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Summary

Plastic itself is not the problem; rather, the way plastic waste is managed
represents the real challenge. Polymers are indispensable materials in modern
society, yet their sustainability is critically undermined by ineffective end-of-life
management and the limited performance of recycled materials. This thesis
addresses these challenges by focusing on the mechanical recycling of polyolefins
- specifically polypropylene (PP) and high-density polyethylene (HDPE) - which
dominate plastic production. The work is grounded in a critical analysis of current
plastic production, waste management, and recycling practices, highlighting how,
despite increasing regulatory pressure and ambitious policy targets, the plastics
economy remains largely linear. It is now well established that meaningful
sustainability improvements must rely on enhanced circularity rather than
indiscriminate material substitution. Within this context, mechanical recycling is
identified as the most mature and energy-efficient recycling route.

The experimental work systematically investigates the thermo-mechanical
degradation of polypropylene during repeated extrusion cycles, revealing that PP
degradation is dominated by random chain scission, leading to progressive
reductions in molecular weight, without significant oxidative modification of the
polymer. To counteract these effects, a reactive repair additive is evaluated under
conditions representative of both pre-consumer and post-consumer mechanical
recycling. The results demonstrate that the additive is effective in mitigating
viscosity loss, partially rebuilding molecular weight, and inducing controlled
modifications of the macromolecular architecture.

Beyond short-term processing behavior, the long-term performance of
recycled polypropylene is assessed through photo-oxidative aging experiments.
The evolution of chemical structure, thermal response, and mechanical properties
is systematically analyzed, providing clear evidence that the introduction of the
repair additive is also able to maintain adequate mechanical properties for long



periods under photo-oxidative degradation. In this way, the useful life of films
produced with recycled plastic can be extended, greatly reducing the loss of
elongation at break and stress at break even when exposed to solar UV light and
condensation cycles.

This work further explores the mechanical recycling of high-density
polyethylene, whose degradation behavior is characterized by the coexistence of
chain scission, branching, and crosslinking reactions, leading to highly
heterogeneous microstructures. By tailoring processing conditions, these
degradation-induced reactions are deliberately exploited to promote long-chain
branching. As a result, recycled HDPE with enhanced melt strength and increased
ductility is obtained, enabling its use in processing technologies dominated by
elongational flow.

In addition, the thesis investigates the functional upgrading of recycled PP
through the incorporation of different flame-retardant systems. For each
formulation, rheological behavior, morphology, and fire retardancy are
systematically compared with those of virgin PP-based systems. The results
demonstrate that effective flame retardancy can be achieved in recycled matrices,
while also revealing how polymer degradation influences the efficiency and
stability of flame-retardant additives.

Finally, the end-of-life mechanical recycling of flame-retarded PP is
examined by subjecting an intumescent flame-retardant system to multiple
extrusion cycles. The evolution of rheological, mechanical, morphological, and
fire-retardant properties during repeated reprocessing highlights the combined
effects of polymer degradation and additive redistribution. These findings provide
critical insights into the recyclability of functionalized plastics and underline the
importance of designing flame-retardant systems that remain compatible with
mechanical recycling across multiple life cycles.

Overall, unlike conventional re-stabilization approaches, which merely slow
down further degradation, the strategies developed in this PhD thesis actively
enable structural recovery and functional upgrading. The results reported in this
PhD dissertation prove that through targeted microstructure control and functional
design, recycled polyolefins can achieve enhanced performance, extended
application potential, and higher added value. These findings demonstrate that
mechanical recycling can evolve from a downcycling practice into a robust
technological pillar for a circular plastics economy.
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Chapter 1

Introduction

1.1 Critical issues in plastic waste management

Plastics occupy a central and irreplaceable position in modern material
systems, supporting countless industrial sectors and consumer applications due to
their versatility, durability, low density, and cost-effective manufacturing. These
features have enabled plastics to deliver significant societal and environmental
benefits, including light weighting in transportation, food preservation through
high-performance packaging, and improved safety and comfort in diverse
applications. Yet these same characteristics also contribute to the escalating
environmental burden associated with their end-of-life management. In 2024,
global plastic production reached approximately 430.9 million tonnes (Mt), while
European demand alone amounted to 54.6 Mt [1]. The total magnitude of this
production inevitably gives rise to vast quantities of post-consumer waste. In
addition, a recent study estimates that the annual global demand and the waste
generation of polymers are expected to double by 2100 [2]. Despite progressively
expanding collection schemes and recycling infrastructures across Europe,
substantial fractions of discarded plastics continue to be landfilled or incinerated,
causing the irreversible loss of valuable materials and the amplification of climate
and pollution impacts [3].

