additives to a single easily
removed packaging component [46]. Sleeves have the advantage of not requiring adhesives
but are hard to detect using near infrared (NIR) sorting, especially if they contain a large,
printed surface area. Sleeves are commonly produced from PET, polystyrene (PS) and PVC,
materials which may not match the bottle material, resulting in misidentification of the
packaging during sorting [45]. Labels are typically favored over sleeves due to their smaller
size, which is not only more efficient in terms of material use but also facilitates easier and
more accurate sorting. To date, the recyclability of labels represents a scarcity in the literature

but will likely become more relevant to the future of recycling.

We conducted a comprehensive investigation into the mechanical recyclability of PP labels to
provide foundational information on their recycling characteristics but more importantly to
demonstrate the unique range of unanticipated considerations that one must confront when
working with as-of-yet poorly characterized recycling fractions. The mechanical and
processing properties of pre- and post-consumer PP labels and virgin-recyclate blends were

characterized and noteworthy morphological features and toxicology data collected.

15



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 3

3.2 Materials & Methods

3.2.1 Materials

PET bottles were collected from post-consumer recycling bins in eastern Austria and their
labels removed. Pre-consumer labels were kindly provided by AluPrint (Vratky, Slovakia) to
enable comparison between pre- and post-consumer labels. PPHD601CF PP was kindly
provided by Borealis (Vienna, Austria) to serve as a virgin reference for the base material of
the pure labels and to investigate virgin-recyclate blends. This PP was selected due to its
similar melt mass-flow rate (MFR) to the label material and similar intended application. Post-
consumer material was hand-washed with a mixture of water and detergent upon collection
and rinsed with tap water. Labels were identified based on a combination of visual and haptic
properties coupled with attenuated total reflection (ATR) Fourier transform infrared (FT-IR)
spectroscopy. PP labels were retained while others were discarded. This screening process
simplified the label stream and consequently reduced the likelihood of complex deformation
phenomena associated with polymer contamination [77]. In principle, industrial solutions
exist for a separation of PP and PE [82], [83]. However, due to cost and efficiency restrictions,
the current industrial practice would likely see this stream end up in a mixed polyolefin

fraction [43], [84]. All other material was used as received.
3.2.2 Thermal and morphological analysis of the labels

Differential scanning calorimetry (DSC) is used to sample recycling batches for polymer
impurities [85], however, only rough approximations of impurity concentration can be
achieved using this method [86], [87]. Pre-consumer labels were analyzed both before and
after processing (extrusion) using a TA Instruments Q 2000 DSC (TA Instruments, New Castle,
DE, USA). A 5+ 0.5 mg sample mass of each label or polymer granule was deposited in an
alumina testing pan and sealed. Samples were heated from 20 to 200 °C at 10 K/min, cooled
at the same rate to 20 °C, and then reheated under the same heating conditions as previously
described. A nitrogen atmosphere was maintained at all times using a flow rate of 50 mL/min.
The melting temperature T, of the second heating run was analyzed using TA Instruments

Software TRIOS 5.1.1. Analysis was based on three replicate specimens for each sample type.
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The penetration depths of NIR and ATR FT-IR technologies are dependent on the absorbance
of the sample material at the respective wavelengths. NIR tends to be less sensitive to surface
features and is commonly used in sorting polymer-based household waste [88], [89], [90]. ATR
FT-IR is more suitable for assessing pigments, additives, and other surface characteristics.
Examples of additives that can be detected by FT-IR include the optical brightener Uvitex [91]
and antioxidants Irganox 1010 and 1076 [92], [93], [94]. IR spectra were recorded using a
Bruker TENSOR 27 FT-IR instrument (Bruker, Billerica, MA, USA) with an ATR diamond
(DuraSample IR 1) with single reflection. Three sites were measured across three replicate
labels for all label types. 16 scans were conducted in the mid-IR spectrum between 600 and
4000 cm™! with a resolution of 4 cm™, which contains the fingerprint region where polymers

can be detected more specifically [95], [96].

To observe spherulitic morphology, injection molded tensile impact strength specimens
prepared from pre-consumer labels were sliced through their cross section (thickness of 30
pum) using a Microm HM 360 Microtome (Microm, Germany). Specimens were heated and
cooled using a temperature program matching that used for DSC measurements using a THMS
600 Linkam microscope temperature stage (Linkam scientific instruments, UK), and imaged
using a Zeiss Axio Lab (Carl Zeiss Microscopy, Germany) optical microscope. Pre-consumer
labels with a thickness of 35 um were investigated as received in the same way. Mixing quality
was evaluated using gold sputtered fracture surfaces of tensile impact tested specimens and
a Zeiss EVO 10 (Carl Zeiss Microscopy, Germany) scanning electron microscope (SEM) at an

accelerating voltage of 3 kV.
3.2.3 Extrusion of label-virgin blends

Pre- and post-consumer labels were mixed in increments of 10 wt.% from 10-50 wt.% with
virgin PP. Pure pre- and post-consumer labels and label-virgin blends, were extruded using a
single screw extruder (EX-18-26-1.5, Extron Engineering Oy, Finland) with a screw diameter of
18 mm, length-to-diameter ratio of 25:1 at 240 °C and 70 rpm screw speed. The extruded
material was then ground into flakes using a mill (Fritsch Pulverisette 19, FRITSCH GmbH,

Germany), and a sieved fraction of 4 mm was collected.

The linear mixing rule (Eqg. 3-1) was used during blending as the use of logarithmic or natural

logarithmic mixing rules yielded negligible difference in calculated zero-shear viscosity 1. The
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linear mixing rule also serves as a good approximation for blends with minimal MFR
differences [97]. o was calculated using the linear mixing rule by summing the respective

weight fraction (x;) multiplied by the respective viscosity (1;) of the components.

Mo = in ni (3-1)

l

3.2.4 Injection and compression molding of label-virgin blends and preparation of the

mechanical and rheological test specimens

Pure pre- and post-consumer labels and label-virgin blends were injection molded to prepare
tensile (impact) strength specimens using a Haake Mini Lab Il twin screw extruder coupled
with a Haake Mini Jet Il injection molding unit (Thermo Fisher Scientific, Waltham, MA, USA).
Extrusion was completed at 230 °C with a screw speed of 100 rpm. Injection molding was
completed at a mold temperature of 40 °C and a pressure of 350 bar with injection and post-
injection times both of 10 s. At least eight dog-bone tensile (thickness 2 £ 0.2 mm) and tensile
impact test specimens (thickness 1.2 + 0.06 mm) were molded in accordance with ISO 527-2-
5A [98] and ISO 8256/1A [99], respectively. Tensile impact test specimens were notched on

both sides (each 2 mm) with a Notch-Vis tool (Ceast, Germany).

Pure pre- and post-consumer labels and label-virgin blends were compression molded (Collin
P 200 P, Germany) using an aluminum pattern sandwiched between Teflon® and steel plates
at 210 °C and 50 bar with a cooling rate of 15 K/min to prepare dynamic shear rheology test
specimens for all materials in accordance with I1SO 19069-2:2016 [100]. Disc-shaped

specimens were produced with a diameter of 25 mm and a height of 1.2 mm.
3.2.5 Tensile (impact) testing and rheological testing of label-virgin samples

A universal testing system comprising a Zwick 050 frame, 2.5 kN load cell and extensometer
(Zwick Roell, Germany) was used to perform tensile tests on the prepared specimens at a
constant velocity of 20 mm/min. The elastic modulus E, yield stress g,, and elongation at
break e were calculated using the ZwickRoell testXpert Il software (v. 3.6) across six replicate
tests. An Instron 9050 impact pendulum (Ceast, Pianezza, Italy) equipped with a 2 J hammer
and 15 g crosshead mass was used to establish the tensile impact strength a;y of the notched

samples across at least eight replicates.
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Dynamic shear rheology was tested using frequency sweeps on a MCR 302 rheometer (Anton
Paar, Graz, Austria) equipped with a plate-plate system (1 mm gap size) and a heating hood
purged with nitrogen. The temperature was constant at 230 °C during the experiments while
deformation was raised logarithmically from 1% to 2% at a frequency ranging from 628 rad/s

to 0.01 rad/s. ny was selected at a frequency of 0.1 rad/s.

The MFR was measured for at least eight replicates of each sample according to 1ISO 1133-1

[101] at 230 °C under a 2.16 kg load on the MeltFloW basic (Karg Industrietechnik, Germany).

While 7, is correlated with material properties, such as molecular weight and branching
structures [102], the MFR is used in quality management to assess the flowability of polymers
at a given shear rate [103]. 1o, in principle, provided insight into how accurate and useful the

MFR measurements were.
3.2.6 Chemical and biological analysis of labels

Pure pre-consumer (before and after processing) and pure post-consumer (after processing
only) labels were measured using gas chromatography-mass spectrometry (GC-MS) and in
vitro bioassays (miniaturized Ames test). 5 g (for chemical analysis) and 30 g (for in vitro
bioassays) samples, respectively, were immersed in 100 mL of ethanol (95 %) and migrated at

60 °C for 10 days.

For GC-MS, 100 pL ethanol migrate, 5 mL ultrapure water and 10 plL internal standard
(dodecan-d26) were applied. A pre-conditioned solid phase micro-extraction (SPME) sampler
comprising 2 cm, 50/30 um divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
(Stableflex Fibre, Supelco) was used to extract the samples at 80 °C for 20 min. Separation and
identification was performed using an Agilent 6890 gas chromatograph with mass-selection
detector HP 5975 (Agilent, USA), a quartz capillary (HP 5MS) and helium as a carrier gas.
Substance identification was performed through comparison with a database (Wiley, National
Institute of Standards and Technology) with acceptance criteria of >90% match probability.
Peak area was calculated but is not directly proportional to the concentration of the

substances in the sample. Results can consequently only be considered qualitatively.

Identified substances were assessed using the ToxTree in silico decision tree tool and grouped

into Cramer Classes I-1ll based on structural properties. Cramer Class Il and Il substances were
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considered more hazardous than Class | based on the structural alert for possible toxicity
[104]. Since only semi-quantitative concentration of the substances was possible and no oral
consumption of the substances is expected, the application of safety thresholds based on
Cramer Classes is not directly applicable. Nevertheless, these classes can provide insight into

the level of toxicity of each substance.

For in vitro bioassays, samples were concentrated to 1 mL according to the protocol by Rainer
et al. (2019) [105] using a Syncore® Analyst device (Bilichi, Germany) with a concentration
factor of ~300. Dimethyl sulfoxide (DMSO) was added, and the remaining ethanol removed
through evaporation until only the sample extract remained in DMSO. DMSO samples were
applied to the miniaturized liquid Ames microplate format test with TA98 and TA100 strains
as described by XENOMETRIX (2018) [106] and Meyer et al. (2023) [107]. S9 experiments were
completed using phenobarbital/fS-naphthoflavone induced S9 provided by Xenometrix
(Switzerland). Spiking experiments were also performed to assess interference effects from
inhibiting/bacteriotoxic substances. All experiments were performed in triplicate with solvent

blanks prepared and treated analogously.
3.3 Results and discussion

3.3.1 Sorting- and quality management related label characterization

Transparent or uncolored labels exhibited IR bands at 972 cm?, 1167 cm™, 1375 cm?,
1454 cm™, 2839 cm™, 2916 cm™ and 2949 cm™, which are characteristic of PP [108]. The
presence of color coatings resulted in changes in the FT-IR spectra of labels, such as reductions
in band intensity, omission, or addition of bands (Figure 3-1). Most notable differences in the
spectra of transparent, grey, red, and blue/orange colored PP labels were witnessed in the
region 600-1800 cm!, where the characteristic PP bands 972 cm, 1167 cm™, 1375 cm™ and

1454 cm™ were often indistinguishable from other signals.
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Figure 3-1. Fourier transform infrared (FT-IR) spectroscopy of transparent, grey, red, and mixed
color sections of pre- and post-consumer polypropylene (PP) labels. Notable bands
(marked with crosses) at 843 cm™, 1067 cm™, 1279 cm™, 1643 cm™ and 1720-1728
cm! differed from characteristic PP bands and were likely attributable to pigments or
coatings in printed sections.

Printed parts of the labels exhibited an additional notable band between 1720-1728 cm™,
which may be attributable to C=0 groups associated with organic pigments or additives, such
as azo pigments [109] or adhesives [110]. Blue/orange printed labels exhibited additional
notable bands at 843 cm™ and 1643 cm™ (C-O stretching) [111] most likely attributable to
CaC0s, which is commonly used as a pigment in paints [112], [113]. That said, the many
different components combined in paint, which exhibit their own characteristic bands, make
any decisive identification of the combination of pigments present challenging [114].

Additional bands included 1067 cm™ (C-O-H) [115] and 1279 cm™ (C-H stretching) [116].

DSC curves exhibited a melting peak at 145-148 °C (Figure 1-2). This peak was highly sensitive
to processing, appearing very subtly in unprocessed samples but becoming very prominent
after a single extrusion (processing). It should be noted that the location of this peak is quite
unfortunate since PP copolymers exhibit melting temperatures of 135-150 °C [16] and this
peak could subsequently be misinterpreted as being associated with a PP copolymer or
multilayer structure during recycling quality management processes, which often incorporate

DSC analysis [85], [89], [117]. Further investigation using light microscopy revealed that the
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peak was, in fact, attributable to S-spherulites. Spherulite size was considerably smaller in
processed labels, and black spots were visible in the micrographs. Color fragments (black spots
in micrographs), such as pigments, can act as nucleating agents for S-spherulites [118] that
are spread throughout the melt due to processing, causing nucleation to accelerate and
resulting in smaller spherulites. Color fragments could be observed in SEM micrographs but
did not form agglomerates (see Appendix Figure A-3). Polymer phase separation was also not

visible.
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Figure 3-2. Differential scanning calorimetry (DSC) thermograms of unprocessed (purple, T_m
= 145 °C) and processed (red, T,, = 148 °C) pre-consumer labels. These peaks are
associated with [3-spherulites (marked with arrows), shown in the corresponding
micrographs.

3.3.2 Pre- and post-consumer label viscosity and processing parameters

Melt viscosity and processing parameters, measured as the industry standard MFR and 7, as
an analytical reference, were unpredictable for both pre- and post-consumer labels in addition
to blends thereof (Figure 3-3). Notably, blends of both pre- and post-consumer labels and

virgin material, that would typically be used to compensate for the poorer mechanical and
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processing properties of the recycled labels, did not follow linear mixing rules. The
unpredictability of these blends means that recyclers may not be able to accurately predict
the processing properties of their materials and may be forced to test and modify mold and

machine parameters on a batch-by-batch basis at considerable effort and cost.
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Figure 3-3. (a) Melt flow rate (MFR, g/10 min) and (b) zero-shear viscosity (n_0, Pa-s) of pre-
(red circles) and post-consumer (blue diamonds) labels. Calculated linear mixing rule is
depicted using red and blue lines.

Increasing pre-consumer label material content in blends comprising labels and virgin PP
resulted in variations in MFR (Figure 3-3a). Variations in MFR could be attributable to complex
chain scission events or the presence, lack or varying concentration of stabilizers [119], [120].
An unpredictable MFR or lack of consistency with the linear mixing rule are highly relevant to
industry, which relies on the MFR to estimate flow properties to subsequently select

processing parameters.
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1o of blends comprising labels and virgin PP increased with increasing label content and
exhibited a closer fit to the linear mixing rule (Figure 3-3b). However, some samples did vary
considerably from their expected values, in an indirectly proportional relationship with the
MFR—a high MFR resulted in low viscosity and vice versa [18]. In fact, measured MFR typically
fell above the value estimated using the linear mixing rule, while 1, fell below the linear mixing
rule in most cases. Factoring in indirect proportionality, 1, data typically agreed with MFR
data and validated the use of MFR for quality management. This is significant since 1, data is
not available to most recyclers and consequently likely could not be used to inform recycling

decisions.
3.3.3 Mechanical properties of blends of pre- and post-consumer labels and virgin PP

Pre- and post-consumer labels had a lower E; (1351 MPa and 1431 MPa compared to 1777
MPa), g,, (33.5 MPa and 32.0 MPa compared to 39.4 MPa), considerably lower &5 (476% and
512% compared to 839%) and approximately the same a;y (38.5 klJ/m? and 41.7 ki/m?
compared to 40.6 kJ/m?) as virgin PP (Figure 3-4) While not mechanically equivalent to virgin
material, these properties indicated that recycled labels would still be mechanically suitable
for extrusion or injection molding applications of PP with minimal aesthetic and olfactory

requirements, such as plant pots, storage boxes or waste containers [121].

g, decreased only slightly with the addition of either pre- or post-consumer labels to virgin
PP, with an overall average reduction of 17% from pure virgin material to pure labels (Figure
3-4a). E; decreased incrementally with increasing pre-consumer label content with an overall
decrease of 24% between pure pre-consumer labels to pure virgin material (Figure 3-4b).
However, the addition of post-consumer labels was associated with more rapid decreases in
E;, with a threshold value of approximately 50 wt.% labels already resulting in a minimum E;

identical to that associated with pure post-consumer labels.

€g was much more sensitive to label content, with a 23% decrease associated with the
addition of only 10 wt.% pre- or post-consumer labels (Figure 3-4c). A threshold value of 40
wt.% pre-consumer labels resulted in a minimum identical to that associated with pure-pre
consumer labels. The same effect was witnessed in post-consumer labels, however, at a lower
threshold value of 20 wt.%. a;y was highly unpredictable in blends comprising labels and virgin
material (Figure 3-4d).
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The poorer mechanical properties of recycled labels compared to virgin PP can likely be
attributed to impurities and agglomerates of pigments [122]. However, polymer
contamination can also lead to deterioration of mechanical properties [77], [78], [123]. It
should be noted that poor quality recyclates and inhomogeneous recyclate compositions

resulting in inconsistent mechanical properties lead to high economic risk for industry [41].
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Figure 3-4.(a) Yield stress (a,, MPa), (b) elastic modulus (E;, MPa), (c) elongation at break (&g,
%) and (d) tensile impact strength (a.y, kJ/m?) of blends containing pre- (red circles)
and post-consumer (blue diamonds) labels.
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3.3.4 Chemical and biological analysis of pre- and post-consumer labels

Chemical analysis of unprocessed and processed pre- and post-consumer labels identified
linear and cyclic hydrocarbons, aromatic compounds, unidentified hydrocarbons, and other
unknown substances. Overall, 71 substances could be assigned Cramer Classes while 95
substances were unable to be identified. Most of the identified substances (73%) were
classified as Cramer Class | (non-toxic with a threshold of 1800 ug/person/day, see Appendix
Table A-4. Cramer class | substances identified in unprocessed and processed pre-consumer
labels and processed post-consumer labels.Table A-4). However, a considerable portion (21%)
of the remaining identified substances were Cramer Class Ill (highly toxic with a threshold of
90 ug/person/day), with a much smaller number (6%) of Cramer Class Il substances present
(moderately toxic with a threshold of 540 pg/person/day) (Table 3-1).

Table 3-1. Cramer Class Il and Il substances identified in unprocessed and processed pre-
consumer material and processed post-consumer material.