Recent statistics illustrate that although meaningful progress has been made,
significant gaps remain in achieving a truly circular plastics economy. In 2024,
only 7.7 Mt were successfully reincorporated into new products, corresponding to
an effective recycled-content rate of roughly 14% [1]. While this represents an
improvement compared with previous years, as shown in Figure 1, the
discrepancy between collected and reused material remains substantial. It reflects
systemic inefficiencies throughout the plastics value chain, including limited
recyclability embedded in product design, inadequate sorting technologies,
contamination issues that impair recyclate quality, and persistent price
competition with low-cost virgin polymers. Achieving a circular plastics system



demands not only improved waste collection, sorting, and reprocessing
technologies, but also fundamental shifts in product-design philosophies,
regulatory frameworks and business models across the entire plastics economy
[4—6]. There is growing recognition of the relevance of designing for durability,
reusability and recyclability to ensure that materials retain their functional and
economic value over multiple life cycles [7,8]. Nevertheless, global market data
confirm that the plastics economy remains overwhelmingly linear, with more than
half of annual plastic production accumulating as unrecovered waste [1]. Thus,
improving recycling performance and expanding the availability of high-quality
secondary materials remain central pillars in the transition toward a sustainable
circular economy.
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Figure 1. European plastic production from 2018 to 2024 (adapted from [1]).

Within this context, mechanical recycling constitutes the most mature, widely
implemented and energy-efficient route for polymer recovery and reuse [5,8,9].
Mechanical recycling of plastics typically involves four main stages. First, waste
materials are collected from post-consumer or post-industrial streams. They are
then sorted to separate different polymer types and remove non-plastic fractions.
The sorted plastics undergo washing, which removes surface contaminants such
as residues, labels, and dirt. Finally, the cleaned materials are shredded, melt
reprocessed and pelletized into secondary raw materials suitable for
manufacturing new plastic products [10]. Ideally, mechanically recycled plastics
should be capable of substituting virgin materials in equivalent applications. In
practice, however, polymer degradation during service life and repeated
processing cycles continues to pose significant technical and economic
constraints. Thermal oxidation, chain scission and other degradation mechanisms
modify molecular weight and impair mechanical, thermal and aesthetic properties,
thereby limiting the range of feasible end-uses for recovered materials [11,12].
These challenges undermine the competitiveness of recycled polymers and
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highlight the need for further advances in stabilization strategies,
compatibilization technologies, and processing enhancements. From an
economical point of view, the ability to generate recycled materials whose
performance approaches or surpasses that of virgin plastics is crucial for
sustaining market demand and accelerating the adoption of secondary raw
materials.

Another major issue related to plastics that should definitely be mentioned is
the dissemination of microplastics, which is now recognized as one of the main
environmental and health concerns associated with the widespread use and
dispersion of plastics. All the plastics waste that leaks into the environment each
year progressively fragment into smaller particles. It has been estimated that in
2010 a percentage between 1.7 % and 4.6 % of the total plastic waste generated,
corresponding to a range between 4.8 and 12.7 Mt, entered the ocean, where they
gradually degrade in microplastics [13]. These particles are now detected in
marine ecosystem, freshwater systems and even the atmosphere, raising concerns
about their ingestion and inhalation by living organisms. Recent studies also
highlight that recycling itself can be a source of microplastics: during some steps
of mechanical recycling processes, such as crushing and grinding, plastic waste
undergoes strong mechanical stresses that generate large numbers of microplastic
fragments [14]. Mechanical recycling processes can release particles into
wastewater and airborne dust within recycling facilities. Consequently, the
potential exposure of workers to aerosolized microplastics in recycling plants is
emerging as an important occupational health issue, highlighting the need for
improved monitoring, containment strategies, and protective measures.

1.1.1 Current status and outlook of plastic recycling in Europe

Over the years, notable improvements in plastic waste management and
recycling have been achieved, as evidenced by the analysis Circular Economy for
Plastics — A European Analysis (2024) [15]. Between 2018 and 2022, the
availability of post-consumer recycled plastics in Europe increased by more than
70%, reaching 6.8 Mt, while circular plastic content in new products rose to
13.5%. Mechanical recycling capacity expanded significantly, with mechanically
recycled plastics reaching roughly 8.7 Mt in 2022 - an increase of more than 57%
since 2018 (Figure 2). By contrast, chemical recycling remained at an early stage,
representing only 0.1% of European plastics production in 2022. Waste-
management data further indicate that, for the first time, more plastics were
recycled than landfilled in 2022, as the overall recycling rate reached 26.9%.
Although these developments mark important milestones, challenges remain,
including persistently high incineration rates (up 15% since 2018), inadequate
sorting capacity and limited uptake of recycled content in certain sectors such as
automotive.
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Figure 2. Evolution of post-consumer plastics waste treatment from 2006 to 2022
(adapted from [15]).