Substance CAS No. Pre-consumer Post-consumer Cramer

(processed) class

Unprocessed Processed

7,9-Di-tert-butyl-1-oxaspirol(4,5)deca-6,9-  82304-66-3 X x x 1
diene-2,8-dione

2,6-ditert-butylcyclohexa-2,5-diene-1,4- 719-22-2 X X x Il
dione

2,2-dimethoxy-1,2-diphenylethanone 24650-42-8 X X - 1]
2,6-di-tert-buty-4-hydroxy-4- 10396-80-2 X x - 1
methylcyclohexa-2,5-dien-1-one

Ethyl 3-(3,5-ditert-butyl-4-  36294-24-3 x x - I
hydroxyphenyl)propanoate

[(1R,2R)-2-phenylcyclobutyl]benzene 20071-09-4 - x - I
(3,5-diphenylcyclohexyl)benzene 28336-57-4 - X - I
2,6-di(propan-2-yl)naphthalene 24157-81-1 - - x I
3,5-dichloroaniline 626-43-7 - - X ]
Diphenylmethanone 119-61-9 - - x I
Heptadecanenitrile 5399-02-0 - - x 1}
Hexanedecanitrile 629-79-8 - - x 1
(4-methylphenyl)-phenylmethanone 134-84-9 - - x I
Phenyl-(4-phenylphenyl)methanone 2128-93-0 - - x I
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Nonanenitrile 2243-27-8 - - X 1}
Pentadecanenitrile 18300-91-9 - - x i
2,4-ditert-butyl-6-nitrophenol 20039-94-5 - - x 1}
3,5-di-tert-butyl-hydroxybenzaldehyde 1620-98-0 - - X 1]
2,6-ditert-butylphenol 128-39-2 - - X 1]

7,9-Di-tert-butyl-1-oxaspirol(4,5)deca-6,9-diene-2,8-dione and 2,6-ditert-butylcyclohexa-2,5-
diene-1,4-dione (common name: 2,6-Di-tert-butyl-p-benzoquinone), which are degradation
products of antioxidants typically used in polymer production [124], were present in all labels
(both unprocessed and processed pre-consumer and processed post-consumer labels). 2,2-
dimethoxy-1,2-diphenylethanone, 2,6-di-tert-buty-4-hydroxy-4-methylcyclohexa-2,5-dien-1-
one and ethyl 3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate were identified in both
unprocessed and processed pre-consumer labels but not post-consumer labels. This was likely
due to dilution of substances to levels below the detection limit in the more heterogeneous

post-consumer labels, compared to the more homogenous pre-consumer labels.

[(1R,2R)-2-phenylcyclobutyl]lbenzene and (3,5-diphenylcyclohexyl)benzene can be associated
with the presence of styrene-based substances and were only present in processed pre-
consumer labels. This indicated that the concentrations of these substances may increase as
a result of temperature or mechanical processing effects. Notably, biological analysis also led
to positive results in the miniaturized Ames test. Both test conditions TA98-S9 and TA100+S9
indicated the presence of DNA-reactive, mutagenic substances in processed and unprocessed
material. These strains cover a range of mutagens: TA98 monitors frameshift mutations and
TA100 point mutations, with and without metabolic activation through liver enzymes (which
indicates that more than one substance group could be responsible for the positive result).
That said, while mutagenic effects were noted, the responsible substance or substance group
could not be identified through chemical analysis. The positive result does, however, indicate

that the direct use of labels in recycling must be approached cautiously.

Notably, over half of the substances identified, many of which were Cramer Class lll, were
associated with processed post-consumer labels, suggesting that this post-consumer material
was considerably more critical than pre-consumer material. This is likely the result of
systematic changes, processing and aging effects or accumulation of contaminants over the

course of the material’s service life or in the waste stream. It could also simply be the result
28



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 3

of the pre-consumer labels selected for this study being coincidentally considerably different

(polymer, coating, pigments) from the post-consumer labels.

It should be noted that only label migrates were analyzed, which would likely never contact a
product being packaged using virgin material due to the exterior location of the label on the
packaging. These migrates could, however, be more problematic in recycled products where
their dispersed nature results in a greater probability of them interacting with the packaged

product.

3.4 Conclusion

Labels exhibit similar mechanical properties to most recyclates and can be suitable for
extrusion or injection molding applications of PP with minimal aesthetic and olfactory
requirements, such as plant pots, storage boxes, or waste containers. However, the
undesirability of labels as a recycling fraction is perhaps justifiable. Pigments contained in
labels can cause shifts in FT-IR bands and act as nucleating agents for B-spherulites causing
melting peaks that can be confused with copolymers or multilayered structures. This can
disrupt common characterization and quality control techniques used in the recycling sector.
More importantly, labels also exhibit highly unpredictable melting properties that lead to
problems in processing using the industry standard melt mass-flow rate. Linear mixing rules
consequently cannot be applied to blends of labels and virgin material, meaning that recyclers
may be unable to predict processing parameters and be forced to test and modify mold and
machine parameters on a batch-by-batch basis at considerable effort and cost. The elongation
at break of these blends is also highly sensitive to label content, meaning that even low (10
wt.%) quantities of labels will compromise the mechanical properties of virgin-recyclate
blends. Labels present additional processing challenges and safety concerns in the form of
Cramer Class Il toxic substances, most of which appear in processed post-consumer labels
due to the heterogeneous nature of this material stream. Potential DNA-reactive, mutagenic

effects were detected with in vitro bioassays both before and after processing.

Labels can certainly be recycled and could have useful applications; however, they are a minor
(just ~2% of the total mass of a bottle packaging product) and likely not economically viable
fraction that would require additional processing and infrastructure changes to process. This

small fraction would otherwise be incinerated or could, in light of very high circularity
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ambitions, be included (as a minor component) in a co-fed stream for chemical recycling
technologies, such as pyrolysis. Other more viable recycling fractions are abundantly available.
It is also worth noting that concentrating undesirable components, such as pigments, into a
single, small, and easily removable label, might even enhance recycling as contaminants are
restricted to a single packaging component. The use of compounds in labels, adhesives and
pigments is also differently regulated compared to food-contact packaging material, which
lends additional support to assigning labels a sacrificial ‘transport vector’ out of recycling
streams. Alternatively, if use as a recyclate is intended, design for recycling principles should
be applied during label, adhesive and pigment design. Setting aside their possible use as
recyclate, labels can play a systemic role and serve as recyclability enablers for the base
packaging material. The important role of labels in ambitious recycling schemes is, however,
likely of a different systemic nature: Educating customers on how best to sort and recycle their
packaging, which would likely have a far greater impact on reducing contamination, improving

recyclates and scope of application.
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4 Design and manufacturing diversity
undermine circularity: The case of a simple
yogurt cup

The following manuscript is published in Resources, Conservation and Recycling, 212, 107944,

Jessica Schlossnikl, Lea Gritsch, Thomas Koch, Vasiliki-Maria Archodoulaki

4.1 Introduction

The amount of plastic waste has increased in recent years, leading to a growing awareness in
society and industry. This is evident in legislative actions such as the proposal for a regulation
on packaging and packaging waste which also stipulates a minimum proportion of recycled
content in packaging from 2030 onwards [39]. Packaging is the most common use of plastic,
accounting for 39.1% of all plastic use. This makes it an attractive candidate for recycling.
Polypropylene (PP) is one of the most important packaging materials with a demand of 10
million tons in the year 2021 [22]. PP is a highly versatile polymer that can be processed into
sheets, pipes, or fibers. Its properties, especially the MFR, can be modified to suit the desired
application [16]. Previously, the primary focus was on designing products for functionality.
However, with increasing recycling targets, products must also be designed for recycling [125],
[126]. In addition to design-related problems on packaging, which leads to contamination
during recycling [127] communication between distributors and recyclers must also be
improved in this aspect [128]. However, as optical aspects as design are a more obvious aspect
scientific community is also well aware of the different properties resulting from different
applications and the resulting complexity due to several polymer grades of one polymer type
in a waste stream and, therefore, for recycling [129]. Eriksen et al. (2019) [17] focused on the
thermal degradation and processability of PET, PE, and PP, concluding on the importance of a
homogeneous waste stream, particularly for PP. Furthermore, the seasonal variation of
processing methods in PP bales for recyclers was depicted [19]. Mager et al. (2023) [130]
studied the substitutability of polyolefins, and Demets et al. (2021) [131] presented a
calculation method for substitutability that remains application specific. Finally, modification
methods with different copolymers and their predictability were also studied [97]. As waste

streams are mainly sorted by polymer group, no further distinction regarding processing
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parameters is made in the industry so far [34]. However, first attempts on a laboratory scale
have already been studied [132], [133]. Especially for packaging like yogurt cups, which is a
diverse stream [49] this might be interesting as closed-loop intentions are desired [39] and
have already been successfully tested on a laboratory scale [134]. Therefore, influences of
processing methods, commonly used additives, or fillers are of interest. Although Baltes et al.
(2019) [135] also studied the morphology of PP coming from waste streams, also focusing on
the difference by processing technology, this manuscript aims to provide additional
information due to a holistic approach with a wide range of methods with a further focus on
yogurt cups. It is generally assumed that a high-quality recyclate must be obtained with the
current PP waste stream. The aim of this study was therefore to analyze the challenges of the
current waste stream. The PP packaging was examined to investigate the influence of the
different molar masses on the recycling quality. In addition, a special focus was placed on
yogurt cups to find suggestions for improvement specifically for this idealized stream, where
several decoration technologies are present, and the creation of a promising recycling loop is
of particular interest. A thorough investigation of the mechanical properties of PP packaging,
especially yogurt cups, classified according to their decoration technology and analyzed as a
mixed stream is presented. PP yogurt cups are examined from two distinct waste streams:
mixed municipal solid waste (mixed MSW) collection and plastic packaging collection. Based
on the collection method, it became clear that it is not the collection method that limits the
mechanical quality, but the different compositions that recycling companies have to contend
with. For this reason, PP blends of different polymer grades were produced in order to be able
to make predictive statements. These tests were carried out with both virgin material and

post-consumer material and essential morphological features were documented.

4.2 Materials & Methods

4.2.1 Materials

Post-consumer material was collected in October 2021 from mixed MSW, plastic packaging
collection and public street bins, in a district in eastern Austria. It was hand-sorted into a
fraction of “cups” and hand-washed after sorting. Furthermore, the cups from mixed MSW
and plastic packaging collection were sorted manually into further categories: direct printed

(DP), plastic sleeved (S), cardboard sleeved cups (CS), and in-mold labeled (IML) cups.
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Furthermore, the processing method was visually assessed by its injection point and the
weight percentage documented. All decoration technologies except IML cups (due to
insufficient quantity) were processed as a separated fraction. Additionally, a mix of all
decoration technologies was processed as received from the waste stream. A subsequent
mechanical study was carried out with cups from a plastic collection from May 2022, in which
DP and S cups were analyzed separately according to their processing method (IM or TF) and
as a mix. Aim was always an idealized stream, that is why sleeves (cardboard and plastic), and
glues from CS cups were removed, assuming that in industry they are removed by wind sifting,
flake sorting or melt filtration [34]. Cups from the public street bin were used for the

incremental study with the same type of packaging and processing method.

Polypropylene packaging for characterization was collected explicitly after the use phase
before inserting it into a waste management system from households in eastern Austria.
These samples were collected per brand and packaging type, see Figure 4-1 (picture on the
left side). Certainly, we are aware that this collection cannot represent the variety of all
packaging on the market. Nevertheless, they provide a good representation, especially for
food packaging, such as cups. Some “packaging” samples combine the container and lid,
assuming consumers dispose of the package as a whole and to check compatibility. All
packaging was cleaned from major impurities like labels or residues and categorized per

packaging.

“Virgin” PP was selected due to its distinct melt mass-flow rates (MFR) but similar intended
applications, such as food packaging. PP HD601CF (MFR = 8 g/10min) and PP C7069-100NA
(MFR = 100 g/min) was kindly provided by Borealis (Vienna, Austria) and Braskem (Wesseling,
Germany) respectively, to serve as a virgin reference of blends of distinct molar masses and
therefore, distinct properties as a low average molar mass is associated with low impact
strength [16] and low elongation at break [136]. Figure 4-1 displays an overview of the

materials and usage.

33



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 4

[ packaging [ cups ] [ virgin ]

i : mixed plastic public ranules
after use phase MSW collection | | street bin 8

Cﬂfdbaam
sleeved

e

one exact DP, §, CS, DP, S, CS, Increments 5,10,15,25,30,
packaging type mix mix of 10 wt.% 40,50,75 wt.%
{_comparison > X comparison 5

Figure 4-1. The used material is displayed and assigned by group (packaging, cups, and virgin),
origin, examples, and the investigated fractions or concentrations used are shown from
the top down. Also, the fractions used for comparison are demonstrated, as shown by
the arrows. (DP...Direct Print; S...Sleeved; CS...Cardboard Sleeved; IM... injection
molded; TF...thermoformed) A more descriptive outline of the study can be found in the
Appendix, Table A-5.

4.2.2 Processing and analyzing methods
4.2.2.1 Thermal and morphological analysis of the packaging

Differential scanning calorimetry (DSC) is used to sample recycling batches for impurities [85].
Packaging was analyzed both before and after processing (extrusion) using a TA Instruments
Q 2000 DSC (New Castle, DE, USA). A 5 + 0.5 mg mass of each sample was deposited in an
alumina testing pan and sealed. Samples were heated from 20 to 200 °C at 10 K/min, cooled
at the same rate to 20 °C, and then reheated under the same heating conditions as previously
described. A nitrogen atmosphere was maintained at all times using a flow rate of 50 mL/min.
The melting temperature T, of the second heating run was analyzed using TA Instruments
Software TRIOS 5.1.1. Analysis was based on three replicate specimens for each sample type.
Mixing quality and impurities were evaluated using gold sputtered fracture surfaces of tensile
impact tested specimens and a Zeiss EVO 10 (Carl Zeiss Microscopy, Germany) scanning
electron microscope (SEM) at an accelerating voltage of 3 kV. The elemental mapping by

Energy Dispersive X-ray spectroscopy (EDX) was accomplished on a Zeiss Sigma 500 VP FEG-
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SEM (Carl Zeiss Microscopy, Germany) equipped with an EDAX Octane Elect Super EDX system

(Ametek GmbH, Germany) using the APEX software package.
4.2.2.2 Extrusion of packaging and PP-Blends

Cleaned “packaging” and “cups” without sleeves were cut into pieces and shredded using a
mill Fritsch Pulverisette 19, (FRITSCH GmbH, Germany) with a speed of 3000 rpm, so that a
sieved fraction of flakes of 4 mm was contained, which was inserted into the extrusion
process. Virgin blends (PP HD601CF with PP C7069-100NA) were mixed in increments of 5, 10,
15, 25, 30, 40, 50, and 75 wt.% covering minor contamination as well as higher rates. Post-
consumer cups (thermoformed with injection molded) coming from the public street bin
collection were also shredded into flakes of 4 mm and mixed in increments of 10 wt.% from
0-100 wt.%. Granules and flakes of packaging and blends respectively were extruded using a
single screw extruder (EX-18-26-1.5, Extron Engineering Oy, Finland) with a screw diameter of
18 mm, length-to-diameter ratio of 25:1 at 240 °C and 70 rpm screw speed. The extruded,
homogenized material was then ground using a mill (Fritsch Pulverisette 19, FRITSCH GmbH,

Germany), and a sieved regranulate of 4 mm was collected.

4.2.2.3 Injection molding of packaging and blends regranulate and preparation of the

mechanical test specimens

Blends and packaging regranulate were injection molded to prepare tensile strength and
tensile impact strength specimens using a Haake Mini Lab Il equipped with a co-rotating twin
screw extruder coupled with a Haake Mini Jet Il piston injection molding unit (Thermo Fisher
Scientific, Waltham, MA, USA). Extrusion was completed at 230 °C with a screw speed of
100 rpm. Injection molding was completed at a mold temperature of 40 °C and an injection
and holding pressure of 350 bar with injection and post-injection times both of 10 s. This is
not in accordance with ISO 19069-2 [100], however those parameters were used firstly for
comparison reasons to other blends, secondly because processing issues occurred at lower
temperatures and longer cycle times when demolding the sample and thirdly because also in
industry short cycle times and a high throughput are of importance (see also Appendix A-1.1
with Figure A-1 and Figure A-2). At least eight dog-bone tensile (thickness 2 + 0.2 mm) and

tensile impact test specimens (thickness 1.2 + 0.06 mm) were molded in accordance with ISO
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527-2-5A[98] and ISO 8256/1A [99], respectively. Tensile impact test specimens were notched

on both sides (each 2 mm) with a Notch-Vis tool (Ceast, Germany).
4.2.2.4 Tensile (impact) testing and rheological testing of packaging and PP-blend samples

A universal testing system comprising a Zwick 050 frame, 2.5 kN load cell and extensometer
(Zwick Roell, Germany) was used to perform tensile tests on the prepared specimens at a
constant velocity of 20 mm/min. The elastic modulus E;, and elongation at break &5 were
calculated using the ZwickRoell testXpert Il software (v. 3.6) across six replicate tests. An
Instron 9050 impact pendulum (Ceast, Pianezza, Italy) equipped with a 2 J hammer and 15 g
crosshead mass was used to establish the tensile impact strength a;, of the notched samples
across at least eight replicates. The a;y was calculated using the corrected impact energy
(E¢,in Joule) divided by the product of the distance between the notches (x) and the

specimen thickness (h), both in millimeter (Eq. 4-1) [99].

E; 5 kJ
= — 103—= 4-1
Ay s 10° — (4-1)

The MFR was measured for at least eight replicates of each sample according to ISO 1133-1
[101] at 230 °C under a 2.16 kg load on the MeltFloW basic (Karg Industrietechnik, Germany).
The MFR is used in quality management to assess the flowability of polymers at a given shear
rate [103]. In principle, comparison with the Arrhenius mixing rule (Eq. 4-2) provided insight
of the predictability of blends [137], [138], [139]. The MFR was calculated using the natural
logarithms by summing the respective weight fraction (x;) multiplied by the respective MFR;

of the components.
In MFR = in In MFR; (4-2)
i

4.3 Results and discussion

4.3.1 Comparison of the mechanical properties of a mixed MSW stream and a plastic

collection waste stream

Minor distinctions are evident comparing plastic waste coming from the mixed MSW fraction,
or plastic collection Figure 4-2, aligning with observations by other studies [140], [141],

asserting that quality is not waste source-specific. The utilization of diverse polymers in
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packaging, decoration, and components introduces the potential for polymer contamination
or other impurities [142], notably diminishing mechanical properties, particularly in the case
of polymer impurities [78]. However, the mechanical properties of E; and €5 exhibit negligible
differences. Cups across all categories display similar E; results from the mixed MSW fraction
and plastic collection, respectively. Additionally, consistent elongation at break results were
observed in all decoration categories (DP, CS, S). The CS category demonstrates homogeneity
in both mechanical properties and color as expected. However, this stream is presently
consumer-dependent, as accurate industrial sorting relies on the separation of the cardboard
sleeve [143]. While the S fraction also exhibits uniform color and mechanical results,
challenges akin to those of the CS fraction are raised, such as potential misidentification and
loss during recycling [144], [145], however due to Chen et al. (2023) [45] sleeved sorting can
be improved by minor changes. As sleeves and cardboard concentrate contamination, when
removing those, a pure recycling stream can be created, as already demonstrated with labels
on PET bottles [146]. However, slightly more variation in results is seen, depending on the fact
that S cups and DP cups (other than CS cups) are present in different processing methods, such
as thermoforming and injection molding. On the one hand directly printed cups possess a
higher likelihood of detection by a near infrared (NIR) sorting system as common pitfalls in
NIR sorting have been sleeves, black and dark colors [145], [147] as well as multilayers or films
[148]. On the other hand, deinking is required, which is not yet established and still entails
many uncertainties [149]. So, currently DP cups result in colored granulate as opposed to CS
and S cups. The “mix” fraction shows an &5 of 849+110% for plastic collection and 970+18%
for the mixed MSW. This obviously higher e with lower deviation can be explained by the
lower proportion (10.4%) of injection molded cups compared to a 31.2% in the plastic
collection. Documenting the processing method during sorting tests can provide important
information for further research. As it has been shown that the influence of the processing

method unequivocally affects the quality of recycled material.
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Figure 4-2. Elastic modulus (E;, MPa, squares) and elongation at break (eg, %, pentagons) of
a differently categorized cup fraction coming from a plastic collection (hollow, yellow-
blue) and mixed municipal solid waste collection (mixed MSW collection, partly filled,

gray).
Figure 4-3 illustrates specific distinctions between injection molded and thermoformed
materials, especially in DP and S cups. In the CS fraction, only thermoformed cups are found,
while IML cups are predominantly injection molded. E; for DP and S cups exhibits a reduction
of 25% and 29%, respectively, in the transition from thermoformed to injection molded (Figure
4-3a). However, the mixed streams ("mix") from each category (DP or S) only decrease by
approximately 10% from TF results, despite varying proportions of injection molded cups (DP

31%, S 21%).