The Plastics Transition roadmap evaluated by Plastics Europe [16] outlines
an ambitious and quantitatively detailed forecast for the scale-up of plastic
recycling as a core mechanism for achieving both circularity and decarbonization
within the European plastics system. The roadmap shown in Figure 3 anticipates
that recycling, both mechanical and chemical recycling technologies, will become
one of the dominant sources of polymer feedstock by 2050, fundamentally
reshaping material flows and reducing dependence on fossil-based plastics.
Between 2021 and 2030, the share of circular plastics is projected to more than
double from 12% to 25%, driven by significant improvements in waste collection
and sorting. Mechanical recycling is expected to increase from 5 Mt to 9 Mt,
while chemical recycling is projected to rise from negligible levels to 3 Mt by
2030, marking a decisive technological shift towards processes capable of
handling more heterogeneous and contaminated waste streams. The long-term
outlook intensifies this trajectory: by 2050, mechanical recycling is forecast to
reach 15 Mt and chemical recycling 12 Mt, together supplying approximately 27
Mt of recyclate - around 40% of total plastics demand - and forming a key
component of the roadmap’s projection that 65% of all plastics consumed in
Europe will be produced from circular feedstocks. This structural evolution is
positioned not only as a material-circularity strategy but also as one of the most
effective levers for reducing greenhouse gas emissions across the plastics life
cycle, particularly through the displacement of virgin fossil feedstocks and the
avoidance of incineration emissions. The roadmap emphasizes that achieving
these recycling targets will require coordinated systemic changes, including large-
scale investment in new recycling capacity, harmonized EU-wide regulatory
frameworks, the phase-out of landfill and incineration for recyclable plastics, and
improved integration across the entire value chain, from polymer producers to
waste-management operators. Overall, the forecast positions recycling as a central
pillar of Europe’s transition to a climate-neutral and resource-efficient plastics
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economy, while acknowledging that its success depends on enabling policy
conditions, technological innovation, and cross-sectoral collaboration.
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Figure 3. European plastic recycling forecast (adapted from [16]).

The European union (EU), in turn, is committed to publishing new regulations
which set recycled-plastic content targets for different sectors. In the packaging
and single-use sector, Single-Use Plastics Directive (SUPD, Directive (EU)
2019/904) introduces necessary recycled-content targets specifically for beverage
bottles, namely 25% recycled plastic in polyethylene terephthalate (PET)
beverage bottles by 2025 and 30% recycled plastic in all plastic beverage bottles
by 2030. Besides, the Packaging and Packaging Waste Regulation (PPWR,
Regulation (EU) 2025/40) is the current cornerstone of EU legislation governing
packaging materials, including plastics: from 2030, plastic packaging placed on
the EU market must contain a minimum percentage of post-consumer recycled
plastic, with the specific threshold to be published. The other targets defined in
the regulation are 30% recycled plastic for bottles, 10% for plastics in contact
with food (non-PET), and 35% for other plastic packaging by 2030, rising further
by 2040. Beyond recycled content mandates, the PPWR also includes design and
recyclability requirements to ensure that packaging is suitable for mechanical
recycling, which reinforces the connection between product design and achievable
recycled content. During 2025, also a new regulation for End-of-Life vehicles
(ELV) was published, in which a mandatory minimum recycled-plastic content
will be introduced for new vehicles placed on the EU market. The target should



amount to at least 15% recycled plastic within six years of the regulation’s entry
into force, rising to 25% within ten years. Of this recycled content, a defined
proportion (e.g., 20% of the overall target) may need to come specifically from
plastics recovered from end-of-life vehicles or post-use automotive components,
reinforcing closed-loop recycling within the automotive system. The new ELV
Regulation also incorporates design for recycling provisions and extended
producer responsibility to ensure that vehicles are easier to dismantle and recycle.

It is evident that meeting all mandated targets requires coordinated efforts
across multiple fronts; nevertheless, the current European situation has reached a
critical moment. The Plastics Recycling Industry Figures 2024 analysis [17]
reveal the first major stagnation of the recycling sector after years of growth
across Europe. Despite an extensive infrastructure composed of an installed
capacity of 13.5 Mt, recyclate output decreased from 7.7 Mt in 2023 to around 7.5
Mt in 2024. This contraction was driven primarily by falling market demand, high
production and energy costs, and escalating competition from low-priced
imported recyclates, which forced numerous producers to reduce or suspend
operations. Turnover fell by 5.5%, marking the second consecutive year of
economic decline. Polymer-specific analyses reveal stagnant or declining
performance across multiple streams, including polyolefin films, PET,
polypropylene (PP) and high-density polyethylene (HDPE). Polyolefin film
recycling capacity plateaued at 3.5 Mt, representing roughly 26% of Europe’s
total installed capacity. PET, the second largest stream, exhibited a modest
capacity increase from 3.2 to 3.3 Mt, yet PET recyclers faced heightened market
pressures due to the growing importation of low-priced recycled PET, which led
to unprecedented stock accumulations. These dynamics threatened the viability of
domestic PET recyclers, especially those producing food-contact grade materials
subject to stringent regulatory requirements. Rigid PP and HDPE -capacities
remained relatively stable at 1.8 and 1.75 Mt, respectively, though many HDPE
recyclers reported reduced turnover and performance. Other polymer streams
either stagnated or exhibited limited growth. At the same time, waste exports
increased sharply, up 15% relative to 2023 and 36% relative to 2022, while the
share of imported polymers rose to 24%, exacerbating domestic underutilization
and destabilizing secondary-material markets. Particularly concerning were
widespread facility closures in 2024, amounting to 0.3 Mt of lost capacity -
double the figure recorded in 2023 - with projections suggesting the volume of
closures could triple by 2025 without intervention. These developments
collectively expose the fragility of Europe’s recycling ecosystem and cast doubt
on the achievability of mandated recycling and recycled-content targets.

1.1.2 The challenge of replacing plastics

In any case, plastics occupy a central and irreplaceable position in
contemporary material systems due to their exceptional versatility, low density,
tunable mechanical and barrier properties, and cost-effective manufacturing. An

6



expanding body of Life Cycle Assessment (LCA) literature [18] demonstrates that
their functional advantages frequently translate into net environmental benefits
when compared with conventional alternatives. In their work, Meng et al. [19]
show that the plastic products result in fewer greenhouse gas emission if
compared to their alternatives - paper, aluminum, steel, glass among few to
mention - in 15 of the 16 applications considered, demonstrating also that in some
applications no suitable alternatives to plastics exist.

In the packaging sector, polymers such as PE, PET, and polyamide (PA)
provide excellent barrier performance against oxygen, moisture, and microbial
contamination [20,21], thereby extending shelf life and reducing spoilage in
perishable foods [22,23]. This is particularly critical because the environmental
burdens embedded in food production often exceed those associated with
packaging by one or more orders of magnitude; for instance, the FAO estimates
that global food waste accounts for roughly 8-10% of anthropogenic greenhouse
gas emissions, making preservation technologies indispensable for sustainability
[24]. LCA studies show that even modest increases in food shelf life obtained
through plastic packaging systems, such as modified-atmosphere trays or high-
barrier multilayer films, lead to net reductions in lifecycle greenhouse gas
emissions, water consumption, and land occupation, often far surpassing the
impacts generated by the packaging materials themselves [23,25]. Furthermore,
when compared with heavier alternatives such as glass or metal, plastics deliver
substantial reductions in transport-related emissions and energy use due to their
lower mass, which contributes significantly to overall environmental efficiency
[26].

Similarly, in the automotive sector, plastics such as PP, polyurethane (PU), or
acrylonitrile butadiene styrene (ABS) have become essential enablers of light
weighting strategies aimed at reducing vehicle mass and, consequently,
operational energy demand. Vehicle weight remains a key determinant of fuel
consumption for internal combustion engine vehicles and of battery capacity for
electric vehicles, and LCA studies demonstrate that the operational-phase
emission savings resulting from lightweight plastic components far outweigh their
production-phase environmental impacts [27]. Moreover, plastics offer design
freedom, corrosion resistance, and crash-energy absorption characteristics that
cannot easily be replicated by metals, thereby improving not only environmental
performance but also safety and comfort.

In the textile industry, synthetic fibers such as polyesters, PA, and PP have
transformed global apparel and technical textile markets due to their durability,
controlled performance properties, and economic accessibility. When evaluated
through LCA, these fibers often outperform natural alternatives such as cotton,
which requires large quantities of water, pesticides, and arable land, contributing
to substantial environmental pressure in major producing regions [28]. Cotton’s
agricultural phase is particularly impactful: its water footprint is among the
highest of any fiber crop, and intensive pesticide use remains a widespread
challenge, whereas synthetic fibers - despite relying on petrochemical feedstocks -
exhibit lower water consumption, no agricultural land use, and significantly
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longer product lifetimes, which contribute to reduced overall environmental
burdens [29,30].

Across these diverse application sectors, LCAs consistently converge on a
similar conclusion: plastics, when used appropriately across their full life cycle,
provide environmental and functional benefits that cannot readily be matched by
alternative materials. Their roles in minimizing food waste, reducing energy
consumption in transportation, and enabling safety and design flexibility in
healthcare applications illustrate that plastics are not only deeply embedded in
modern society but fundamentally necessary for achieving broader sustainability
objectives. Consequently, the challenge for research and policy is not merely to
reduce plastic usage indiscriminately, but to optimize material selection, improve
recyclability and circularity.

Bio-based and biodegradable plastics are frequently promoted as sustainable
alternatives to conventional fossil-derived polymers. However, the scientific
literature shows that these materials cannot currently provide a comprehensive
solution to the environmental challenges posed by plastics. Bio-based polymers
such as polylactic acid (PLA) and polyhydroxyalkanoates (PHA) often exhibit
inferior mechanical performance compared with widely used fossil-based
polymers like PE and PP. PLA, for instance, is brittle and has low impact
resistance, making it unsuitable for applications requiring ductility or toughness
unless costly additives or blending strategies are employed [31,32]. Similarly,
PHAs suffer from thermal instability and narrow processing windows,
complicating industrial-scale manufacturing and limiting their ability to replace
fossil-based polymers in high-performance applications [33,34]. These
mechanical and processing limitations restrict the applicability of most bioplastics
to niche markets and prevent them from matching the broad versatility and
durability of conventional polymers.

In addition to performance constraints, biodegradability claims surrounding
bioplastics are frequently misunderstood or overstated. Many biodegradable
materials require highly controlled industrial composting conditions to achieve
meaningful degradation. PLA shows negligible biodegradation in ambient soil,
freshwater, or marine environments, persisting for long periods under natural
conditions [35,36]. Even certified compostable plastics may fail to degrade in
home composting or natural ecosystems, undermining the assumption that they
will reduce pollution or microplastic formation.