€p experiences a substantial decrease of 96% (DP) and 98% (S) from thermoformed to
injection molded (Figure 4-3b). Whereas the decrease in €5 is minimal when transitioning from
thermoformed to the mix, with a 2% reduction for DP cups and a 4% reduction for S cups. The
reasons for these differences remain unclear, as the decrease cannot be unequivocally
attributed to the proportion of injection molded packaging. It is noteworthy that decreasing
molar mass (increasing MFR) results in decreased € [136]. Nonetheless, stringent standards
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are expected from recyclate, demanding similar properties to virgin material, however due to
its broad scope of use [16] from a waste source collected polypropylene contains various
molar masses resulting in different properties. Understanding the intricacies of this simplified
stream is crucial. These findings underscore the substantial variability polypropylene can
exhibit within even the same packaging type, emphasizing the importance of gaining insights

into various packaging types of PP.
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Figure 4-3. (a) Elastic modulus (E;, MPa, squares) and (b) elongation at break (g, %,
pentagons) both from the plastic collection (yellow-blue). Separated by processing
methods thermoformed (TF) and injection molded (IM).

4.3.2 Categorization of different PP packaging types

The tested packaging can be classified into three primary categories: Copolymers,

Thermoformed, and Injection molded packaging. In the case of the selected packaging, blow-
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molded packaging could be categorized as a copolymer (detergent bottle, sample name 4_C).
Copolymers exhibit, on average, a lower E; than PP Homopolymers, which can be attributed
to the ethylene proportion in copolymers [16]. As can be seen in Figure 4-4a, the average E;
of copolymers (1119 MPa) is followed by injection molded packaging (1252 MPa) and
Thermoformed packaging (1630 MPa). Nevertheless, copolymer results overlap with those of
injection molded packaging, as the maximum E; of copolymers (1289 MPa) exceeds the
median (1217 MPa) of injection molded packaging, and the median of copolymers (1109 MPa)
nearly equals the minimum of injection molded packaging (1105 MPa). Thermoformed
packaging slightly overlaps with injection molded packaging, but the majority of injection

molded packaging exhibits a lower E; than thermoformed packaging.

A noteworthy distinction in &5 is evident between copolymers (median of 889%) and
thermoformed packaging (median of 942%), compared to injection molded packaging (13%)
(Figure 4-4b). However, injection molded packaging also displays two outliers, highlighting the
broad spectrum of properties available for injection molded materials. The €5 results for
copolymers (maximum of 984%, minimum of 783%) and thermoformed packaging (maximum
of 967%, minimum of 789%) are indistinguishable. However, as recyclers are required to
supply clean polypropylene, thermograms are displayed (Figure 4-4c-e) as Differential

Scanning Calorimetry (DSC) analysis, is widely used to ascertain quality control [85].

DSC curves exhibiting lower melting temperatures and multiple peaks assure the fact of
copolymers. While samples 3_C and 4_C can be assigned random copolymers [16], [150].
Sample 1_C and 2_C show the upcoming difficulties for industry in quality control, as a
classification by polymer proves difficult. Sample 1_C shows the blend of a random copolymer
(container) and a PP homopolymer (lid), and sample 2 _C shows a blend of a random
copolymer each (container and lid, respectively) however without knowing the constituents
(Figure A-4 and Figure A-5 in the Appendix) the DSC curve would probably be misinterpreted

and assigned a heterophasic copolymer [151].

Thermoformed packaging show uniform melting temperatures between 164 °C and 166 °C

and very sharp peaks (Figure 4-4d and Table A-6), which is common for homopolymer PP [16].

Injection molded packaging shows melting peaks in a range between 161 °C and 165 °C. They

can also mainly be assigned a homopolymer polypropylene. However, we can also find
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evidence for other polymers. On the one hand in sample 7_IM which was a flower pot, a clearly
visible peak can be assigned to PE (Tm=125 °C), this is due to the fact that recycled parts can
still be injection molded and a flower pot is a commonly used part where recycled material
can be used, due to minimal aesthetic and olfactory requirements [121] and PE is a common
contamination in a PP recycling stream, which is difficult to remove completely [129] On the
other hand traces in the crystallization curves of also food-grade samples (Figure A-6) were
found. However, in the melting curve peaks are hardly distinguishable Figure 4-4e. This
suggests that only small traces can be detected. Assuming that in a food-grade cup it cannot
come from an insufficient sorting process, it must be from a Masterbatch formulation to
disperse TiO> more efficiently [136]. This practice is important to be known as it shows that
minor contamination is already induced by producers. Such contamination is impossible to
remove in a mechanical recycling process. Still, cups remain a relatively homogeneous, high-
quality food-grade material potentially attractive for a closed-loop system, especially as a
minimum recycling content in “contact sensitive” packaging is an issue shortly [39].
Furthermore, substantial differences in € are exhibited, and a wide range of polypropylene
grades, which occur randomly in a recycling stream, are displayed. This emphasizes the
dilemma of providing a high-quality PP recyclate and why it is necessary to narrow it to an
even smaller fraction, like cups. However, the obstacles of this idealized stream are displayed

in the following chapters.
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Figure 4-4. (a) Elastic modulus (E;, MPa) and (b) elongation at break (cg, %) of different
packaging are shown in a boxplot diagram. Packaging was sorted regarding the
mechanical properties and Differential Scanning Calorimetry (DSC) results.
Thermograms of the three primary categories are displayed: (c) copolymers (blue,
dashed lines) (d) thermoformed packaging (red, dash-point lines), and (e) injection
molded packaging (green, straight lines).

4.3.3 Mechanical and rheological behavior of virgin polymer blends of distinct molar

masses

Commencing with a maximum E; value for PP HD 601CF with 1931 MPa, the introduction of
PP C7069 correlates with a 22% decrease in E;. Notably, at approximately 25 wt.% of PP
C7069, a minimal E; is achieved, identical to pure PP C7069 (1512 MPa), Figure 4-5a.

The €5 exhibits a continuous decline from 994% (PP HD 601 CF) to 696% (50 wt.% PP C7069),

representing a 30% reduction; however, at 75 wt.% PP C7069, the 5 value (25%) approaches

the virgin value of PP C7069 (8%). The transitional behavior between 50 wt.% and 75 wt.% of
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PP C7069 prompts further investigation, leading to a subsequent study detailed in Chapter
4.3.4.

aw (see Eq. 4-1) appears to be positively influenced by blends of distinct molar masses,
consistently surpassing the initial polymers' values—PP C7069 (37 kJ/m?) and PP HD 601 CF
(41 kJ/m?), Figure 4-5b. These values remain relatively stable between 40 kJ/m? and 47 kJ/m?
up to 15 wt.%, subsequently rising to around 54 kJ/m? and decreasing to 45 kJ/m? at 75 wt.%
C7069. Blends prove advantageous in terms of impact strength, aligning with the conception

of copolymers [152].

The MFR demonstrates a logarithmic increase, calculable through the Arrhenius mixing rule
(see Eqg. 4-2). This holds significance, as the industry widely employs the MFR to assess process

parameters [103]. Knowledge of input concentrations enables cost-saving MFR calculations.

Up to a content of 50 wt.% of PP C7069, a reduction of 30% for €5 and 22% for E, is observed.
Notably, despite a considerable increase in atw, interesting results are noted for the prevalent
recycling stream of yogurt cups, where the proportion of injection molded packaging might
be volatile as well as for other PP waste streams. Nonetheless, it can be stated that mixing
distinct manufacturing processes reduces mechanical properties, specifically ez and E;. This
is where Design from Recycling gets interesting, as recycled material might not cope with the
same properties as virgin material, and as per existing guidelines, a closed-loop system is not
yet achievable [153], [154]. However, the material stream would still be possible to use, but
industry and policymakers must be made aware of the issue of downcycling within one

polymer stream.
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Figure 4-5. (a) Elastic modulus (E;, MPa, pink squares) and elongation at break (sg, %, pink
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pentagons) and (b) melt flow rate (MFR, g/10min, pink circles) and tensile impact
strength (a.y, kJ/m? pink diamonds) of increasing wt.% content of PP C7069.
Calculated Arrhenius mixing rule is depicted using a clear blue line.

Mechanical and rheological behavior of post-consumer polymer blends of different

molar masses

The analysis of post-consumer cups reveals properties akin to virgin materials, with the

presence of TiO2, and other inorganic fillers, which can be explained by the use of talc and

chalk and trace amounts of another polymer (Figure 4-6a and b), resulting in minor alterations.

The predominant use of TiO, as a whitening pigment, blended with different polymers in

Masterbatches, reinforces this observation [136]. Furthermore, a SEM mapping revealed the

dominance of TiO; and can be seen in the Appendix (Figure A-7 and Figure A-8). The TiO;

particles are in the typical sub 200 nm size range and no big agglomerates were found. Unlike

in Baltes et al.,, 2019 [135], where B-Spherulites were anticipated, the presence of
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polyethylene (PE) residues accounts for the observed peak in DSC (~127 °C) of post-consumer
material (see Figure A-9) as PE is widely used as carrier resin in masterbatches [155], [156] and
is more economical [157]. Considering that this in-depth study was only conducted with these
two post-consumer cup types, the characterization of other packaging types could lead to
interesting results in further research and shed light on other processing aids that are already
added in the production phase and change the properties in the recycling phase. Distinct
fracture surfaces are evident, with thermoformed cups (Figure 4-6a) exhibiting a more ductile
fracture surface, while injection molded cups (Figure 4-6b) display a more brittle fracture
surface after impact tensile testing. Increasing proportions of injection molded cups manifest
in surface heterogeneity, although no clear transition surface is discernible between 60 wt.%
and 70 wt.% (Figure 4-6¢ and d). This surface heterogeneity is also observed in virgin blends
Figure A-10 and Figure A-11, indicating limited miscibility of polymers with varying molar

masses, as previously documented for PE-LLD [158] and in PP for fiber applications [159].

Furthermore, not only reduced miscibility but also deteriorating properties are noted with
decreasing molar mass in the case of E; and &5 (see Figure 4-6e) and aw (Figure A-12). The E,
initially increases from approximately 1477 MPa (thermoformed cup) to around 1730 MPa up
to 30 wt.% injection molded cups. No density, spherulite or crystallization alteration could be
proven, which would assign for an increasing E; [122]. The literature suggests this increase
could be attributed to either an increase in specific surface area of fillers, like TiO3 in this case
due to shear forces during blending of the two post-consumer polymers [136] as the
distribution affects the mechanical properties [160] or a difference in entanglement [161].
Due to injection molding orientation effects are also possible. The exact reason remains
unclear and requires further investigation. Subsequently, E; decreases to around 1500 MPa
for 40-60 wt.% injection molded cups, progressively declining to the initial value of 1125 MPa

for 100 wt.% injection molded cups.

€g is more sensitive to the addition of a distinct molar mass PP, decreasing incrementally, with
a noteworthy threshold observed at 70 wt.% where &g aligns with values of the injection
molded cup. In contrast, awv remains stable at the beginning and decreases with higher
proportions, while MFR follows the Arrhenius mixing rule (see Figure A-12) with decreasing
molar mass, although exhibiting differences from virgin material possibly due to filler-induced

(TiO3) viscosity alterations [150].
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It is well-established that polymer impurities and fillers contribute to property differentiation
[78], [136], highlighting with this results their common use in industrial practices. However,
this often-overlooked reality poses challenges for recyclers and manufacturers using
recyclate, as machine parameters need to be constantly adjusted depending on the
components of the input stream. It is displayed that polymer blends originating from the same
polymer but different applications or processing methods, ultimately lead to property

degradation, also in an idealized stream like yogurt cups.
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Figure 4-6. SEM pictures of (a) 100 wt.% thermoformed cup (0 wt.% injection molded; framed
with a dash-point line) (b) 100 wt.% injection molded cup (framed with a dashed line),
(c) 60 wt.% (framed with a continuous line), (d) 70 wt.% (framed with a dash-point-
point line) injection molded cups and below (e) elastic modulus (E;, MPa, blue squares)
and elongation at break (eg, %, blue pentagons) of increasing wt.% content of injection
molded post-consumer cups with boxes at the sample concentration of the SEM
pictures are displayed.

4.3.5 Remaining challenges for diverse PP streams: A perspective

Food packaging has to fulfill many requirements that lead to a mixing of different polymer

types in the waste stream and thus to obstacles in recycling; multilayer packaging in particular
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demonstrates this challenge very well [162], [163]. However, as demonstrated in the previous
chapters, the mixing of different molar masses also impairs the recycling of yogurt cups.
Whether the findings and limitations for yogurt cups can be transferred to other types of
packaging or polymers, requires further research. Such considerations must be further
enforced because PP food packaging, such as cups, buckets, and trays, constitutes 36.3% in
Germany [145] making it a meaningful fraction. The scientific community is aware of the
challenges posed by different PP grades with different molar masses starting to test manually
sorted PP to confirm the effectiveness for specific applications and closed-loop functions [20].
While rigorous separation was performed, our findings suggest that such stringent measures
might not be necessary for low proportions of different PP grades and support a more
economical recycling. However, waste streams are variable [19], and PP waste streams may
not always have low proportions of injection molded material, like it was in our investigated
case. Proportions between 40 wt.% and 70 wt.% can lead to higher standard deviations and
inconsistent values, causing undesirable implications. Future scenarios, especially for
recirculating slightly contaminated streams, remain uncertain, emphasizing further research
and the importance of a homogeneous waste stream, as already stated by Eriksen et al. (2019)
[17]. A promising solution to homogenize PP streams might be the evolving sorting
technologies. Separation by density or MFR has been proven on a laboratory scale for PE [132],
[164] and PP [133]. Machine learning, deep learning, and digital twins will also become
increasingly important [36], [37], [165], [166]. Regarding the efforts to establish a closed-loop
for cups, the homogenization of the PP stream must be achieved in addition to the EFSA
regulations [42]. Consideration should be given to whether the preference for higher molar
masses, as used in thermoformed polypropylene grades, could be beneficial for some
applications so that degraded material from multiple recycling loops could continue to be used
for injection molded products, but this requires further investigation. The desire for technical
solutions is based on the perception that recycling intentions are diverse [167], [168], [169]
and that, while it is important to get consumers on board, their participation is not
guaranteed. Ultimately, detailed characterization is essential for developing economical
solutions and anticipating future scenarios. The handling of recycled material and automatic
adjustment of machine parameters (e.g. inline tools for rheological monitoring) will be

increasingly important in the future.

47



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 4

4.4 Conclusion

It is revealed that polypropylene (PP) waste sourced from mixed-municipal solid waste (mixed
MSW) or separately collected plastic packaging collection does not exhibit discernible
differences in mechanical properties based on its origin. This finding underscores the potential
to enhance recycling objectives by segregating PP waste from mixed MSW. However, notable

variations arise within the PP stream due to diverse processing methods.

Firstly, investigating various PP packaging, three major categories could be assigned: injection
molded, thermoformed, and copolymers. This mixture, particularly the coexistence of
injection molded and thermoformed packaging, poses challenges for maintaining high-quality

recycling streams, particularly for items like cups.

Secondly, distinctions among various cup decoration types introduce additional complexities.
For instance, cardboard sleeved cups demonstrate homogeneous mechanical properties but
entail adhesive contamination, which can impair the recycling quality if filtered improperly.
Plastic sleeved cups lack adhesive contaminants; however, they are present in both processing
methods and proper separation of sleeves is essential. Additionally, direct printed and in-mold

labeled cups face challenges in preserving color integrity in the regranulate.

Thirdly, the presence of minor inorganic fillers, like TiO; and traces of different polymers, often
introduced by producers, alters properties whose removal through mechanical recycling is
impossible. This variability within the PP recycling stream underscores the difficulty in

achieving consistently high-quality regranulate.

However, the corresponding results show that thermoformed products with an injection
molded content of up to 30 wt.% have only minor losses in mechanical properties and thus a

sorting inaccuracy is tolerable, which can contribute to a more economical recycling process.

Nevertheless, the versatile properties of polypropylene can require very different handling
and underline the fact that if a particular product is to be kept in a closed-loop, a
homogeneous material flow is essential to ensure consistent and suitable properties for high

value applications.
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In the context of an evolving circular economy, this information holds significance for all
stakeholders. Inclusively, an idealized stream of yogurt cups highlighted the challenges a linear
economy poses, where marketing and the “faster the better” mentality rule our society.
Responsible product development is crucial to ensure a sustainable recycling stream and avoid
downcycling, as a more homogeneous waste stream would enable a wide range of recycling

applications.

Furthermore, if we aim for a cup as closed-loop application we need to question the use of
various decoration technologies and consider the benefits of having homogeneous streams of
cups by using sleeves (cardboard or plastic), which after proper removal reduce the risk of

contamination due to inks.

Finally, this study investigated the obstacles of two different processing methods within a
single polymer type. Due to the mixture of different molar masses, deterioration of the
mechanical properties was documented and would undermine consistent properties.
Moreover, the study identifies a critical transition point at 70 wt.% injection molded cups,
beyond which deterioration effects become pronounced. Considering the fact that high-
quality regranulates will become increasingly necessary in the future, we must start

considering these factors now.
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5 Plastics and their alternatives: How
consumers perceive different materials,
packaging, and waste

The following manuscript is submitted.

Jessica Schlossnikl, Barbara Hartl, Anna-Maria Lipp, Vasiliki-Maria Archodoulaki

5.1 Introduction

Recycling is one of the last principles in a circular economy, yet it is seen as a major instrument
to decrease plastic pollution and an essential step towards a circular economy, which aims at
reducing resource depletion and unsustainable waste management [31]. In this context, the
consumer perspective is an essential component of a thriving circular economy [1]. However,
the potential of consumers in enhancing the sustainability of the plastics value chain has not

yet been fully harnessed [6].