Furthermore, the idea that bioplastics inherently offer lower environmental
impacts than fossil-derived polymers is not universally supported by LCA studies.
While bio-based plastics can reduce reliance on fossil resources, their production
frequently involves high agricultural inputs, including land use, fertilizer
application, irrigation, and energy-intensive biomass processing [37]. These
factors contribute to eutrophication, greenhouse-gas emissions, and competition
with food and feed production. Thus, the environmental benefits of bioplastics are
strongly dependent also on feedstock origin.

It is worth mentioning that the current and foreseeable availability of
biopolymers remains insufficient to satisty global plastic demand. Global plastic
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production exceeds 400 Mt per year, whereas total biopolymer production
capacity accounts for less than 1% of this volume, corresponding to only a few
million tonnes annually [38]. This disparity reflects fundamental constraints
related to feedstock availability. Moreover, even optimistic growth scenarios
indicate that biopolymer production is unlikely to scale rapidly enough to replace
a significant fraction of conventional plastics in high-volume applications such as
packaging, automotive, and construction [16]. Consequently, while biopolymers
can play a role in single-use or application-specific contexts, they cannot
realistically substitute fossil-based plastics at the scale required by modern
society.

Despite growing public and political pressure to reduce plastic use, the
accumulated scientific evidence clearly indicates that plastics remain essential
materials for the society. Their unique combination of low density, mechanical
versatility, chemical resistance, barrier performance, and cost efficiency has
enabled widespread applications that cannot be readily replicated by alternative
materials without incurring significant environmental or functional penalties. Life
cycle assessment studies consistently demonstrate that replacing plastics with
heavier or less durable materials often leads to increased energy consumption,
higher greenhouse gas emissions, and greater resource use, particularly in sectors
such as packaging, transportation, healthcare, and construction. As a result, a
strategy based solely on substitution or material avoidance is neither technically
feasible nor environmentally robust at a systemic level.

Given the inevitability of continued plastic use, recycling must be regarded as
a central and unavoidable pillar of a sustainable plastics economy. Among
available technologies, mechanical recycling is currently the most mature, energy-
efficient, and economically viable route for plastic recovery; however, its
performance is fundamentally constrained by the quality and compatibility of
waste streams. Degradation phenomena occurring during service life and
reprocessing, together with inappropriate material and product design choices,
significantly undermine recyclate quality and prevent high value-added reuse.
Consequently, the transition toward a truly circular plastics economy does not
hinge on eliminating plastics themselves, but on fundamentally rethinking how
they are designed, used, managed, and reintegrated at end of life.

1.2 Mechanical recycling of polyolefins

Among all polymers, polyolefins, including the different types of
polyethylene (PE) and polypropylene (PP), account for almost half of the
European plastic production, as observable in Figure 4 [1]. Owing to their
advantageous chemical and physical properties, such as low density, durability,
chemical resistance, and low production cost, polyolefins are widely employed
across numerous industrial sectors, including packaging, automotive, healthcare,
and electronics [12,39,40]. In particular, polypropylene exhibits excellent
chemical and thermal resistance combined with good mechanical properties,
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which has led to its extensive use in high-volume applications [40]. Similarly,
high-density polyethylene is one of the most widely used thermoplastic polymers
in the plastic market, valued for its mechanical strength, chemical resistance, and
versatility. The broad range of applications of polyolefins has driven a continuous
increase in production volumes and related waste over recent decades [12].
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11%
Other thermoplastics

5.3%
Mechanically recycled
(pre-consumer)

7.7%
Other thermosets

13.2%
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Figure 4. European plastic production by polymer in 2024 (adapted from [1]).

It is worth highlighting a fundamental difference with important implications
for circularity between polyolefins and polyesters, which are also widely used in
the packaging sector, which in turn represents one of the largest end-use markets
for plastics. Unlike polyolefins, polyesters - most notably PET - can undergo
molecular-weight restoration through reactive processing, making true closed-
loop recycling technically feasible. In the case of PET, hydrolytic and thermal
degradation during use and reprocessing primarily leads to chain scission,
resulting in reduced intrinsic viscosity [41]. However, this degradation can be
effectively counteracted through solid-state polycondensation or reactive
extrusion with chain extenders, which promote end-group reactions and rebuild
polymer chains. These processes enable the production of recycled PET with
molecular weight and mechanical performance comparable to virgin material,
thereby allowing its reuse in demanding applications [42].

As a result, bottle-to-bottle recycling of PET is already industrially
established, particularly for food-contact packaging. Post-consumer PET bottles
can be mechanically recycled, decontaminated, and subsequently upgraded
through solid-state polycondensation to meet stringent regulatory and
performance requirements [43]. This closed-loop recycling route has enabled high
recycled-content levels in beverage bottles, supported by EU regulatory targets
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and well-developed collection and sorting systems. In contrast, no analogous
molecular rebuilding mechanism exists for polyolefins. For PP and PE,
degradation-induced modifications cannot be reversed through selective end-to-
end reattachment, and available modification routes, such as peroxide-induced
branching or crosslinking, alter molecular architecture without restoring the
original chain structure. Consequently, while polyesters such as PET demonstrate
that high-quality closed-loop recycling is achievable through molecular repair,
polyolefin recycling remains constrained by irreversible degradation phenomena.

1.2.1 Recycling-induced degradation effects

During their service life, plastic products are exposed to various degrading
phenomena that depend on the polymer type and application environment, where
polymers could be exposed to heat, oxygen, mechanical stress, and UV radiation.
This exposure initiates oxidation phenomena, in which the polymer chains
undergo degradation through a series of radical reactions [44]. In particular,
during photo-oxidation, UV light generates free radicals within the polymer
matrix, leading to chain scission and the formation of oxygen-containing
functional groups such as carbonyls, hydroperoxides, and alcohols. These
chemical changes progressively alter the polymer’s structure, resulting in
discoloration, surface cracking, and a significant decrease in mechanical
properties [44]. Additional degradation occurs during mechanical recycling,
where repeated thermal and mechanical stresses affect the polymer
microstructure, leading to changes in molecular weight, crystallinity, chain
topology, and, in some cases, the formation of new functional groups [40,45-47].
These degradation mechanisms differ significantly between PP and PE,
influencing their recyclability and final performance of the resulting recyclates.

During mechanical recycling, polypropylene is repeatedly subjected to
elevated temperatures and shear stresses, conditions that promote thermo-
mechanical degradation dominated by chain scission reactions (Figure 5). Owing
to its chemical structure, PP is particularly susceptible to this degradation
pathway. The presence of tertiary carbon atoms along the polymer backbone
creates weak points where C—C bond cleavage can readily occur under thermal or
mechanical stress. The degradation mechanism typically initiates with hydrogen
abstraction from tertiary carbon atoms, generating macroradicals along the
polymer chain [48,49]. Then B-scission of the macroradicals leads to the cleavage
of the polymer backbone, producing shorter chains and unsaturated end groups,
without significant recombination or crosslinking. As a result, PP degradation
proceeds primarily through random chain scission, leading to a progressive
reduction in molecular weight with each reprocessing cycle [48].
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Figure 5. Effects of reprocessing on PP and HDPE macromolecular architecture.

Experimentally, chain scission in recycled PP manifests as a systematic
increase in melt flow index (MFI) [45,47,50,51] and a corresponding decrease in
viscosity [51-54] as the number of extrusion cycles increases. These
microstructural changes and the reduction in molecular weight lead to a
deterioration of mechanical properties and a gradual loss of added value,
confining recycled PP primarily to applications with lower engineering
requirements compared to virgin PP. As a consequence, the mechanical recycling
of polypropylene is often regarded as a downcycling process. Importantly,
spectroscopic analyses have demonstrated that the chemical structure of PP does
not undergo significant oxidative modification during reprocessing. Minimal or
negligible formation of oxygen-containing functional groups has been observed,
indicating that structural degradation via chain scission is the dominant
mechanism, rather than oxidative functional degradation [45-47,50].

In contrast to PP, the degradation behavior of HDPE during mechanical
recycling i1s more complex. During reprocessing, degradation proceeds through
free-radical mechanisms that differ fundamentally from those observed in
polypropylene, as shown in Figure 5. Owing to the absence of tertiary carbon
atoms along its backbone, HDPE exhibits a lower intrinsic tendency toward -
scission; instead, degradation is governed by a competition between chain
scission, radical recombination, branching, and crosslinking reactions, resulting in
significant alterations of macromolecular architecture [55-60]. The relative
contribution of these mechanisms depends on several factors, including
polymerization catalyst type [59], concentration and type of unsaturated groups,
and reprocessing conditions [55,56,58,60]. The degradation process initiates with
cleavage of C—C or C—H bonds, generating macroradicals along the polyethylene
backbone [61]. In the early stages of degradation, chain scission reactions
dominate, producing shorter polymer chains and increasing the concentration of
macroradicals. However, unlike polypropylene, these radicals in HDPE have a
strong tendency to undergo recombination reactions, particularly in the melt state

12



where chain mobility is high. A key pathway leading to long-chain branching
(LCB) involves the reaction between a macroradical and a vinyl end group
generated during earlier scission events [59]. This mechanism results in the
formation of both short- and long-chain branches, depending on the location and
length of the reacting chains. As degradation progresses and radical concentration
increases, crosslinking reactions may occur. Crosslinking arises from radical—
radical recombination between two macromolecular chains, leading to the
formation of permanent covalent networks. This process reduces chain mobility
and can ultimately result in gel formation if crosslink density becomes sufficiently
high, affecting processability [57].