A significant discrepancy exists between consumer perceptions of packaging sustainability and
scientifically validated assessments of its environmental impact. As early as 1996, Van Dam
(1996) found that glass was perceived as the most environmentally friendly material and
plastic the least environmentally friendly when a particular product was presented in different
packaging to randomly selected participants, despite life cycle analyses proving it different.
This has been proven repeatedly in recent years through studies in which students were asked
about the packaging of liquid goods (drinks, beer, oil, etc.) [171], [172]. Steenis et al. (2017)
[173], who used a specific product (tomato soup), even describe this discrepancy between
consumer perception and the scientifically proven results of life cycle assessments as a “threat
to sustainable development” (p.294). Processed tomatoes were also used in a choice
experiment study with young German consumers, confirming this discrepancy [174].
Moreover, questions about food packaging, without using a specific product, revealed that
Swedish (high-income) consumers tend to have a negative attitude towards plastics and rely
heavily on the material itself, without considering sustainability as a combination of product
and packaging, and their life stages [52]. A qualitative interview study involving participants
from multiple countries confirmed that, particularly among Germans, the material
composition serves as a key criterion for evaluating the environmental impact of packaging
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[51]. However, this material-based assessment approach was also observed among French
and American participants (ibid.). Further studies show that the material is one of the most
important clues for consumers to assess whether the packaging is classified as sustainable
[175], [176], [177]. In other sectors, such as construction, stakeholders use the material itself
as an important indicator in determining perceived value [178]. Perceived value of materials
is a particularly relevant attribute: the appearance of the packaging influences not only the
perceived product quality [61] but also the decision on whether to recycle something or not.
Reusable packaging, for example, is perceived as more valuable and is more likely to be

recycled [62], [63].
5.1.1 Theoretical Framework

Regarding recycling actions, consumers are confronted with a number of barriers, which can
be divided into macro-environmental factors (political, economic, sociological, technological,
ecological, and legal factors), micro-environmental factors (situational factors such as
perceived condition, perceived convenience, etc.), and personal factors [179], which are
interlinked and influence each other. Aligning with studies by Stoeva and Alriksson (2017) [60]
and Tonglet et al. (2004) [59] it can be argued, however, that despite external factors like
adequate waste management, a positive intrinsic attitude towards recycling remains
essential, emphasizing the importance of their personal attitudes. Generally, attitudes,
subjective norms, and perceived behavioral control were found to predict intentions to
perform behavior and represent the three major pillars of the TPB (theory of planned
behavior) [180], [181]. The TPB is commonly used as a theoretical framework to predict
recycling behavior and is extended in various forms [59], [60], [182], [183], [184], [185].
Attitude is the subjective perception or belief regarding a certain behavior. Subjective norms
reflect the perceived social pressure to perform a behavior that is considered expected,
whereas perceived behavioral control describes the perception of opportunities to perform
the behavior, e.g., based on sufficient time, space, facilities, and convenience [180]. While the
introduction of proper waste management should be clear to policymakers, the severe
influence of perceptions was shown by a study conducted in the UK, where misperceptions
and miscommunication contributed to increased costs and impeded steel recycling efforts

[186].
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While only minor proportions of glass (18%) and paper (17%) packaging in Austria are not
separately collected, 47% of plastic packaging are not classified as recyclable and are disposed
of in mixed wastes [187]. To get to the bottom of this challenge, we started to examine
attitudes towards the material itself, as we assume that this also hinders attitudes towards

recycling. This attitude is determined through two anonymous online questionnaires.
5.1.2 Key Contributions and Significance of the Study

Considering the vast impact of consumer perceptions on recycling and the limited attention
given to the consumer perspective, it is critical to positively steer those perceptions. Hence,
to effectively influence consumer perceptions, it is essential to first thoroughly understand
and investigate them. Thus far, research has primarily focused on the perception of a material
within the context of its application in packaging. However, the perception of a particular
packaging material can be product-specific [188]. Along with the fact that the materials used
in packaging are also evaluated for their environmental impact, it is crucial to thoroughly
investigate this issue. Further, as the material is such an essential part of the packaging,
producers, designers, and recyclers should all be able to relate to it. Therefore, the urgency
arises in assessing the perception. Comparing common packaging materials is of substantial
interest to gain a comprehensive understanding of how consumers perceive the material itself
and what differences arise between plastic and alternative materials in terms of the attributes

assigned to them.

Additionally, to draw conclusions on the disposal step also the state as “waste” is of interest.
Especially in regard to plastic associations with “plastic food packaging” in the product stage
show that it is already then considered as “waste” [189], which leads to the vital question of
how materials and waste change in perception, which, to our knowledge, has not been

investigated to date, in the following form.

Therefore, this study aims to investigate consumer perceptions of the material itself, the
material as waste and as packaging. To address limitations, a representative sample of the
Austrian population in terms of gender and age, with a well-distributed proportion of different
levels of education, was used. In addition, by utilizing a within-subject and an in-between

subject design, findings are validated.
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Two online surveys were conducted: The first, as within-subject design in 2021, assessed the
perception of paper, glass, plastic, and metal across five dimensions (valuable, convenient,
good, important, and natural). Followed by the second survey conceptualized as a between-
subject design to compare plastic and glass using the same dimensions in 2022. In addition, a
brief summary of the scientific literature complements the survey results in order to draw
comprehensive conclusions for the scientific community, producers, designers, policymakers,

and society.
5.2 Methods

5.2.1 General Study Design

In the following, two studies are presented. In Study 1, an anonymous online questionnaire
with a within-subject design was applied, using multiple stimuli for all participants.
Participants were presented with different materials (plastic, glass, metal, and paper) and
indicated on a 5-point Likert scale how valuable, convenient, good, important, and natural
they perceived the material. Study 2 used an anonymous experimental online questionnaire
with a between-subject design. Thus, each participant was exposed to only one stimulus
(either glass or plastic). By using two groups, a comparison between the different stimuli is
possible. The focus was on glass in comparison to plastic as paper has low barrier properties
and, therefore, restrictions for liquid and dairy food packaging [190]. Additionally, glass was
the dominant material for such food packaging until plastic partly replaced it [191], and
according to recent results, glass is preferred over plastic due to a higher perceived

sustainability [192].

The two different study designs were chosen to increase the statistical power and validity and

to reduce the potential for unfavorable response effects [193].

Participants were recruited via a market research agency asked to form a representative
sample of Austrian citizens, and the questionnaire was distributed via an online link. The
guestionnaire included sociodemographic questions to identify the characteristics of the

sample.
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5.2.2 Study 1: Within-subject Design

Study 1, an online questionnaire, was conducted in January 2021. The attention check was
passed by 81.87%, and those who did not pass the attention check were excluded from data
analyses. The attention check aimed to reduce the error variance and increase the statistical
significance [194]. No further exclusions were made. The final sample consisted of 316
participants, representative of the Austrian population (Mage = 41.73 years, SDage = 13.77,
49.69% indicated female, no one indicated diverse). The characteristics of the sample
correspond well with the 2021 overall population of Austria in terms of gender and age (Mage
= 43.2, 50.7% female) according to the Austrian census [195]. Most participants stated
vocational training (42.72%) as the highest level of education. Secondary school, higher
education entrance qualification, and an academic degree were indicated by 16.14%,
respectively, while 8.86% specified that compulsory school was their highest level of
education. Compared to Austria, this is similar in 2021, with the largest proportion (32.6%) of
the Austrian population having completed vocational training. Secondary school and higher
education entrance qualifications are counted together and account for 30.4 %, while 19.7%
have completed higher education and 17.3% have compulsory schooling as their highest level

of completed education [196].

Consumers’ perceptions were examined with semantic differentials to measure meaning
[197]. For this purpose, participants were asked to evaluate (1) different materials (plastic,
paper, glass, metal) and (2) the corresponding waste (plastic waste, paper waste, glass waste,
metal waste) using a within-subject design. The question was formulated as follows: “Plastic/
Paper/ Glass/ Metal as a material is for me ...” The participants could then choose answers on
a 5-point Likert scale with semantic differentials (valuable — valueless, convenient —
inconvenient, good — bad, important — unimportant, natural — unnatural). This was followed
by similarly worded questions on the topic of waste: “Plastic/ Paper/ Glass/ Metal waste is for
me ...” using the plural of waste in German and the same semantic differentials as before with
a 5-point Likert scale. Further variables were assessed, which can be found in section A-1.1.3
in the Appendix. However, this article focuses on evaluating the materials and the
corresponding waste. For example, a question regarding waste separation, which was part of

the questionnaire, is not analyzed in the current study.
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5.2.3 Study 2: Between-subject Design

Study 2 was built on the results of Study 1 and assessed the evaluation of plastics and glass in
a between-subject design in January 2022. The attention check was passed by 92.26%, and
those who did not pass the attention check were excluded from data analyses. No further
exclusions were made. The final sample consisted of 310 participants, representative of
Austrian adults (Mage = 42.46 years, SDage = 13.06, 48.39% female, one person indicated diverse
(0.32%)). The sample's characteristics correspond well with Austria's overall population in
terms of gender and age. Most of the participants stated vocational training (47.10%) as the
highest level of education, 17.10% indicated having an academic degree, followed by 15.16%
having accomplished secondary school, and 14.84% holding a higher education entrance
qualification, 5.81% specified compulsory school as the highest level of education. As in Study
1, the results are similar to the results of Statistics Austria in 2021 [196]. Participants were
randomly assigned to the plastic or glass group, each of which comprised 155 consumers.
Questions focused on either (1) plastic or (2) glass as packaging material. Free associations to
plastic/glass packaging were assessed at the beginning of the questionnaire with the question:
“What comes to your mind spontaneously on the subject of ‘plastic/glass food packaging’?”.
Followed again by a 5-point Likert scale with the same semantic differentials (valuable —
valueless, convenient — inconvenient, good — bad, important — unimportant, natural —
unnatural) as in Study 1, to ask about the opinion on plastic or glass, respectively. Further
variables were assessed and can be found in section A-1.1.4 in the Appendix; however, this

article focuses on evaluating the plastic/glass packaging.

After data collection, the free associations were rated as positive, negative, or neutral by two
authors of the article applying qualitative content analysis [198], [199]. The entire answer was
rated, such that if a participant mentioned a positive and a negative association, both
associations were considered. Additionally, any reasons provided for their associations were
systematically coded into categories. Finally, the ratings were compared. Disagreement
between the two raters was not systematic, and the raters subsequently discussed each

statement until an agreement was reached.
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5.3 Results

5.3.1 Study 1: How do consumers perceive different materials?

The perceptions of plastics as material are clearly the worst compared to all the materials
questioned in our study. A repeated multivariate analysis of variance (MANOVA) showed
significant results comparing the consumers’ perception of the different materials (plastic,
paper, glass, and metal) on the respective dimensions (valuable, convenient, good, important,

natural) Pillai’s Trace = 0.681, F(15,3774) = 73.92,p < 0.001 (section A-1.1.5).

As shown in Figure 5-1Figure 5-1, plastic consistently achieves the lowest mean values
compared to the other materials (except for convenience). Mean values and standard

deviations can be found in section A-1.1.6 in the Appendix.

The analysis revealed a significant difference in how valuable the materials were perceived,
F(3,313) =177.78,p < 0.001, 77;2; = 0.630. The remaining materials seem to be perceived
as very valuable as the mean of paper, glass, and metal were all above 4 on the 5-Point Likert

scale.

Likewise, in the case of convenience a significant difference is shown F(3,313) = 39.35,p <
0.001, r]zz, = (0.274. Furthermore, a significant difference between the materials perceived as
good, F(3,313) = 252.63,p < 0.001,17?, = (0.708, and important is found F(3,313) =
102.61,p < 0.001,7]5 = 0.496. Finally, a significant difference was found between the
materials in terms of whether they were perceived as natural or unnatural F(3,313) =
466.38,p < 0.001,7]12, = (0.817 by Austrian consumers. The Bonferroni-adjusted post hoc
tests confirmed a significant difference between plastic and the respective materials, except

for metal in the dimension of convenience, see section A-1.1.6.

To sum up, except for convenience, plastic is significantly less positively perceived than paper,
glass, or metal. It is perceived as the least valuable, good, important, and natural material;
only when asked about the convenience, it ranges closer to the others and even before metal.
Paper was perceived as the most valuable and important material alongside glass but more

convenient and natural than glass.
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Figure 5-1 Mean and standard errors of the perception of the different materials (paper, glass,
plastic, and metal) in the dimensions valuable, convenient, good, important, and
natural (N = 316).

5.3.2 Study 1: How do consumers perceive different waste?

The perception of the waste of the material revealed a similar result as the perception of the
materials, as shown in Figure 5-2. The relation between the dimensions is similar when asked
for the material. A repeated multivariate analysis of variance (MANOVA) showed significant
results comparing the consumers’ perception of the different waste materials (plastic waste,
paper waste, glass waste, metal waste) on the respective dimensions (valuable, convenient,
good, important, natural): Pillai’s Trace = 0.462, F(15,3774) = 45.75, p <
0.001 (section A-1.1.5, Appendix).

The analysis revealed significant differences in the consumers’ perception of how valuable the
waste materials are, F(3,313) = 101.44, p < 0.001, 7712, = 0.493. Further, a significant
difference between the waste materials was found for convenience F(3,313) = 75.06, p <
0.001,7; = 0.418. and the dimension good F(3,313) = 188.58, p < 0.001,n; = 0.644
and important F(3,313) = 68.78, p < 0.001, nf, = 0.397. Finally, a significant difference
was found between the waste materials in terms of whether they were perceived as natural

or unnatural F(3,313) = 295.55, p < 0.001,77?, = 0.739.

57



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

Chapter 5

It can be seen that paper and glass waste are still regarded as valuable, good, and important,
followed by metal waste. Plastic waste, on the other hand, is consistently rated significantly
lower than other materials. This is proven also by the Bonferroni-adjusted post hoc tests see
section A-1.1.6 in the Appendix for more information. Furthermore, the recycling rate of the
materials is displayed, as it shows a comparable trend: paper (81%), glass (82%), plastic (26%)
and metal (74%) [200].
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Figure 5-2 Mean and standard errors for the perception of the disposed of material (paper,
glass, plastic, and metal) in the dimensions valuable, convenient, good, important, and
natural (N = 316). The Austrian recycling rates are displayed as lines (right axis)
containing the same colors and starting at the bar regarding the material.

5.3.3 Study 2: How do consumers perceive packaging?

The negative perception of plastics in comparison to glass across different dimensions
(valuable, practical, good, important, natural) is also reflected in Study 2, as shown in Figure
5-3. A one-way ANOVA revealed significant results using the material plastic/glass as the
independent variable and the respective dimensions (valuable, practical, good, important,
natural) as dependent variables. As packaging material, glass is viewed positively - as valuable,
good, important, and natural. In each of these dimensions, it receives approval ratings of at
least 4 on the 5-Point Likert scale, demonstrating a clear contrast to plastic packaging. Only

for the dimension convenience, no significant differences could be found F(1,308) = 0.043,
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p = 0.837. Mean, standard deviation, F-tests, p values and 77?, for all dimensions can be
found in Table 5-1.
Table 5-1. Mean and standard deviation for the perception of plastic and glass packaging

(between-subject design) across the dimensions valuable, convenient, good, important,
and natural (N = 310).

dimenSion Mplastic SDpIastic Mglass SDgIass F test p Value n?)
valuable 2.48 1.20 4.26 1.04 196.1 <0.001 0.389
convenient 3.41 1.39 3.45 1.36 0.043 0.837 0.000
good 2.17 1.19 4.17 1.05 246.5 <0.001 0.445
important 2.79 1.26 4.08 1.13 89.33 <0.001 0.225
natural 1.73 1.04 4.22 0.98 472.7 <0.001 0.605
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Figure 5-3 Mean and standard errors of the perception of plastic and glass packaging
(between-subject design) across the dimensions valuable, convenient, good, important,
and natural (N = 310).

The results of the free association part reveal vast differences in the perceptions of plastic and
glass among participants. Plastic was mainly viewed negatively (see section A-1.1.7 in the
Appendix), with 71% of participants expressing purely negative associations (“Too much
plastic packaging. Sometimes completely unnecessary or even double and triple packaged” or
“Should be abolished!”) compared to only 5% who had solely positive associations (“practical,

protection from dirt” or “I think it's good”) and 7% neutral (“is ok” or “bottles”). A total of 14%
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of participants expressed mixed sentiments about plastics, providing responses that included
a combination of negative, positive, and/or neutral elements (“Makes very long-lasting,
simple, but massively harms the environment” or “Practical, protection, too much, waste in
nature, microplastics”). In contrast, 36% of participants held purely positive associations for
glass (“hygienic, recyclable, good for stacking in the cupboard” or “sustainable, reusable”),
and 16% expressed purely negative views (“expensive, heavy, greenwashing” or “Heavy,
fragile, takes up a lot of space”). In general, glass exhibited more ambivalent perceptions, with
participants frequently stating conditions, e.g., glass being more sustainable only if a deposit-
return system (DPRS) is in place, equaling 25% of statements consisting of a combination of
positive, negative, and neutral (“great if deposit glass otherwise useless and no better than
plastic” or “basically a good idea. But if | then have to pay 20 cents more for the milk, it's a rip-

off in my eyes and I'll go back to the usual tetra pack [beverage carton].”)

Various categories could be derived from the participants’ associations, as displayed Figure
5-4, which led to one or more categories per person. A total of 269 associations were divided
into 21 categories for plastics and 280 associations into 22 categories for glass. The categories
were classified as positive, negative, or neutral, with a minority of cases showing multiple
simultaneous classifications, e.g., a deposit-return system (DPRS) for glass was considered

positive as well as negative. For further information, see section A-1.1.7 in the Appendix.

Several key categories reflecting participants' negative perceptions of plastic packaging were
derived from their associations. Figure 5-4 (a) shows the general rated distribution of the
association given in categories. Predominant concerns included the perceived overwhelming
qguantity of plastic products and waste, the environmental pollution associated with it, and
the underutilized availability of alternative materials (paper, glass, no packaging at all).
Moreover, plastic packaging was recurrently deemed “unnecessary,” and negative emotions
such as bad, terrible, deceptive, and annoying dominated. In contrast, plastic was associated

with convenience and hygiene, frequently mentioned as advantages.

For glass, the categories behind negative perceptions were primarily related to its physical
characteristics: participants mentioned its weight, fragility, and higher costs, see Figure 5-4
(b). The positive attributes associated with glass emphasized its reusability, recyclability, and

perception as a sustainable and environmentally friendly option. Many participants explicitly
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noted that glass was viewed as superior to plastic or an unknown alternative (category called
“better”), and many participants associated it with positive emotions such as good, great, or

aesthetically pleasing.
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Figure 5-4 Free associations for (a) plastic and (b) glass and the corresponding categories on
the left. The categories can be assigned positive (solid), negative (striped), or neutral
(crossed). In two cases (deposit-return system (DPRS) and recycling), the reasons
matching the category were positive, negative, or neutral, so the category cannot be
clearly assigned. (In between-subject design) (N = 310).
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5.4 Discussion

5.4.1 Discussion and implications of consumers’ perception of plastic

The negative perception of plastic has been confirmed in various studies, primarily in relation
to packaging [56]. However, the present study demonstrates that plastic as a material itself is
not perceived as valuable, important, good, nor natural. The only exception is in terms of
convenience, where plastic is rated similarly to other materials. This reflects its widespread
use out of convenience, such as when consumers forget to bring their own [201].
Furthermore, convenience is demanded of the packaging itself, for example, a possible closure
for the use-phase influences the purchase [202] or the lightweight and transparency [203]
advocates for plastic and could explain the high rating for convenience as a material
(Mpiastic_material = 3.78, SDplastic material = 1.21). However, perceived convenience also plays a
crucial role in disposal. Factors, such as adequate storage space at home and a short distance
to collection points, which should have a clean appearance and be strategically located [2],
influence recycling behavior. Some packaging types, like meat trays, which might leak or

develop unpleasant odors, are particularly inconvenient to store for recycling [63].

Recycling “on the go” presents further challenges. When only residual waste garbage cans are
available, it is indeed inconvenient to recycle properly and consumers often choose them as
the “safe” option as it is often unclear how and where to recycle waste properly [55].
Summarizing, since the correct disposal step requires consumers’ intrinsic motivation,
knowledge, a feeling of easy access to infrastructure, and physical action [59], [185], the
reduced perception of convenience for plastic waste (Mpiastic waste = 2.31, SDplastic_waste = 1.29)
might be hindering the increase in recycling rates, as plastic as waste is perceived significantly
less convenient than the other materials. This indicates that the disposal step for plastic waste
is perceived as unclear and that further measures are needed to remedy this. Local authorities
should, therefore, pay particular attention to making the disposal of plastics more convenient
for consumers; in Austria, for example, this is pursued through introducing a uniform Austria-

wide collection system for all lightweight packaging (including metals) [204].

Further, the dimension of value is very important as the perceived value influences both
purchasing and recycling intentions [205], [206]. Reusable packaging, for example, is
perceived as more valuable and is more likely to be recycled [62], [63]. From Study 1, which
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compared all materials within each other, it can be seen that the value of plastic waste
(Moplastic waste = 2.75, SDplastic waste = 1.48) is perceived similarly to the material itself
(Moplastic_material = 2.66, SDplastic_material = 1.18). This may also mean that plastic is always perceived
as waste in terms of value, regardless of whether the material itself or the waste is being
discussed. This is consistent with a pilot study in which participants considered plastic food
packaging as “waste” [189]. Additionally, a study by Bertling et al. (2018) [207] came to similar
conclusions, with plastics taking last place when asked about the value of materials. Glass was
ranked in second place after wood. Unfortunately, paper was not listed. This different
perception, particularly between glass and plastic could even be illustrated in an experiment
with Italian students where products were judged to be better when believed to be coming
from glass packaging [208]. This higher quality perception of glass was even maintained in a
blindfold tasting, although the students received the same product (ibid.). This leads to the
idea that the intention to recycle plastic could be increased by emphasizing its value in order
to create a functioning plastic cycle. According to the vision of Dennis (2024, p.6) [209]: “The

future use of plastics needs to be a time when the true value of the materials is considered.”