The simultaneous occurrence of chain scission, branching, and crosslinking
leads to a complex evolution of HDPE macromolecular architecture during
mechanical recycling. In most cases, the melt flow rate (MFR) value decreases
[57,62—65] and the viscosity increases [58,65—67], indicating a reduction in the
macromolecular mobility due to chain branching and crosslinking. Since the
reported increase in viscosity and the modified macromolecular architecture can
lead to the unsuccessful reprocessing of recycled HDPE with the same technology
of its virgin counterpart, in most cases it is necessary to select different,
downgraded technologies for the production of recycled materials with low added
value and limited engineering requirements. Anyway, the adjustment of
processing parameters is typically required when dealing with this kind of
recyclates [63]. In addition, it is worth pointing out that the final mechanical
properties of recycled HDPE are usually poorer than those of the virgin polymer;
once again, this can be ascribed to the heterogeneous microstructure
characterizing the recycled material [58,68].

1.2.2 Valorization strategies

Several strategies for the valorization of recycled PP have been explored. The
most used approach (also at industrial level) involves the introduction of virgin PP
in blend with the recycled one, resulting in an increase of the properties and
performances as compared to unmodified recycled PP [51,69]. In particular, it has
been demonstrated that the mechanical performances of virgin PP can be
maintained by creating a blend containing up to 70 wt.% of recycled PP [53].
Interestingly, blends of virgin/recycled PP have been also exploited for 3D
printing processes, demonstrating the possibility of valorizing a typical low
added-value material through its use for innovative manufacturing approaches
[70].

A further approach concerns the blending of recycled PP with long-chain
branched PP, inducing an enhancement of the rheological and mechanical
properties as compared to recycled PP, paving the way for the use of these
materials in applications where high melt strength values are required [71]. In this
context, it has been demonstrated the possible upcycling strategy of recycled PP
through blending with long-chain branched PP, leading to an increase of the melt
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strength but a decrease in the mechanical properties because of the presence of
PE-based impurities within the post-consumer household waste [72]. The PP
waste valorization can be even carried out by means of functionalization or
addition of compatibilizers or fillers [54,73,74].

Furthermore, the reactive extrusion route can be followed. In particular,
enhanced mechanical properties can be achieved if contaminated recycled PP is
melt-compounded with chemical species, like peroxide, that can lead to the
formation of long-chain branching [75,76]. Besides, PP waste has been upcycled
by means of reactive extrusion obtaining long-subchain hyper-branched
polypropylene starting from thermally degraded products as precursor [77].

Nevertheless, it should be highlighted that for PP there is currently no solution
available to restore the molecular weight, apart from traditional cross-linking
strategies (e.g. through peroxides) that, however, are not selective and do not
rebuild the molecular weight through an end-to-end reattachment mechanism [78—
80]. Surely, the so-called re-stabilization methods allow preventing chain
cleavage during the reprocessing (by adding, as an example, fresh antioxidant or
re-stabilization additives) but do not have any effects in restoring the original
molecular weight, hence processability, of the virgin polymer [81].

Just like for PP, one of the most established valorization routes for recycled
HDPE involves blending with virgin polymer, which allows partial recovery of
mechanical and rheological properties while enabling higher recycled-content
incorporation and the use of recycled HDPE in the same initial application [82].
This strategy is commonly employed in rigid packaging and construction
products, where performance requirements can be met through optimized blend
ratios [83]. However, blending alone does not address the intrinsic microstructural
heterogeneity of recycled HDPE and therefore remains a compromise rather than
a definitive solution for a full plastic circularity. For example, it has been shown
that, for the formulation of bottles for cleaning products, high levels of
environmental stress cracking resistance are mandatory. However, due to the
modifications of the polymer microstructure induced by degradation, this property
is typically inferior in post-consumer recycled plastics, thus limiting their
effective exploitation in the rigid-packaging industry [84]. Similarly, recycled
HDPE recovered from pressure pipes is not currently utilized for the same
applications, mainly due to the high structural and loading requirements (in terms
of slow crack growth and rapid crack propagation resistances) that must be
guaranteed [85].

As well as PP, compatibilizers, antioxidants and a variety of fillers have been
successfully employed to enhance mechanical and thermal properties of recycled
HDPE [86].

More advanced valorization strategies focus on tailoring the macromolecular
architecture of recycled HDPE to improve processability and performance. In
particular, the introduction of long-chain branching (LCB) has been shown to
significantly enhance melt strength, extensional viscosity, and strain-hardening
behavior, which are critical for processing technologies such as blow molding,
film blowing, foaming, and fiber spinning [87]. The formation of long-chain
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branching can be successfully obtained through the addition of peroxides both on
virgin [88] and recycled HDPE [89]. Furthermore, the reactive extrusion of
recycled HDPE with various contents of peroxides, aiming to introduce LCB,
results in increased melt strength and extensional viscosity and the appearance of
a strain-hardening behavior [90]. Therefore, the presence of LCB induces a
significant modification of the processability of these products, allowing the
employment of polymers in several industrially relevant processing technologies
dominated by elongational flow [91-93]. In the context of mechanical recycling,
the introduction of LCBs on a recycled polymer could open new perspectives
towards closed-loop recycling strategies or upcycling approaches, resulting in
high-added-value products that can be employed in applications with high-
engineering requirements.