Finally, while naturalness is closely interlinked with the perception of environmental
friendliness [173], it is understandable that a synthetically produced polymer [15] is not
considered natural, which implies that plastic convinces with other attributes, such as being

convenient. However, increasing the knowledge of its value for recycling is essential.

In general, in Study 1, when asked about waste, the results show a slightly lower agreement
than for the material itself. This reflects the fact that waste is automatically seen as something
with less value or even without any value at all [210]. Nevertheless, paper, glass, and metal
achieve relatively high approval ratings, as all means are above 3 on a 5-point Likert scale.
Paper waste and glass waste are seen as the most valuable waste materials, followed by metal
waste, with plastic waste ranking the lowest. Considering the other materials maintaining
relatively high results as well as waste, and the previous findings, this might be one of the
reasons for considerably lower recycling quotas of plastic [211] and also that 47% are not

considered recyclable and end up in mixed waste streams [187].

Additionally, Study 2 suggests that plastic is not perceived as recyclable, while glass is

s i

considered in the free associations as “recyclable,” “reusable,” “sustainable,” and, in general,
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“environmentally friendly.” In contrast, for “plastic as food packaging,” associations like “too
much,” “garbage,” and “unnecessary” dominated the results. The expression “unnecessary”
was also found to be mentioned in two studies in Germany [212], [213] and two studies in
Sweden, one as a focus group and the other as a consumer survey, as well as a general
negative opinion [52], [214]. This aligns with the findings of Otto et al. (2021) [215], in which
consumers reported that too much packaging is used, especially for fresh products. This leads
to consumers who wish to avoid overpackaging they perceive as unnecessary, e.g., toothpaste
packaged in a carton [52] and even change the previously purchased brand [216]. However,
this is not only consumer perception, the increasing numbers in recent years of all packaging
materials confirm this view [217]. Such statements and information have to be taken seriously
and should force producers and packaging developers to act and evaluate their products
carefully. Although cardboard-sleeved cups can reduce the amount of plastic, and paper giving
them a positive image [53], they were recently proven to have very low recyclability [218],
showing that replacing plastic with different material components is not the solution,
demanding further actions from producers. If reduction is possible, this is naturally one of the
highest priorities for all materials in the waste management hierarchy [30]. Additionally, a
small sticker indicating the minimal use of packaging can help convince consumers to opt for
packaging made exclusively from plastic [53] it is worth a try to use stickers also to explain the
necessity of the packaging, which may be made entirely of plastic, or give clear instructions to

separate different components.

To sum up, especially in comparison to paper and glass, a negative view of plastic is evident
and is, as our results show, already associated with the material itself. This is evident from
Study 1, in which all materials were surveyed, and was confirmed in Study 2, in which only
plastic and glass were compared. In addition, the free associations of Study 2 confirmed the
discontent with the vast amounts of plastic, which are perceived as too much. Combined with
the literature, this underlines the need to carefully rethink and reduce packaging where

possible and avoid unnecessary combinations of packaging.
5.4.1.1 Understanding perspectives on plastic: causes and proposals for new approaches

Given that plastic was originally promoted primarily as a disposable material, and recycling

plastic packaging was not a priority [219], it is no surprise that in 1997, only 15.5% of plastic
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packaging was recycled. In contrast, paper and glass had recycling rates exceeding 50%, with
some Member States achieving even higher rates for these common materials [220]. This
explains findings in Scotland from 1998, where paper was perceived to be the easiest material
to recycle, and plastic the least recyclable [169]. A decrease in the perceived value of plastic
could also be due to it being used to replace more expensive goods, such as ivory. Additionally,
when used for packaging, the focus is on protecting a higher-value product; therefore, plastic
automatically loses value as a result [207]. This is accompanied by the fact that few people are

aware of the protective function of packaging [221].

Plastic is indeed very cheap and therefore obstructs the use of recycled material if this is not
encouraged by policy measures [222]. Furthermore, the mass media mainly depict plasticin a
negative manner [223]. The public depiction is important, as it has been demonstrated that
documentaries can alter perceptions [224]. Raising awareness is important, especially of the
adverse effects of plastics, particularly their contribution to environmental waste, which
threatens ecosystems and wildlife [21]. Additionally, microplastics are increasing public
concern, and scientific research is still working to understand the risks and threats [25], [26]
and trying to avoid unintended consequences [27]. While concern definitely can motivate to

recycle [225] Rhein and Schmid (2020) [212] found that there are various consumer types

n AN n u

(“environmental pollution,” “intensive use of plastic,” “influence,” “powerlessness,” and
“need for using plastic”), and there is not one solution to create awareness and communicate
with consumers, but multiple ways. Those five types of consumer awareness also call into
question the current purely negative focus of awareness-raising (ibid.). Tonglet et al. (2004)
[59] concluded that a positive attitude toward recycling has been shown to increase

participation, and similarly, Ertz et al. (2016) [226] suggest that fostering positive attitudes can

promote pro-environmental behavior.

Therefore, in addition to technical solutions, we suggest formulating more carefully and asking
all stakeholders involved in the value chain to emphasize the positive properties of plastic, to
use it wisely, and, where appropriate, to communicate it so that consumers understand and

are encouraged to handle it responsibly.

Undoubtedly, recycling rates must be improved, as only 8.3% of post-consumer plastic is

recycled globally. While most of the focus is on plastic packaging, this represents only 40% of
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the total demand [22]. Given the continuous rise in plastic production (ibid.), plastics seem to
be here to stay. As such, we need to treat it carefully, viewing it as a valuable resource to be
kept in circulation to minimize environmental damage, including the generation of

microplastics.

To sum up, plastic (waste) is neither seen as valuable, important, convenient, good, nor
natural. This negative perception poses a major challenge for plastics recycling, as plastic is
much more likely to be recycled when collected separately [22]. The importance of a well-
functioning collection system is of high significance for waste management; however, the
clearly visible negative perception of material or waste in comparison to the other materials

is most likely a disadvantage for plastic.

Therefore, companies need to gain the trust of consumers and provide credibility through
clear communication; otherwise, participation will be low [50]. Especially in Europe, where
there are highly developed waste management systems, these should be used appropriately,

and the consumer plays a crucial role in this system.
5.4.1.2 Limitations

This research focused entirely on consumers’ self-reported perceptions of materials,
packaging, and waste, with an emphasis on plastic and glass. Since our studies capture only
perceptions, further research is needed to examine how these perceptions align with actual
consumer behavior. While perceived convenience is a recognized and important influencing
factor for recycling behavior, its specific relationship with plastic as a material remains unclear.
To the best of our knowledge, no research has directly explored this link. Additionally, the free
associations of Study 2 did not clarify what respondents specifically meant by “convenience”.

Further studies could investigate this aspect to gain deeper insights.

Furthermore, regarding Austrian policy regulations over the past two decades, various
measures have been evaluated and implemented to improve recycling plastic packaging, with
a special focus on Vienna, where the positive effects of a combined collection system and
technical improvements for plastics and metals have been confirmed [58], [227]. As a member
of the European Union, Austria follows the EU Commission's regulations, including the

recently updated Packaging Regulation [71]. This regulation sets a target of recycling 50% of
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plastic packaging by the end of 2025, a significant increase from the 22.5% target set in 2008
[228] which was met without difficulty [229]. However, the very high new recycling target, as
well as a revised calculation method introduced in 2019 [230] set Austria under pressure.
Therefore, the most recent step in Austria’s waste management reforms is the
implementation of a deposit system for plastic bottles in 2025, alongside the full unification
of the collection system across the country, with the aim of fulfilling the targets [204]. Given
the recent changes, it will be very interesting to observe if, with the deposit system, the value
of plastic packaging, in general, can improve or if only bottles will increase in perceived value.

The displayed study data, however, depicts the perception before those changes.
5.4.2 Discussion of plastic in the scientific literature: Communication of advantages

In contrast to the consumers’ negative perspective found in both studies, scientific literature
emphasizes the protective function, lightweight, and low energy consumption of plastic
packaging as its most significant contribution to the environmental dimension of sustainable

development. Additionally, they provide a high performance to low costs ratio [15].

Only 7% of the global warming potential is attributable to retail and distribution, including
packaging [231]. Packaging can, therefore, be seen as a minor compromise, as food waste also
represents wasted energy, resources, and emissions. Food packaging protects products,
extends shelf life, and, thus, reduces food waste [10], [232], [233]. For example, optimal
packaging can significantly extend the freshness of lamb steaks [234], and perforated high-

density polyethylene (HDPE) packaging bags can double the shelf life of bananas [235].

By increasing resource efficiency, packaging can support sustainability. Therefore, to enhance
sustainability, both food waste and the impact of the packaging must be considered [236].
Additionally, packaging design plays a critical role, as features like emptying can contribute to
food waste [237]. The complexity of packaging components also presents challenges for
consumers and sorting in recycling facilities [143], [238]. This illustrates that material selection
in terms of sustainability requires a holistic approach, considering not just the type and
guantity of material used but also their broader impact. Ultimately, effective packaging can

reduce both food waste and environmental impact, addressing a complex issue [239].
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Furthermore, the scientific community emphasizes the advantages of plastics that are
lightweight and have low energy consumption. Especially in comparison to glass, LCA results
show the benefits of lightweight in transportation and lower energy demand in the production
of plastics [237], [240], [241]. Comparing production temperatures of glass, which lie between
1400-1700°C [242], and aluminum (Tm = 660°C), which is commonly used for beverage cans
[243] with melting temperatures of common packaging polymers, which are between 105-
265°C [15] demonstrate the differences in energy demand. However, if a Marine Litter Index
is introduced, the returnable glass bottle becomes the ideal option, as plastic bottles are much
more likely to increase pollution [241]. Although great progress has been made in recent years
in the inclusion of littered plastic in the LCA, no uniform solution has yet been found, and the
majority neglect this topic in their assessment [244]. Urging the importance of proper waste
management with recycling to reduce marine pollution beforehand [241]. Communicating this
information not only within the scientific community but also to the public is of great
importance. The results of this manuscript show that packaging materials are generally
perceived as valuable, with the exception of plastic. Knowing that through education, barriers
to recycling, such as behavioral control (lack of knowledge/opportunities, understanding,
inconvenience), can be removed [245], policymakers should feel responsible to implement
this in the school system. Other stakeholders, such as producers, designers, and recyclers, are

also encouraged to communicate their knowledge responsibly.
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5.5 Conclusions

Evidently, plastic is perceived far more negatively than other materials. This was confirmed
through two different questionnaires with representative samples of Austria. Both an in-
between-subject design and a within-subject design showed that plastic is rated significantly
lower in the dimensions valuable, good, important, and natural. The only dimension in which
plastic was not viewed as the worst material was convenience, but even with the free
associations, it was not possible to undoubtedly explain what the perception of plastic as
convenient was based on, which could be investigated in further detail. While producers use
the convenience factor to increase purchase intentions, they must be held responsible for the
fact that this, in turn, requires a convenient collection system for a functioning recycling loop.
This responsibility must not be shifted and should be tackled through consultation with
recyclers to achieve the best possible solutions, and a clear communication strategy with the

consumer, like proposed by the EU, with unified symbols [71].

Overall, our findings reveal that plastic is consistently perceived as the least valuable, good,
important, or natural material compared to paper, glass, and metal - whether considered as a
raw material, waste, or packaging. This negative perception of plastics seems to be deeply
rooted in the material itself and is already directly associated with environmental pollution

and not necessarily attributed to the entire life cycle or systemic challenges.

This poses a significant challenge, as plastic should be collected separately to maintain a
functioning recycling stream and be kept in circulation. However, such a poor perception in
almost every dimension raises the question of whether recycling rates are being negatively
affected by the view that plastic is a resource without value or importance. Considering that
our studies only reflect perceptions, further research linking actual behavioral data to

perception is needed.

Consumers need to be made aware of the importance of collecting plastic waste, as it is a
valuable resource for new recycled plastic, given its prevalence in society. Furthermore, in
terms of production and transportation, plastic currently holds sustainable advantages over
materials like, e.g., glass. However, the evaluation of the participants’ free associations
showed that these have so far only been associated with plastic to a limited extent, while glass
is predominantly associated with positive aspects of sustainability.
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It should be clear that “refuse” and therefore “reduce” must be a top priority on the road to
a circular economy. However, given the poor recycling rates and the omnipresence of plastic
in our daily lives, it is crucial to increase these. Therefore, motivated consumers are vital in
making this happen. Although this is a highly complex issue involving technical as well as social
dimensions, one crucial element for improvement is fostering a perception of plastic as a
valuable and important material that needs to be treated accordingly. Experts, in particular,

must support consumers with their knowledge to help drive this change.
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6 Discussion

From Chapter 3 it can be concluded that the recycling of labels under current conditions is not
valuable. On the one hand, this is not satisfying, knowing the amount of PET bottles (3.6 Mt
were placed on the market in EU27 + UK in 2020 [76]). Assuming all of them have attached a
PP label, this would mean that approximately 65160 tons/year are discarded. On the other
hand, compared to 17.9 Mt of plastic packaging waste collected in the year 2020 in Europe
[22], labels account for a small amount in the whole system. Additionally, while the
mechanical properties of recycled labels are acceptable, there are undeniable issues revealed
by chemical analyses. These analyses confirm the presence of harmful, DNA-reactive
mutagenic substances originating from the inks used. Nevertheless, concentrating all
contamination on a small, easily removable part of the packaging, which minimally hinders
detection during the subsequent separation process, is favorable. However, this concept is
not yet attached to polyolefin packaging, especially yogurt cups. One explanation could be
that polyolefin packaging has a higher share of smaller-volume (0.2-0.5 |) packaging than PET
[246]. Especially for small portions of yogurt (e.g., 0.25kg), it is difficult to display all the
necessary information on the packaging. As seen in Chapter 4 there exist various decoration
technologies for yogurt cups with all their advantages and disadvantages. The idea of labeling
a cup to retain a clean and pure base packaging, useful for recycling, is already on the market
[49]. Still, they often rely on the participation of the consumer, although this is not
recommended [47]. Waste-separating behavior by consumers is influenced by many factors,
such as perceived convenience, knowledge, external factors like the waste management
system, and social and moral norms, as well as others [2]. The most common psychological
theory to explain social behavior is the “Theory of planned behavior” [181] using “Attitude,”
“Subjective Norms,” and “Perceived Behavioral Control”. It is also often used and adapted to
explain recycling intentions or similar behavior in connection with environmental issues [184],
[185], [247]. Considering that human beings are diverse [212] there will be no solution that
fits all. Nevertheless, if consumer involvement is expected, their perceptions and potential
must be investigated, and an attempt must be made to understand them. Chapter 3 and 4
acknowledged the technical challenges, but packaging is designed for people, and it would be
a mistake not to take their perspective into account. Therefore, Chapter 5 was included to

provide a transdisciplinary perspective and insights into consumer perceptions. While the
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investigation of seemingly minor components, such as labels, revealed valuable information
about the effectiveness and limitations of recycling (Chapter 3), Chapter 4 demonstrated that
small factors (such as viscosity or masterbatches) can cause unexpected changes, highlighting
the urgent need for a homogeneous PP stream. The industry is, therefore, definitely called
upon to make packaging more recyclable and also to ensure homogeneous flows. Guidelines
such as the one from FH Campus Wien [47] have to be taken seriously so that recycling can
function smoothly and high-quality results are achieved. The competing interests regarding
design from recycling must be overcome so that recyclate becomes a commonly used material
[154]. Even if the industry takes all these strategies for improving recycling into account, there

is still one factor that is often neglected in the plastic value chain: the consumer [6].

If plastic waste is not perceived as a valuable resource for recycling and, therefore, does not
even find its way into the right waste bin, it is lost to recycling facilities. At best, it ends up in
an incineration plant for energy recovery [34], but also a landfill is possible in a lot of countries,
which can lead to risks and pollution for the environment [24]. So, without the participation

of the daily consumer, this technical knowledge is of little use.

This is precisely why the results from Chapter 5 should be given particular attention, as they
clearly show that plastic is perceived as significantly worse than other materials (paper, glass,
metal). This is unfortunate because plastic, like other materials, is a valuable resource and
must definitely be recycled. It was shown that the perceived value also influences recycling
decisions [62], [63]. Therefore, it is a major throwback to find in Chapter 5 that plastic is

perceived as neither valuable, good, nor important.

Surely, paper and glass have a longer history as packaging materials for consumers [248] and
have reached high recycling quotas for the last 20 years. Plastic packaging has been able to
significantly increase its recycling rates in recent years. However, they are still drastically lower
than those of paper, glass, and metal [211]. It seems that it is not enough to firstly, rely on the
recycling efforts of consumers, and secondly, assume that if it works for other materials
(paper, glass, metal), it will also work for plastics. A special focus on Austria has shown that
targeted technical measures are needed to increase the rates [227]. This is not to say that

consumers should not be brought on board, on the contrary. But what is important is that
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“we” as a scientific community, but especially stakeholders who are communicating to society,

keep in mind the power of their words.

When plastic first emerged, recycling was not the focus at all; rather, it was actively promoted
as a disposable product [219], [249]. Nowadays, environmental harm and risks are commonly
presented in mass media, and also documentaries have proven to raise awareness [223],
[224]. Whether this has to do with the negative perception of plastics of today was not the
focus of this dissertation, but the fact is that even in an open-question format, the tendency
towards plastic to be seen as worse than other materials is confirmed and is not connected to
packaging alone, but the material itself. Similarly, but not exclusively in relation to the material
itself, this negative perception regarding plastic has already been observed in studies on life
cycle analyses [171], [172], [215]. Chapter 5 also showed that plastic packaging was associated
with “too much,” “unnecessary,” and “environmental pollution.” Also, it was mentioned as
“waste”. This is also one of the reasons why plastic cups with cardboard sleeves are used for
yogurt packaging, as paper packaging is considered more environmentally friendly [53].
Unfortunately, this perceived environmental friendliness is not necessarily the case, especially
if not correctly separated, as unfortunately is often happening [143], [218]. Nevertheless, the
idea of an easily removable part of the packaging that contains the information for the
consumer and concentrates potentially harmful substances on a small part of the packaging is
beneficial and should be promoted. Ideally, this produces a homogeneous stream that the
recycling facilities can manage more easily. If decoration technologies are reduced to a
minimum, facilities can focus on overcoming the corresponding disadvantages and offer
tailored solutions. One strategy when using sleeves involves adapting machine learning
algorithms of the NIR sorters [45]. Additionally, design adjustments such as perforations or
tear strips can be incorporated [44] to encourage consumers to separate the materials
beforehand. Cardboard sleeves should only be used if they can self-separate from the
packaging [250] during the recycling process to avoid creating a dependency on consumers. If
the recycling stream was limited to these decoration technologies, the resulting stream would
have no color issues, and harmful substances from inks could be removed easily with the
labels. Moreover, an improved communication strategy for consumers could be implemented
using a unified message, as already the appearance [173] or minimal sticker interventions [53]

can have an influence on consumers’ decisions on sustainability. Furthermore, the sheer
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number of unregulated labels, logos, and schemes that advertise “sustainability” or
“naturalness” increases mistrust and confusion [251]. The validity of such “green claims” in
Europe shall be, therefore, ensured by the “Green Claims Directive” [252]. This is an important
step and will probably impact not only traders in Europe in their use of claims but also third

countries [253].

There are still serious differences in recycling around the world [5] that need to be harmonized
in order to tackle global goals, such as, for instance, plastic pollution of the oceans. Even
though much more needs to be done in some countries, it is important to tackle the existing
challenges even in countries that are already well developed so that they can lead the way as
best practice and prevent other countries from making mistakes. Even if the same solutions
will not work everywhere for different and sometimes also cultural reasons [3], other
countries will benefit from lessons already learned, whether in terms of consumer awareness

or technical aspects.
6.1 Summary of potential solutions

As previously stated, consumer engagement is essential. Educational initiatives, particularly
by targeting children who can influence the whole family, promote recycling sustainably and
as a social norm [65]. Section A-1.5 gives insights into an accompanied project. Clear,
consistent communication with consumers is crucial [254] and preventing greenwashing with
the “Green Claims Directive” [252] is likely to enhance trust. Additionally, the prompt use of
standardized symbols for packaging and containers, which is an aim of the EU Parliament [71],
must be integrated at the design stage to support effective waste collection. Furthermore,
packaging design should also consider end-of-life processing, also known as “Design for
Recycling” [47]. For instance, labels must be easily removable, ideally with water-soluble
adhesives, to maximize recyclability. If the aim is recycling such a stream instead of
incinerating, colors must be revised and replaced by alternatives that do not decompose into
toxic substances. Moreover, removable colors should be investigated thoroughly with special
attention paid to water treatment to avoid shifting the problem of toxic substances. For
packaging with sleeves covering large surface areas, the design must ensure detectability and
minimal material use. Tear-off strips and perforations can help remove the sleeve from the

base packaging [44], but the separation of components should not depend on the consumer.
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Advances in sorting technologies, such as machine learning, may enable more effective
separation [37], [45], but these require significant investment, only feasible with legislative
clarity and long-term planning security for facility operators. Standardizing polymer grades by
product category could also improve recycling efficiency. This would require coordination
among producers and input from recyclers and sorters to identify and avoid economically
unviable packaging types, which could be encouraged by politicians. While some tolerance for
PP grade variations exists, defining preferred material streams would create more uniform
recycling flows and reduce contamination risks. Finally, incorporating a proportion of virgin
material into recycled streams can enhance product quality while still conserving resources

[255].

In summary, effective recycling requires a holistic approach: educating consumers, designing
packaging for recyclability, investing in advanced sorting infrastructure, standardizing
materials, and fostering collaboration across the value chain. Each of these measures could

contribute to a more sustainable circular economy for plastics.
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7 Conclusion & Outlook

These three above-mentioned and summarized manuscripts highlight the challenges of a

circular economy for plastics, and some important conclusions can be drawn.
To return to the aims from Chapter 2, the following conclusions can be derived:
» Can a packaging be 100% recyclable?

Chapter 3 clearly shows that packaging, which also serves as an information carrier,
cannot be 100% recyclable under current conditions and inks used. However, it is
important to note that a label for a PET bottle is usually only about 2 % of the
packaging, and if it can be easily removed, it serves an important purpose. It should be

considered as a sacrificial transportation vector that is ideally used for energy recovery.

» Where do potential hazards in recycled materials come from? Maybe from

Inks?

Chapter 3 clearly shows that recycling labels that contain high amounts of ink results
in a significant number of critical substances in the regranulate. Most of the printing
inks currently in use are not designed to withstand the typical recycling temperatures
of 240 °C [126]. Notably, 21 % of the substances identified in the regranulate were
classified as highly toxic. This leads to the conclusion that printing inks, in general, can

become critical substances after a recycling process.
» Are labels recyclable?

In general, the mechanical properties showed positive results. However, rheology and
thermal analysis showed many remaining challenges. Finally, toxic substances found

after processing ensure that the recycling of labels must be approached cautiously.
» Are particular decoration technologies unfavorable for recycling?

As seen in Chapter 4, decoration technologies that hinder detection are a major
obstacle to recycling. If a sleeve is attached, it should either be self-separating or must
not hinder detection. However, sleeves (plastic and cardboard) can result in a pure
recyclate, unlike DP or IML cups where the color is currently almost impossible to
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remove in the existing recycling process. Even if detection is straightforward and there
is no contamination from adhesives, colors, or attached sleeves, a challenge remains:
products made from different PP grades are present, regardless of the decoration

technology.
» Is there a difference when sampling from different waste streams?

The findings in Chapter 4 indicate that there is no difference in the mechanical
properties of materials collected separately in a plastic collection compared to those
collected within MSW. This supports the conclusion that plastic from MSW can also be
used for recycling. However, the different PP grades influence the quality of the

regranulate, and depending on the distribution, this impedes high-quality recycling.
» Why are there, so far, no closed-loop applications® with PP?

From Chapter 4 one can assume that due to different decoration technologies and the
variety in PP grades, there is currently no such stream large and pure enough to form
an accurate input stream for a closed-loop product. Unifying yogurt cups in terms of

appearance and polymer grade could be a possible solution.
» What happens if the same polymer with different viscosities is mixed?

Polypropylene (PP) can tolerate a certain level of mixing between high and low
viscosities. The results from Chapter 4 on the mechanical properties indicate that an
injection-molded content of up to 30 wt.% shows only minor losses, making slight
sorting inaccuracies acceptable. However, to achieve high-quality recyclate, mixing

different viscosities should be avoided.
» s there really so much mistrust of consumers against plastics?

Unfortunately, results of the first study in Chapter 5 show that plastic is perceived as

significantly worse than other materials. When compared to glass, this conclusion is
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L1n this case “closed-loop application” means that there is currently no PP food packaging that can be recycled

into a product of the same value, i.e. food packaging.
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supported by the second study, which also utilized a different design. Additionally,
when consumers were asked to respond freely without any prior information, they

described plastic much more negatively than glass.

To conclude, the concept of a label can considerably contribute to maintaining a clean and
uncontaminated recycling stream. By concentrating contaminants, labels play a crucial role in
ensuring the production of high-quality recyclates. However, an important objective for the
future should be the development of inks that do not degrade into hazardous substances. For
the time being, excluding this product stream from the valuable material stream intended for
high-quality recycling is a pragmatic and comprehensible approach. Nonetheless, this strategy
is feasible only if the material components for recycling can be simply identified and the label
can be removed with minimal adhesive residue—or, ideally, without any adhesive residue, as

is the case with sleeved packaging.

This can also contribute to a more homogeneous stream, especially in terms of color.
However, in order to achieve a more homogeneous stream for PP recycling, the different
polymer grades would also have to be reduced or better guided. PP grades with different
molar masses lead to different properties, which together result in a heterogeneous stream
for recycling. The standardization of this stream, therefore, requires all parties involved to

rethink their packaging concepts and work together on a solution.

With a particular emphasis on cups, producers should critically evaluate whether it is truly
necessary to offer yogurt packaging in a wide range of sizes and decoration technologies. Is
the simultaneous use of thermoforming and injection molding essential, or could a single

processing method be standardized for each product category?

Ideally, packaging should be designed to be fully recyclable in the following life cycle. This
entails being recognized by consumers as a valuable resource, correctly disposed of, collected,
and directed to sorting facilities where advanced technologies, such as NIR (near-infrared)
detection, can accurately identify it. Such efforts are meant to result in homogeneous streams
free from contamination caused by the packaging itself, but communication with the
consumer must be present. Therefore, design adjustments like the ones mentioned before
will be essential, requiring the commitment of all stakeholders to implement a systematic

change with “design for recycling” and transfer them into practice.
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In addition to the inherent technical challenges of achieving a more homogeneous recycling
stream, the negative perception of plastics significantly undermines their value as a resource.
It is, therefore, crucial to raise awareness of plastic as a resource worth recycling, and all
stakeholders must take responsibility if these efforts are to be successful. Ideally, packaging
should feature a standardized message or icon that provides clear recycling
recommendations, which are adapted to the colors and names already used for containers of
the waste management system. Furthermore, containers should display sufficient graphical
and verbal information to enable a consumer to conclude what is desired for collection. This
standardization aims to eliminate consumer confusion and must be coordinated among
producers and recyclers. Policymakers can support this transformation by mediating between

the different stakeholders and guiding with tangible specifications.

Given that ineffective waste collection can lead to material loss, and considering the vital role
of citizen participation in a circular economy, with reduction as the highest priority and
recycling as an ordinary process, it is highly advisable to incorporate this topic into the
curriculum at an early age. This approach could help foster a more sustainable mindset and
get consumers on board. The communication of the stakeholders' expertise to the broader
public should be promoted and rewarded by policymakers. Finally, with producers
cooperating with recyclers to aim for a homogeneous stream, an effective recycling system

that can produce high-quality recyclate is possible.
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A-1 Appendix
A-1.1 Pre-examination of PP injection-molding parameters

When it comes to injection molding of PP, specific processing parameters are outlined in the
DIN EN ISO 19069-2. This standard specifies several factors, including melt temperature (which
varies depending on the MFR), mold temperature, post-injection time, and cycle time. For
grades with an MFR of less than 1.5 g/10 min, the injection molding temperature should be
255 °C. For an MFR between 1.5 g/10 min and 7 g/10 min, the temperature should be set at
230 °C, and for an MFR higher than 7 g/10 min, the injection molding temperature should be
200 °C. In research focused on recycling, where different grades are often mixed together,
achieving comparability is crucial. Therefore, the goal was to identify a single injection molding

parameter that could effectively accommodate all grades.
A-1.1.1 Materials & methods for the pre-examination

Therefore, a pre-examination with PP grades commonly used in the research group was

performed, see Table A-1

Table A-1. Different PP grades, which were used for pre-examination.

MFR
Short name Brand name Provided by Application
in g/10 min

PP1 HA104E Borealis 0.75 Pipes and profiles
Thermoforming

PP2 HC600TF Borealis 2.8 products, textiles, yarns,
etc.

PP3 HD601CF Borealis 8 Food packaging, foils,
etc.
IM h hol

PP4 HF700SA Borealis 21 and household
applications
IM applications, thin wall

PP5 C7069 Braskem 100 containers, packaging

etc

Temperatures according to DIN EN I1SO 19069-2 (200, 230, and 255 °C) were used for PP1 and
PP4. For the experiment with PP1 and PP4, only injection molding was performed with the

instruments stated in section 3.2.4 and 4.2.2.3. Additionally, various blend combinations using
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grades with equal proportions were processed using the single screw extruder at 240 °C (EX-
18-26-1.5, Extron Engineering Oy, Finland) also mentioned in section 0 and 0. Afterwards,
blends were injection molded at different melting temperatures (220, 230,240 °C) to examine

whether any differences exist.
A-1.1.2 Results of the pre-examination

As can be seen from Figure A-1, the E; decreases with increasing melt temperature, whereas
the ep increases. The a;y increases considerably for PP1 with increasing temperature.
However, PP4 showed nearly no differences regarding temperature variations. g, generally,
remains stable. Due to the fact, that the parameters with an injection temperature of 230 °C
always displayed relatively stable results with low standard deviation in between the other
results and, that the focus was on packaging which commonly displays higher MFRs than
0.75 g/10 min which is common to use for pipes an injection temperature of 230 °C was
chosen for all following experiments. Later on, it became clear that PP4 does not ideally
represent IM packaging on the market. Therefore, PP5 was introduced. Further, PP5 also
showed minor differences when processed at different temperatures, confirming the use of
230°C for injection molding. (At 200°C: E;=1177+50.7 MPa; a,=27.6+0.2 MPa;
ep=8.211.6 %; At 230 °C: E; =1112 +70.7 MPa; 0,=26.9 + 0.1 MPa; £5=8.5+ 1.0 %). The

use of 255 °C was, anyway, not feasible due to very low viscous behavior.
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Figure A-1. Elastic Modulus E, (squares), Elongation at break g (pentagons), tensile impact
strength a;y (diamonds), and Tensile strength o, (triangles) injection molded at 200,
230, or 255°C.

Furthermore, investigating the blends (Figure A-2) confirmed that smaller changes in injection
molding melt temperature result in minor differences, except for some outliers using the
lowest temperature (220 °C), relatively stable results are achieved. Again, suggesting
maintaining 230 °C for further investigation. Additionally, no dominance of specific grades or
other peculiarities became obvious, see
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Table A-2. Comparing the measured results with those calculated using the arithmetic mean,
a;y results are similar, and in the case of E; and &g, even higher results were measured than

calculated (except for the €5 of PP1:2).
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Figure A-2. Elastic Modulus E;, and Elongation at break g at different injection mold melt
temperatures: 220 °C (light blue triangles), 230 °C (green squares), and 240 °C (red
circles). Blend components with equal proportions.
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Table A-2. Parameters of the Blend components and their calculated and measured results.

Tensile impact strength

Samples Ay Elastic Modulus E; Elongation at break €
kJ/m~2 MPa %
PP1 886 + 33 1854 + 94 486 + 28
PP2 586 :+ 3.6 1690 * 81 886 + 39
PP3 406 =+ 3.7 1777 + 105 839 + 83
PP4 471 + 5.0 1616 + 48 975 + 29
Calculated from the mean values
PP1:2 73.6 1772 686
PP1:3 64.6 1816 662
PP1:4 67.8 1735 730
PP2:3 49.6 1734 862
PP2:4 52.8 1653 930
PP3:4 43.9 1696 907
PP1:2:3 62.6 1774 737
PP2:3:4 48.8 1694 900
PP1:2:3:4 58.7 1734 796
Measured
PP1:2 86.7 + 538 1835 . 133 653 : 153
PP1:3 88.2 + 8.0 1914 .+ 74 891 .+ 7
PP1:4 635 :+ 6.4 1789 + 108 867 + 45
PP2:3 553 + 6.1 1834 . 121 944 . 22
PP2:4 512 .+ 838 1773 + 55 924 . 21
PP3:4 333 : 6.1 1886 + 86 977 + 8
PP1:2:3 591 + 49 1904 . 65 857 .+ 37
PP2:3:4 428 + 9.3 1846 + 30 917 + 42
PP1:2:3:4 663 :+ 6.4 1841 . 31 870 + 22
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A-1.2 Supplementary Material - Chapter 3

Table A-3. Percentage mass of a label in a bottle packaging system (bottle, cap, label).

Bottle Label Total mass Label Percentage
Type volume (packaging) mass of system
polymer
L g g %
Clever Mineralwasser, prickelnd 1.50 PP 30.70 0.80 2.61
Quellbrunn Vitaqua Quelle 1.50 PP 26.56 0.64 2.41
Tiroler Quelle 1.50 PP 30.77 0.66 2.14
Rauch Juice Bar 1.00 PP 50.23 0.97 1.93
Gasteiner, prickelnd 0.50 PP 20.39 0.42 2.06
Coca Cola Lemon 1.00 PP 32.05 0.38 1.19
Coca Cola, Zero 0.50 PP 22.35 0.24 1.07
Pepsi Cola 0.50 PP 22.05 0.40 1.81
Schartner Bombe, fruit Bowl 0.50 PP 23.70 0.23 0.97
Quellbrunn Vitaqua Quelle 0.50 PP 11.68 0.22 1.88
Crystal Geyser 0.50 PP 9.37 0.20 213
Waldquelle 1.50 PP 31.74 0.87 2.74
Frucade 0.50 PP 24.43 0.41 1.69
Véslauer pr./Mild 1.50 PP 33.21 0.54 1.63
Voslauer pr./mild 1/2 Palette 1.50 PP 33.21 0.54 1.63
Voslauer prickelnd/ohne 0.33 PP 16.29 0.25 1.52
Véslauer ohne 1.50 PP 31.61 0.54 1.71
Voslauer ohne 1/2 Palette 1.50 PP 31.61 0.54 1.71
Véslauer ohne/Balance/Biolimo 0.20 PP 16.21 0.17 1.02
Voéslauer Junior 0.33 PP 17.20 0.25 1.44
Véslauer Balance 0.75 PP 21.96 0.62 2.82
Véslauer Juicy-Balance 0.50 PP 21.60 0.35 1.62
Voslauer mild 11 1.00 PP 28.53 0.53 1.86
Véslauer mild 0,51 0.50 PP 18.30 0.35 1.91
Véslauer Sport 0.75 PP 22.57 0.32 1.42
Véslauer Baby 0.75 PP 21.62 0.32 1.48
Véslauer Superpricklend 1.50 PP 41.31 0.54 1.31
Voéslauer Superpricklend 1.50 PP 41.31 0.54 1.31
Voéslauer Superprickelnd 2.00 PP 48.26 0.69 1.43
Véslauer Ohne 2.00 PP 41.46 0.69 1.66
Véslauer Ohne Junior 0.33 PP 17.20 0.25 1.44
Véslauer 11 1.00 PP 24.43 0.53 217
Mandarijnsap NL 1.00 PP 34.89 0.86 2.46
Quellbrunn Vitaqua Quelle classic 1.50 PP 26.49 0.50 1.89
Radenska naturelle 0.50 PP 16.29 0.35 2.15
Dana s sokom 0.50 PP 17.72 0.32 1.81
Edeka Frucht Liebe 1.00 PP 31.49 0.90 2.86
Mean value - - 26.78 0.48 1.81
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Figure A-3. High (upper row) and low (lower row) magnification SEM micrographs of pre- (left
column) and post-consumer (right column) processed labels.
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Table A-4. Cramer class | substances identified in unprocessed and processed pre-consumer
labels and processed post-consumer labels.

Pre-consumer Post-
Substance CAS No. consumer
Unproc d Proc d (processed)

(1-hydroxycyclohexyl)-phenylmethanone 947-19-3 x -
1-phenylcyclohexan-1-ol 1589-60-2 - -
1,3-ditert-butylbenzene 1014-60-4 - x
2-ethylhexyl 2-hydroxybenzoate 118-60-5 - x
2-ethylhexyl 4-(dimethylamino)benzoate 21245-02-3 x x
2-ethylhexyl prop-2-enoate 103-11-7 - x
(2E)-2-benzylideneoctanal 101-86-0 - x
[2,2,4-trimethyl-3-(2-methylpropanoyloxy)pentyl] 2- 6846-50-0 - x
methylpropanoate

2,4-Ditert-butylphenol 96-76-4 x x
2,4,5-trimethylbenzaldehyde 5779-72-6 x x
2,6-ditert-butyl-4-methylphenol 128-37-0 x x
6-prop-2-enoyloxyhexyl prop-2-enoate 13048-33-4 x -
Bis(2-methylpropyl) benzene-1,2-dicarboxylate 84-69-5 - x
Bis(6-methylheptyl) hexanedioate 1330-86-5 - x
Cyclohexyl(phenyl)methanone 712-50-5 - -
Cyclopentadecane 295-48-7 - x
Cyclotetradecane 295-17-0 - x
Decanal 112-31-2 - x
Dibutyl decanedioate 109-43-3 - x
Dodec-1-ene 112-41-4 - x
Dodecane 112-40-3 - x
Ethyl-2,4,6-trimethylbenzoate 1754-55-8 x x
Ethyl dodecanoate 106-33-2 x x
Ethyl hexadecanoate 628-97-7 - -
Ethyl octadecanoate 111-61-5 x x
Ethyl prop-2-enoate 140-88-5 x -
Ethyl tetradecanoate 124-06-1 x -
Henicosane 629-94-7 x -
Heptacosane 593-49-7 - x
Hexadecane 544-76-3 - x
Hexadecanoic acid 57-10-3 x -

viii
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Hexyl 2-hydroxybenzoate

Icosane

Methyl hexadecanoate

Nonadec-1-ene

Nonadecane

Nonanal

Octacosane

Octadec-1-ene

Octadecane

Pentacosane

Prop-1-en-2-ylbenzene

Propan-2-yl hexadecanoate

Styrene

Tetracosane

Tetradecanal

Tetradecane

Tetradec-1-ene

Tributyl 2-acetyloxypropane-1,2,3-tricarboxylate
Tributyl (Z)-prop-1-ene-1,2,3-tricarboxylate
(Z)-tetradec-3-ene

(Z)-octadec-9-enal

6259-76-3

112-95-8

112-39-0

18435-45-5

629-92-5

124-19-6

630-02-4

112-88-9

593-45-3

629-99-2

98-83-9

142-91-6

100-42-5

646-31-1

124-25-4

629-59-4

1120-36-1

77-90-7

7568-58-3

41446-67-7

2423-10-1
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A-1.3 Supplementary Material — Chapter 4

Table A-5. Outline of the study

Materials
Type packaging cups virgin
collected after
mixed
the use phase
MSW PP HD601CF (Borealis)
. before inserting public
Origin (municipal plastic collection PP C7069-100NA
it into a waste street bin
solid (Braskem)
management
waste)
system
. one and the sorted into DP, S, CS, and a mixed a group of PP HD601CF with
Presorting/ same exact | fraction was made due to proportions [ IM and TF | MFR = 8 g/10min (2TF)
. of the sorted categories, Sleeves .
iti k ! PP C7 -100NA h
Composition | packaging type (cardboard or plastic) and glues were cups was €7069-100NA wit
was used removed selected | MFR =100 g/min (£1M)
DPandS
concentration of IM and a series of
. were a series with
Additional TF documented by visual increments
. separated 5,10,15,25,30,40,50,75
documentatio - assessment by injection of 10 wt.%
into IM and wt.% of IM were
n point and wt.% were
TF and a mix prepared
documented prepared
was prepared
Aim
investigate investigate influence of
Ai behavior of decoration technology investigate behavior of mixtures of different
m
individual PP [ and waste management compositions
packaging system
Preparation
Preparation
shredded, 4mm sieve -
for extrusion
Granule
single screw extruder, 70 rpm, 240°C + shredded as before
preparation

DP ... Direct Print; S ... Sleeved; CS ... Cardboard Sleeved; TF ... thermoformed; IM ... injection molded; EDX ... Energy Dispersive

X-ray spectroscopy; SEM ... Scanning Electron Microscope; DSC ... Differential Scanning Calorimetry; E. ... elastic modulus; €p

... elongation at break; a;y... tensile impact strength

*not content of the results displayed in this article
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twin screw extruder + piston injection molding unit, 100 rpm, 230°C (extrusion temperature),

Specimen
40°C (mold temperature), 350 bar (injection & holding pressure), 10 s (injection and post-
preparation o
injection times)
Characterization

Mechanical E¢, ep Et, ep E:, eB Et, e E:, B E, B
testing arn (acn) (an)* (aen)* arn N
Rheological

MFR (MFR)* (MFR)* (MFR)* MFR MFR
analysis
Thermal

DSC (DSC)* (DSC)* (DSC)* (DSC)* (DSC)*
analysis
Microscopy - - - - SEM + EDX SEM

Xi

DP ... Direct Print; S ... Sleeved; CS ... Cardboard Sleeved; TF ... thermoformed; IM ... injection molded; EDX ... Energy Dispersive

X-ray spectroscopy; SEM ... Scanning Electron Microscope; DSC ... Differential Scanning Calorimetry; E. ... elastic modulus; €p

... elongation at break; a;y... tensile impact strength

*not content of the results displayed in this article
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Table A-6. Categorization of analyzed packaging.

Elastic Elongation at Stress at yield Strength Tensile impact MFR Melting

L product packaging Modulus break test (230°C;2,16kg) temperature
Abbreviation color Category
type type E, &g Oy Owm a MFR T

MPa % MPa MPa kJ/m? g/10min °C
1C foodgrade transparent bucket Copolymer 1026 + 149 843 + 60 27,6 + 0,2 28,0 + 0,5 41,0 £+ 6,4 659 + 1,6 158*
2 C foodgrade transparent tray Copolymer 970 + 136 935 + 96 286 + 0,4 30,7 + 1,7 18,7 £ 4,5 679 + 1,4 154**
3C foodgrade colored bottle cap Copolymer 1289 + 54 984 + 24 30,0 + 0,5 359 + 0,7 65,2 + 8,2 16,3 + 2,1 149
4 C detergent transparent bottle Copolymer 1191 + 103 783 + 46 29,9 + 0,6 39,8 £+ 2,7 1096 + 6,3 2,6 + 0,1 146
11M shower gel colored bottle cap Injection-molded 1471 + 142 531 + 85 33,3+ 0,6 33,3+ 0,6 44,0 + 2,9 32,9 + 11,3 161
2 IM detergent colored tray Injection-molded 1172 + 156 129 + 206 24,4 + 0,7 24,4 + 0,7 42,5 + 1,9 36,4 + 2,1 165
3_IM foodgrade opaque bucket Injection-molded 1384 + 154 51 + 22 25,8 + 0,4 258 + 0,4 435+ 2,0 31,9 + 3,9 164
4 |M foodgrade opaque bucket Injection-molded 1105 + 163 30+ 5 25,7 + 0,5 25,7 + 0,5 43,0 + 3,0 66,2 + 5,5 164
5 IM foodgrade transparent tray Injection-molded 1491 + 142 8+ 1 351+ 0,4 351+ 0,7 25,7 + 5,4 98,5 + 10,4 164
6_IM foodgrade colored cup Injection-molded 1230 + 15 8+ 2 23,8 + 0,4 23,8 + 0,4 370+ 1,3 104,7 + - 165
7_IM flower pot colored pot Injection-molded 1190 + 120 26 £ 4 23,9 + 0,1 23,9 + 0,1 41,8 + 1,9 41,1 £ 9,5 163
8 IM foodgrade colored bucket Injection-molded 1205 + 102 10 + 2 245 + 0,4 245 + 0,4 31,7 + 3,5 67,9 + 6,7 165
9 IM foodgrade colored tray Injection-molded 1170 + 179 10+ 1 24,7 + 0,4 247 + 0,4 32,6 + 2,7 86,3 + 9,0 165
10_IM foodgrade colored cup Injection-molded 1255 + 49 5+ 1 23,4 + 0,3 23,0 + 0,7 22,6 + 3,6 59,6 + 8,7 162
11 IM foodgrade colored cup Injection-molded 1125 + 63 13+ 3 22,4 + 0,2 22,4 + 0,2 36,2 + 2,1 79,3 + 11,4 164
12 IM foodgrade colored cup Injection-molded 1228 + 42 13+ 6 24,3 + 0,6 24,3 + 0,6 33,4 + 1,9 71,5 + 7,8 162
1TF foodgrade colored cup Thermoformed 1484 + 46 789 + 142 36,1 + 1,2 39,6 + 4,2 43,8 + 5,85 52+ 01 165
2 TF foodgrade colored cup Thermoformed 1624 + 38 920 + 36 37,1+ 0,5 46,3 £ 1,1 44,3 + 3,3 83+ 04 165
3 TF foodgrade colored cup Thermoformed 1682 + 29 936 + 28 37,0+ 0,4 44,1 + 0,8 56,2 + 4,3 86 + 0,3 165
4 TF foodgrade colored cup Thermoformed 1716 + 41 966 + 15 37,3+ 0,4 45,5 £+ 0,9 50,3 + 5,4 79+ 01 165
5 TF foodgrade colored cup Thermoformed 1477 + 129 954 + 28 33,4 + 0,6 40,6 £ 1,3 57,3 + 3,2 6,7 £ 0,2 165
6_TF foodgrade colored cup Thermoformed 1837 + 74 885 + 40 376 + 0,1 42,7 £ 1,7 60,7 + 2,8 15,8 + 0,6 166
7_TF foodgrade colored cup Thermoformed 1600 + 84 950 + 19 351 + 0,4 44,1 + 2,0 61,6 + 2,4 50+ 0,2 164
8 TF foodgrade colored cup Thermoformed 1488 + 80 947 + 40 35,8 + 0,8 42,9 + 2,4 54,7 + 1,3 86+ 0,1 165
9 TF foodgrade colored cup Thermoformed 1582 + 54 967 + 21 37,1+ 0,8 48,5 £+ 1,9 67,4 + 3,7 69 + 0,1 165
10_TF foodgrade opaque tray Thermoformed 1806 + 120 915 + 33 357 £+ 04 43,1 + 1,1 64,5 + 1,5 4,7 + 0,1 166
uncategorized foodgrade opaque container PP-PE blend 836 + 45 343 + 249 21,9 + 0,3 21,9 + 0,3 65,7 + 7,6 28,3 + 0,5 122; 164***
uncategorized foodgrade black tray PP filled with talcum 2162 + 673 7+ 1 21,4 + 1,1 21,4 + 1,1 19,5 + 1,5 6,1+ 0,1 164%**

* blend of a RACO (container, Tm=, 137°C; 151°C two peaks) and a Homo PP (lid, Tm=165°C)
** blend of two identical RACOs (both Tm=135°C;147°C two peaks)

*** not in Boxplot Xiii
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Figure A-8. Mapping of the thermoformed cup.
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Figure A-11. Virgin polymer blend with 30 wt.% C7069.
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A-1.4 Supplementary Material — Chapter 5

A-1.1.3 Study 1 - Procedure

e Online questionnaire in January 2021
e Within-subject design
e (no construct, except for psychological ownership of waste)

1. Attention check (three times then dismissed)
2. Evaluation of material and food

a. Paper, glass, plastic, metal, vegetables, meat, food in general

b. Scale 1-5 semantic differential: Evaluated as wertvoll (valuable), praktisch
(convenient), gut (good), wichtig (important), natiirlich (natural)

3. Evaluation of waste — scale as above

a. Paper, glass, plastic, metal, food waste

b. Scale 1-5 semantic differential: Evaluated as wertvoll (valuable), praktisch
(convenient), gut (good), wichtig (important), natiirlich (natural)

4. Separation of materials

a. 5 statements: “Ich sammle Papierabfalle/Glasabfalle/Plastikabfille/
Metallabfélle/Lebensmittelabfélle getrennt vom restlichen Mull” ("l separate
paper waste/glass waste/plastic waste/metal waste/food waste from the rest
of the garbage")

b. Scale: 1-5 Likert Scales (does not apply at all — fully applies)

5. Laytheory

a. Self-Perception 3 statements: “Ich achte generell darauf, meinen Miill zu
trennen” ("I generally make sure to separate my waste"), “Wenn ich zu Hause
bin, dann trenne ich meinen Miill” ("When I'm at home, | separate my waste"),
“Wenn ich unterwegs bin, dann trenne ich meinen Miill (in Bahnhdéfen,
Parks,...)” ("When I'm on the go, | separate my waste (in train stations,
parks,...)")

b. Other-Perception 3 statements: “Ich glaube, dass andere generell darauf
achten, ihren Miill zu trennen” ("I believe that others generally make sure to
separate their waste"), “Ich glaube, dass andere ihren Miill zu Hause trennen”
("l believe that others separate their waste at home") “Ich glaube, dass andere
ihren Miill trennen, wenn sie unterwegs sind (in Bahnhéfen, Parks,...)" ("l
believe that others separate their waste when they are on the go (in train
stations, parks,...)")

c. Scale: 1-5 Likert Scales (does not apply at all — fully applies)

6. Psychological Ownership

a. Denken Sie jetzt bitte kurz an die Erfahrungen und Geflihle, die Sie mit der

Aussage ,Das ist mein Haus‘/ mein Zimmer/...!“ verbinden. Wie stark

*questions in gray were not part of this article

xviii
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7.

empfinden Sie dieses Geflihl von Besitz fiir den Abfall in lhrem Mistkubel?
Bitte ergdnzen Sie den folgenden Satz: ,Fiir mich ist dieser Abfall...“ (Now
please briefly think about the experiences and feelings you associate with the
statement "This is my house / my room / ...!" How strongly do you feel this
sense of ownership for the waste in your trash bin? Please complete the
following sentence: "For me, this waste is...")

b. ,lrgendein Abfall - MEIN Abfall (5 stufiges Differential) ("Just some waste —
MY waste" (5-point semantic differential))

Demographics

a. Gender (male, female, diverse)

b. Age (open question)

c. Monthly net income (6 possibilities: <500, 501-1000. 1001-2500, 2501-5000,
>5000, no comment)

d. Education (compulsory school; vocational training, secondary school; higher
education entrance qualification; academic degree)

A-1.1.4 Study 2 - Procedure

P wnNPR

9.

Pre-registered (#84662)
Online questionnaire in January 2022
In-between-subject design: glass vs. plastic

Attention check (three times then dismissed)
Free associations (glass vs. plastic)
Free association yogurt (glass vs. plastic)
Evaluation of material (glass vs. plastic)
a. Scale 1-5 semantic differential: Evaluated as wertvoll (valuable), praktisch
(convenient), gut (good), wichtig (important), natiirlich (natural)
Psychological ownership (glass bottle vs. plastic bottle)
a. ,lrgendeine Glasflasche (Plastikflasche) — Meine Glasflasche (Plastikflasche)”
(5 stufiges Differential) ("Just some glass bottle (plastic bottle) — MY glass
bottle (plastic bottle)" (5-point semantic differential))
Deposit information
a. Amount of deposit (glass vs. Plastic bottle)
WITH Deposit: Evaluation of material (glass vs. plastic)
a. Scale 1-5 semantic differential: Evaluated as wertvoll (valuable), praktisch
(convenient), gut (good), wichtig (important), natiirlich (natural)
WITH Deposit: Psychological ownership (glass bottle vs. plastic bottle)
a. "Just some glass bottle (plastic bottle) — MY glass bottle (plastic bottle)" (5-
point semantic differential)
Behavior & Lay theory

*questions in gray were not part of this article
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a. Self reported behavior: “Wie wahrscheinlich wiirden Sie die Plastikflasche mit
Pfand zu einem Pfandautomaten bringen?“ (,,How likely would you be to take
a plastic bottle with a deposit to a deposit machine?”)

b. Other-Perception: “Wie glauben Sie ist das bei anderen Personen lhres Alters
und Geschlechts in Osterreich? Wie wahrscheinlich wiirden diese Personen
die Plastikflasche mit Pfand zu einem Pfandautomaten bringen?“ ("How do
you think it is for other people of your age and gender in Austria? How likely
would they be to take a plastic bottle with a deposit to a deposit machine?")
Scale: 0-100% (definitely not - definitely)

10. Control variable
a. Distance to deposit machine (How far away is the nearest deposit machine
from you (e.g. in the nearest supermarket)?)
b. Scale: 5 choices: in walking distance / 5-10 minute drive / 10-20 min drive /
more than 20 min drive / | do not know where the next deposit machine is
11. Comparison of packaging
a. Shopping habit ,,Wir wollen von Ihnen noch gerne wissen, welche Verpackung
Sie beim Einkaufen am haufigsten verwenden. Stellen Sie sich alle mdglichen
Situationen vor, in denen Sie verpackte Lebensmittel kaufen: Wenn ich die
Wahl habe zwischen Einweg-Glasflasche oder Plastikflasche greife ich am
ehesten zu...“ ("We would like to know which packaging you use most often
when shopping. Imagine all possible situations in which you buy packaged
food: If | have the choice between a disposable glass bottle or a plastic bottle,
| am most likely to reach for...")
Scale: 1-5, never/seldom/sometimes/often/always

b. Ranking of current packaging (plastics, single-use glass, reuseable (Mehrweg)
glass, metal, paper, tetrapack, without packaging (unverpackt)

c. Possibility to comment (open question)
Future packaging — experience , Derzeit werden verschiedene neue
Verpackungsmaterialien getestet. Von welchen der folgenden haben Sie
bereits gehort?” (“Various new packaging materials are currently being
tested. Which of the following have you heard of?”)
Scale: 5 Multiple Choices:

e Zuckerrohrbasierter Kunststoff und Karton (Sugarcane-based plastic
and cardboard)

e Folien aus Milchprotein (fiir Lebensmittel, Folie ist essbar) (Milk
protein-based films (for food, the film is edible))

e Verpackung aus Algen (Packaging made from algae)

e Biokunststoff aus Milchsdure (aus Zucker und Starke) (Bioplastic made
from lactic acid (derived from sugar and starch))

*questions in gray were not part of this article
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12. Demographics
a. Gender (male, female, diverse)
b. Age (open question)
Monthly net income (6 possibilities: <500, 501-1000. 1001-2500, 2501-5000,
>5000, no comment)
d. Education (compulsory school; vocational training, secondary school; higher
education entrance qualification; academic degree)
e. Living Area (5 points rural-urban)
13. Quality question: Would you recommend us to use your data (yes / no)

A-1.1.5 Calculation of (M)ANOVA results

Repeated MANOVA results were calculated using R Core Team (2017)2. An example of the
code is given in Figure A-13. Repeated measurement ANOVA and one-way ANOVA were
calculated using the Software Origin Pro, Version 2021b. OriginLab Corporation,

Northampton, MA, USA.

dataf <- my_data !
select(Responseld, contains(c("Q98_", "0105_", "0Ql06_", "Q
mutate at(vars (contains(c("Q98_", "Q105_", "0106_", "Qll6_ as.numeric)
pivot_longer (!ResponseId, names_to = "id", values_to = "Bewertung")
mutate(Material = substr(id, 1, 4),
Question = paste0("Q_", rep(seq(1, 5, 1), 1

names_from — Question, values_from — Bewertung)

manova_results <- manova(cbind(Q_ 1, Q@ 2, 0 3, Q_ 4, Q 5)-Material, data = dataf)
summary{manova_results) |

Figure A-13. Code for MANOVA calculations.

2R Core Team (2017). R: A language and environment for statistical computing. R Foundation

for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.
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A-1.1.6 Results Study 1

Basic calculations like mean and standard deviation were calculated using MS Excel, see Table
A-7. Additionally, the results of Bonferroni post hoc tests are displayed in Table A-8 &Table A-
9.

Table A-7. Mean and standard deviation of the perception of the different material or waste

(plastic, paper, glass, and metal) in the dimensions valuable, convenient, good,
important, natural (N = 316).

dimension Mopiastic SDpIastic _ Mygiass SDgIass Mmetai | SDmetal
valuable 2.66 1.18 4.33 0.90 4.38 0.87 4.05 1.05
- convenient 3.78 1.21 4.34 0.89 4.06 1.08 3.67 1.11
g good 2.29 1.10 4.39 0.85 431 0.89 3.75 1.06
g important 3.13 1.15 4.43 0.85 4.36 0.89 3.89 1.10
natural 1.60 0.93 4.45 0.89 3.92 1.10 3.36 1.20
valuable 2.75 1.48 4.20 1.10 4.07 1.19 3.97 1.21
convenient 2.31 1.29 3.62 1.17 3.22 1.39 3.08 1.28
g good 1.88 1.12 3.76 1.17 3.62 1.18 3.29 1.17
= important 2.69 1.31 3.85 1.09 3.77 1.12 3.51 1.19
natural 1.73 0.98 4.03 1.00 3.59 1.14 3.14 1.22
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Table A-8. Results of Bonferroni post hoc tests for the different materials.

Mean Difference Std. Error | DF |t] Value | Prob.>|t] Alpha | Sig | 95.00% LCL 95.00% UCL
Paper - Glass -0,05063 0,06929 945 | 0,73078 1 0,05 0 -0,23381 0,13255
Paper — Plastic 1,67089 0,06929 945 | 24,11585 | <0.0001 0,05 1 1,48771 1,85407
% Paper - Metal 0,27848 0,06929 945 | 4,01931 3,78082E-4 0,05 1 0,0953 0,46166
Lé Glass - Plastic 1,72152 0,06929 945 | 24,84664 | <0.0001 0,05 1 1,53834 1,9047
Glass - Metal 0,32911 0,06929 945 | 4,75009 <0.0001 0,05 1 0,14593 0,51229
Plastic - Metal -1,39241 0,06929 945 | 20,09654 | <0.0001 0,05 1 -1,57558 -1,20923
Paper - Glass 0,28165 0,07776 945 | 3,62197 0,00185 0,05 1 0,07606 0,48723
Paper — Plastic 0,56013 0,07776 945 | 7,20325 <0.0001 0,05 1 0,35454 0,76571
é Paper - Metal 0,67089 0,07776 945 | 8,62762 <0.0001 0,05 1 0,4653 0,87647
% Glass - Plastic 0,27848 0,07776 945 | 3,58128 0,00216 0,05 1 0,0729 0,48407
° Glass - Metal 0,38924 0,07776 945 | 5,00565 <0.0001 0,05 1 0,18366 0,59482
Plastic - Metal 0,11076 0,07776 945 | 1,42437 0,92801 0,05 0 -0,09482 0,31634
Paper - Glass 0,08228 0,07019 945 | 1,17226 1 0,05 0 -0,10329 0,26784
- Paper — Plastic 2,09494 0,07019 945 | 29,84764 | <0.0001 0,05 1 1,90937 2,2805
ago Paper - Metal 0,63924 0,07019 945 | 9,10759 <0.0001 0,05 1 0,45368 0,8248
Glass - Plastic 2,01266 0,07019 945 | 28,67538 | <0.0001 0,05 1 1,82709 2,19822
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Glass - Metal 0,55696 0,07019 945 | 7,93532 <0.0001 0,05 0,3714 0,74253
Plastic - Metal -1,4557 0,07019 945 | 20,74005 | <0.0001 0,05 -1,64126 -1,27013
Paper - Glass 0,07278 0,0697 945 | 1,04433 1 0,05 -0,11148 0,25705
Paper — Plastic 1,30696 0,0697 945 | 18,75256 | <0.0001 0,05 1,1227 1,49122
g Paper - Metal 0,54114 0,0697 945 | 7,76438 <0.0001 0,05 0,35688 0,7254
§. Glass - Plastic 1,23418 0,0697 945 | 17,70822 | <0.0001 0,05 1,04992 1,41844
B Glass - Metal 0,46835 0,0697 945 | 6,72004 <0.0001 0,05 0,28409 0,65262
Plastic - Metal -0,76582 0,0697 945 | 10,98818 | <0.0001 0,05 -0,95008 -0,58156
Paper - Glass 0,52215 0,07405 945 | 7,05167 <0.0001 0,05 0,32639 0,71792
Paper — Plastic 2,8481 0,07405 945 | 38,46363 | <0.0001 0,05 2,65234 3,04387
© Paper - Metal 1,08544 0,07405 945 | 14,65892 | <0.0001 0,05 0,88968 1,28121
g Glass - Plastic 2,32595 0,07405 945 | 31,41196 | <0.0001 0,05 2,13018 2,52172
Glass - Metal 0,56329 0,07405 945 | 7,60725 <0.0001 0,05 0,36752 0,75906
Plastic - Metal -1,76266 0,07405 945 | 23,80471 | <0.0001 0,05 -1,95842 -1,56689

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.

Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level
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Table A-9. Results of Bonferroni post hoc tests for the different waste materials.

Mean Difference | Std. Error | DF |t| Value | Prob.>|t]| Alpha | Sig | 95.00% LCL 95.00% UCL
Paper - Glass 0,12975 0,0721 945 | 1,79947 0,43358 005 |0 -0,06088 0,32037
Paper — Plastic 1,44937 0,0721 945 | 20,10145 | 2,53215E-74 0,05 1 1,25874 1,63999
% Paper - Metal 0,23734 0,0721 945 | 3,29172 0,0062 0,05 1 0,04672 0,42797
ng Glass - Plastic 1,31962 0,0721 945 | 18,30197 | 1,6709E-63 0,05 1 1,12899 1,51025
Glass - Metal 0,10759 0,0721 945 | 1,49225 0,81581 005 |0 -0,08303 0,29822
Plastic - Metal -1,21203 0,0721 945 | 16,80973 | 6,7203E-55 0,05 1 -1,40265 -1,0214
Paper - Glass 0,40506 0,08024 945 | 5,04804 3,21239E-6 0,05 1 0,19292 0,61721
Paper — Plastic 1,31013 0,08024 945 | 16,32725 | 3,36684E-52 0,05 1 1,09798 1,52227
é Paper - Metal 0,53797 0,08024 945 | 6,70443 2,08424E-10 0,05 1 0,32583 0,75012
qé Glass - Plastic 0,90506 0,08024 945 | 11,27921 | 5,42058E-27 0,05 1 0,69292 1,11721
° Glass - Metal 0,13291 0,08024 945 | 1,65639 0,58785 005 |0 -0,07923 0,34506
Plastic - Metal -0,77215 0,08024 945 | 9,62282 3,38868E-20 0,05 1 -0,9843 -0,56001
Paper - Glass 0,14557 0,07271 945 | 2,00216 0,27332 0,05 0 -0,04665 0,33779
- Paper — Plastic 1,87975 0,07271 945 | 25,854 4,09843E-111 0,05 1 1,68752 2,07197
ngo Paper - Metal 0,47468 0,07271 945 | 6,52879 6,48408E-10 0,05 1 0,28246 0,66691
Glass - Plastic 1,73418 0,07271 945 | 23,85184 | 4,99153E-98 0,05 1 1,54195 1,9264
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Glass - Metal 0,32911 0,07271 945 | 4,52663 4,05455E-5 0,05 0,13689 0,52134
Plastic - Metal -1,40506 0,07271 945 | 19,32521 | 1,33136E-69 0,05 -1,59729 -1,21284
Paper - Glass 0,07911 0,07116 945 | 1,1117 1 0,05 -0,10903 0,26726
Paper — Plastic 1,16139 0,07116 945 | 16,31982 | 3,70246E-52 0,05 0,97325 1,34954
g Paper - Metal 0,34177 0,07116 945 | 4,80256 1,09238E-5 0,05 0,15363 0,52992
g Glass - Plastic 1,08228 0,07116 945 | 15,20811 | 4,1461E-46 0,05 0,89413 1,27043
a Glass - Metal 0,26266 0,07116 945 | 3,69086 0,00142 0,05 0,07451 0,4508
Plastic - Metal -0,81962 0,07116 945 | 11,51725 | 4,90099E-28 0,05 -1,00777 -0,63147
Paper - Glass 0,43987 0,06985 945 | 6,29754 2,77583E-9 0,05 0,25521 0,62454
Paper — Plastic 2,29747 0,06985 945 | 32,89216 | 5,52102E-158 0,05 2,1128 2,48214
© Paper - Metal 0,88291 0,06985 945 | 12,64038 | 3,57557E-33 0,05 0,69824 1,06758
g Glass - Plastic 1,85759 0,06985 945 | 26,59463 | 5,29212E-116 0,05 1,67293 2,04226
Glass - Metal 0,44304 0,06985 945 | 6,34284 2,09523E-9 0,05 0,25837 0,62771
Plastic - Metal -1,41456 0,06985 945 | 20,25179 | 3,02368E-75 0,05 -1,59922 -1,22989

Sig equals 1 indicates that the difference of the means is significant at the 0.05 level.

Sig equals 0 indicates that the difference of the means is not significant at the 0.05 level.
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A-1.1.7 Results Study 2

Table A-10 shows the values of the perceptions assigned to the person in each case,

categorized as either not assigned (NA), negative, positive, neutral, or a combination thereof,

resulting in Figure A-14. General associations for each person, 155 participants per group

(plastic/glass) (N=310).Figure A-14.

Table A-10. Perception assigned by the researchers per participant, in absolute numbers, and
as a percentage.

Plastic Glass
Absolute Mixed Absolute Mixed
Percentage Percentage

numbers statements | numbers statements
NA 5 3% - 5 3% -
negative 110 71 % - 25 16 % -
positive 8 5% - 56 36 % -
neutral 11 7% - 32 21 % -
negative
neutral 5 3% 4 3%
negative
posTve 15 10 % S 14 % 25 16 % 5 25 %
positive
neutral 1 1% 7 5%
positive
negative
neutral 0 0% 1 1%
sum 155 100 % - 155 100 % -
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NA

70,97%

16,13%
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Free Associations

36,13%
20,65%
16,13%
9,68%
7,10% 3,23%
5;|1_6|c0 |_| 2 58% O 65‘% 52%

positive neutral negative + negative + positive +
neutral  positive  neutral

O Plastics [ Glass

Figure A-14. General associations for each person, 155 participants per group (plastic/glass)

(N=310).

In total 269 reasons were categorized for plastic into 215 negative, 35 positive, and 19 neutral

ones. For glass, 280 reasons were categorized into 84 negative, 147 positive, and 49 neutral

ones, shown in Figure A-15 with percentages.
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Categories
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60% 52,50%
50%

40%
30,00%
30%

17,50%
20% 13,01% ’

10% 7,06%
0%

negative positive neutral

O Plastics [ Glass

Figure A-15. The percentage of categories is shown, divided by their perceived assignment
(negative, positive, neutral).

The different categories were first independently coded, which is why slightly different
wording was used in Table A-11 in the first column left. The column labeled “Category” shows
the final categories, which are classified as negative (red), positive (green), and neutral
(yellow). The category “positive emotion” consists of good, great, ok, and shiny. The category
“negative emotion” consists of the previous: bad, terrible, angry, annoying, deceptive, insane,
and unattractive. Every category mentioned twice or less was combined into the category

“miscellaneous.

Table A-11. Assigned categories for plastic.

> 92 _ ? & > ? €
o o0 +— o o
o O & [] c o (]
o S & S 1] Qo S e
20 E z o et D S
© o © o (O] © o (@]
O = C [ o o (@) [T o
too much 47 too much 47
00 muc 17.479 | too muc
unnecessar 46 unnecessar 46
v 17.10% Y
environmental pollution 39 environmental pollution 39
P 14.50% P
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waste 31 11.52% waste 31
existing alternatives 14 5.20% existing alternatives 14
hygienic 11 4.09% hygienic 11
convenient 9 3.35% onvenient I 9
packaging material 71 2 60% %%%////%%
unhealthy 5 1.86% packaging material | 7
redundant 5| 186% m&\\\\\%&\\\\g
extending shelf-life 4 1.49% redundant 5
nothing 4 1.49;} unhealthy 5
Recycling 4 1.49% extending shelf-life 4
protective 4 1.49% nothing 4 i :25::;\;(?
incomprehensible 3 1.12% protective 4
ocean pollution 3 1.12% recycling 4
microplastics 3 1.12% incomprehensible 3
necessary i 3 1.12% microplastics 3
2/{////////////////////%% 0.74% | Necessary 3

| il 0.749 | ©cean pollution 3
%&\\\\\\\\\\\\\\%&\\\\g 0.74% miscellaneous 13
had - 0.74%
affordable/cheap . 21 074% —
%%//////////////////%% 0.37% 1npec§;tli\\lli

o

- 0.37%

|
o

0.37%

colored 1 0.37%
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fossil-based 1 0.37%
lightweight 11 0.37%
\\\\ % \\\§ 0.37%
climate 0.37%
not biodegradeable | 0.37%

‘\\\ 0.37%

0.37%

0.37%

unsustainable 1 0.37%

useful 1 0.37%
S 269 S 269
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For glass Table A-12 is similarly prepared as for plastics. The category “positive emotion”

consists of great, good, aesthetic, and interesting. The category “negative emotion” for glass

consists only of the previously mentioned bad and unappealing and is therefore combined in

the miscellaneous category. Every category mentioned only twice or less was combined into

the category “miscellaneo

us.

Table A-12. Assigned categories for glass.

> [o10) > )
> 35 = e i = c c
oo X o c o a Q
o S = > ] 00 S &
2o e S o et S S
Sez2 £ | & o S o 8
packaging material 37 | 13.21% | packaging material 37
weight 31 | 11.07% | heavy |
Reuse 21 | 7.50% §\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ & \\\\\
Recycling 19 | 6.79% | reusable 21
better 17 | 6.07% | recycling 19
DPRS 16 | 5.71% | better 17
positive, or
sustainable 15 | 5.36% | DPRS 16 neutral
environmentally frlendly 12 4.29% | sustainable 15
\ii\\\\ 3.57% | environmentally friendly 12
4 3.21% | no DPRS 9
no DPRS 9| 3.21% | hygienic 8
hygienic 8 | 2.86% | fragile 7
fragile 7 | 2.50% | difficult transport 7
transport 7 | 2.50% | expensive 6
expensive 6 | 2.14% | inconvenient 6
inconvenient 6 | 2.14% | dangerous 4
healthy 4| 1.43% | healthy 4
risky 4 |1.43% | seminal 4
semlnal 41 1.43% | greenwashing 3
-
\\\\\\\\ 1.07% | tasty 3
greenwashlng 3|1.07% | waste 3
taste 3 |1.07% | miscellaneous 25
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waste 3| 1.07%
convenient 210.71%
high-quality 210.71%
limitations 2 10.71%
nothing 210.71%
odourless 210.71%
safe 2|0.71%
strength 210.71%

0.36%

comprehensible 0.36%
efficient 1| 0.36%
fresh 1|0.36%
hard to imagine 1]0.36%
Information 1|0.36%
natural 1|0.36%
no Reuse 1|0.36%
space 1]0.36%
transparent 11]0.36%

3 280 5 280

A-1.5 Science communication — project CirKuS

A-1.1.8 Insights and thoughts regarding the project CirKuS

The program “Talente regional” of the Austrian Research Promotion Agency (FFG) is a very
helpful promotion, especially designed to integrate children into technical research. The aim
of the project CirKuS [A-1] was to give children and adolescents an understanding of the
circular economy, with a focus on plastics. From August 2023 until June 2025 seven different

schools participated with 13 classes, ranging from primary school to high school. The average
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age of the students at the project start was 12 years. A quantitative questionnaire at the

beginning of the project was designed to investigate the students:

attitude to technology

- interest in a job in the RTI (research, technology, innovation) sector

- conviction of control, and thus their innovation competence

- knowledge of the importance of plastics in relation to the circular economy, and
environmental impact

- needs and support we might oversee as adults

In total, 279 students from all participating schools took part between the 15" and 21 of
September 2023. To avoid unrest due to cell phone use or the exclusion of people who do not
yet own a cell phone, a paper and pencil version was distributed for middle school and primary

school. This entailed a lot of transmission work, which, of course, is also a source of errors.
Results

Table A-3 shows that, generally, a positive attitude towards topics like “nature”,
“environmental protection”, and “sustainability” could be found. However, in some
workshops later on in the project, it became clear that especially for the younger students,
“sustainability” is a term they hardly know, underlining the difficulty of designing a survey for
such a range in age and knowledge. In addition, a positive attitude towards “technology” and
“experiments” was found, so it seems that students are generally willing to learn new things
if the materials are prepared in an age-appropriate way. This was also proven for children
learning English in Turkey [A-2]. An important side note, to be added here, is that this survey
was to be filled out on their own, leaving space to express more interest than in a class
dynamic, is probably shown. Observation during the workshops revealed that students, from
middle school or higher (more or less between the ages of 12-16), were harder to reach,
whereas younger children seemed to be more motivated. This corresponds to a study from
Germany, where younger children (9-11) are more responsive to environmental education
programs [A-3] and behavior is influenced more sustainably in younger ages [A-4]. In addition,
Maddox et al. [A-5] pointed out the positive effect of such educational programs, especially in
terms of the multiplicator effects, meaning that the children also spread the information in

their families.
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The students show a positive feeling of being able to change something, evident in the
question that they can do something for environmental protection. Furthermore, the results
show that waste separation is perceived as a simple task and that they know how to do it.
Otherwise, 40 % say that they cannot imagine becoming a technician or researcher. At this
moment, it is unfortunately not yet clear if the project might have changed this response

within the past two years.

Table A-13. Parameters regarding the responses of n=279 students, translated from the
original German version.

(4]
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£ 5 ==
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very (4) a little (3) hardly (2) not at

How much are you interested in ... all (1)

Nature 349 074 0.05 0.09 4.00

Environmental protection 3.37 082 0.05 0.10 4.00

Waste separation 3.06 093 0.06 0.11 3.00

Experiments 3.27 094 0.06 0.11 4.00

Technology 3.05 097 0.06 0.12 3.00

Sustainability 3.06 0.97 0.06 0.12 3.00

Please answer the following questions with yes/rather no (4) rather no (3) rather yes (2)
yes/rather no or no: yes (1)

Does your family separate waste at home? 210 1.21 0.08 0.14 2.00

Do you know how to separate waste? 1.87 091 0.06 0.11 2.00

Do you find it difficult to separate waste? 2.84 1.08 0.07 0.13 3.00

| can imagine becoming a technician 2.85 1.14 0.07 0.14 3.00

| can imagine becoming a researcher 285 1.16 0.07 0.14 3.00

| buy environmentally friendly things 231 0.99 0.06 0.12 2.00

| believe that | can do something for the environment 1.85 0.92 0.06 0.11 2.00

Another question of the survey was posed as an open-ended question: “What would help you
to separate waste better?” On the one hand, this means a relatively large amount of effort for
the students, as they have to come up with an idea themselves and cannot simply tick boxes,
and also more effort for the researcher, who needs to evaluate and interpret the answers [A-
6], [A-7]. For the evaluation, this means assigning certain categories as accurately as possible.

The qualitative text analysis by Mayring [A-8] was used for this purpose. However, the
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research team decided to use an open-ended question to gain as much information as possible

and to see if there existed categories that had not been thought of.

The statements were assigned to the respective categories by Jessica Schlossnikl; a maximum
of two categories were assigned if more ideas emerged from one statement. These were then
grouped and summarized. This resulted in 17 categories, whereby the category “Other”
included categories that could not be grouped further. In this case, these were: disgust,
motivation, recyclability, standardization, advertising, YouTube, and time. In total, there were

236 mentions of the respective categories. A graphical representation is shown in Figure A-3.

The category with the highest number of mentions is “more garbage cans” with 42, although
it was not clear from this whether this refers to separate garbage cans, which were again
grouped under the category “clearer waste separation” (29 mentions). However, this category
also includes the explicit demand for better waste separation in homes and at school. This
makes perfect sense, as it was found that the supply of residual waste garbage cans leads to
waste not being separated properly, and this is also accepted, because after all, it is not
disposed of in the environment [A-9]. However, a collection scheme is also limited by the

number of collection points, transportation, and economic feasibility [A-10], [A-11], [A-12].

The next category with 40 mentions includes “information”, which covers everything relating
to (better) labeling, information on the container, information on the product, as well as
suggestions to work with colorful and graphic elements. Especially, graphic elements on the
packaging and the container, ideally unified, are desired by the students. This is anchored as
a goal of the EU Commission as part of the Packaging and Packaging Waste Regulation in
paragraph (66) [A-13]. The request for a YouTube channel was specifically assigned to the
“Other” category as it is very specific, although it could of course also be assigned to the
“Information” or “Education” category. It is clear that these are two priority topics that are
already desired by students. At the top of the list is also a category called “no idea” meaning
they don’t have any idea what could help them separate waste better. Categories which are
also mentioned are “support” (here mostly meaning from parents) and “education”. The
category “nothing” was separated from “no idea”, as this seems to be aimed more at simply

not doing it if you don't want to or don't feel like it, e.g: “Nothing (I have to do it on my own)”.
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Some children also asked for a website or channel to find information about waste separation.

These are good ideas, but also show that existing homepages such as Osterreich sammelt [A-

14] or the Mist-ABC [A-15] of the City of Vienna are not very well known. Certainly, most of
the children are a bit too young to already have the necessary amount of self-initiative, which
is required to find and navigate the aforementioned websites. In general, more waste garbage
cans, a clearer separation system, and more information (also with graphical elements) are

desired by the students.
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Figure A-16. Number of mentions assigned to the respective categories after the question:
“What would help you to separate waste better?”.

Conclusion

To conclude, results show a positive attitude towards the environment. Graphical elements
on containers and packaging are desired and perceived as helpful by the students.
Additionally, some demands that are restricted by economic limits are mentioned in the
survey. Overall, the project team of CirKuS observed that motivated teachers are key and can

work as gatekeepers for the children. Therefore, it is seen as especially important to foster
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motivated teachers who are eager to participate in such projects. Furthermore, it shows how

essential it is to educate teachers on everyday problems that children face, like recycling.

Additionally, it is important to start as early as possible, as the motivation of younger ages is

much more thriving than in the teenage years.
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