1.2.3 Functional upgrading and end-of-life challenges: the case of
flame-retardant systems

As highlighted in some recent reviews [94], current interest in the literature
lies also in investigating how plastics derived from recycling processes can be
transformed into new functional polymeric formulations, such as flame retardant
(FR) systems, with the aim of upcycling plastic waste and producing enhanced-
functionality recycled products. In fact, the different forms of degradation
underwent from polymers during their service life, as well as the
thermomechanical degradation typically experienced during mechanical recycling
processes, usually result in chemical or structural modifications of the
macromolecular chains, thereby potentially impacting the FR effectiveness.
Therefore, understanding the relationship between the degradation extent of a
recycled polymer and its flame-retardant properties is a key factor for assessing
the viability of using recyclates in fire-risk applications. In fact, when dealing
with applications where plastics could be subjected to combustion and fire, the
utilization of flame-retardant additives becomes a mandatory requirement. This is
essential in order to delay the flashover time and increase the fire resistance of the
materials [95]. As a result, over the years, several commercial FRs have been
developed to meet these demands. These additives can be differentiated based on
their modes of action and chemical compositions [96,97], and their selection
depends on various factors, including regulatory requirements, specific
performance standards, and the potential fire scenarios that the materials are
expected to face. A few works dealing with the introduction of different FR
systems in recycled polymers are reported in the literature. For instance, Casetta et
al. [98] investigated the flame retardancy of virgin and recycled PP/ethylene
propylene rubber blends containing different contents of an intumescent flame
retardant (IFR) system. The obtained results indicated an increase of the time to
ignition and a decrease of the peak of heat release rate for recycled PP-based
blends as compared to their virgin counterpart. Similarly, Bodzay et al. [99]
demonstrated the effectiveness of an IFR system on a PP-based waste derived
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from the light fraction of end-of-life vehicles, by achieving a decrease of the peak
of heat release rate of about 80% as compared to recycled PP matrix. Also
recycled PP-based composites containing wood flour, halogen-free flame
retardants and synergistic agents with superior flame retardancy properties and
mechanical performances were successfully developed by Ren et al. [100].
Interestingly, Combeau et al. [101] demonstrated that the incorporation of
polyhedral oligomeric silsesquioxane into intumescent flame-retardant systems
effectively enhances the fire performance of both virgin and recycled high-density
polyethylene, enabling improved flame retardancy in terms of heat release rate
peak and keeping adequate mechanical properties for recycled material.

However, the presence of functional additives, such as FR, complicates both
the recyclability and the end-of-life behavior of many polymeric systems. The
primary function of FR is expected to manifest at the final stage of a product’s
life, specifically under fire conditions, where FRs act to suppress or delay
combustion. Nevertheless, a substantial amount of FR-containing plastics never
encounters a fire scenario during their service life. Consequently, these additives
may remain chemically active and structurally intact when the plastic components
enter waste streams and undergo recycling processes [94]. Their persistence raises
significant concerns regarding the recyclability and circularity of FR polymers.
The presence of active flame retardants can alter the physico-chemical properties
of recycled materials, potentially compromising their performances, processability
and safety [102]. Therefore, a more comprehensive understanding of the fate,
behavior, and potential reactivity of flame retardants during end-of-life treatment
is urgently needed. Such knowledge is helpful for promoting a higher degree of
material circularity and decreasing the dependence on virgin polymers in the
manufacture of new products. Current studies indicate that the vast majority of
plastic products formulated with FR-containing polymers are not effectively
recycled [94]. Instead, these materials typically follow linear disposal pathways:
they are either landfilled, where FRs may accumulate and pose long-term
environmental risks, or incinerated, which can lead to the release of hazardous by-
products depending on the type of flame retardant and combustion conditions
[103]. Considering the plastic derived from WEEE (waste from electrical and
electronic equipment), in 2020, only around 2 kilotons are effectively recycled out
of a total of 220 kilotons [104], with the main limitations given by both the
presence of hazardous substances, such as brominated FR, and the complex
microstructures of the polymeric blend usually employed in these applications.
The low recycling rate of FR plastics underscores the pressing need for innovative
and sustainable strategies for their recovery, reuse, and reintegration into
production cycles. The easiest strategy could lie in the development of FR plastics
which are surely mechanically recyclable at their end-of-life.

In this context, there is an urgent need to gain a deeper and more systematic
understanding of the chemical and physical transformations that FR polymers
undergo during their useful life and then mechanical recycling processes. A
growing number of research papers has investigated the ageing behavior of flame-
retarded polymer-based composites, demonstrating how thermal and thermo-
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oxidative ageing mechanism can affect both the polymer matrix and the efficacy
of flame-retardant system, especially those incorporating intumescent flame-
retardant (IFR) [105-108]. On the other hand, the studies about the effects of
mechanical recycling on flame retardancy are few and old [106,109,110].
Although mechanical recycling represents a key strategy for reducing plastic
waste and conserving resources, it is well established that repeated processing
steps can induce structural degradation of polymer chains, modify the distribution
and effectiveness of additives, and ultimately alter the functional performance of
the recycled material [111]. These phenomena are particularly critical in the case
of FR-polymers, in which the complex interplay between polymer matrix, flame
retardants, and thermo-mechanical stresses during reprocessing can lead to
unpredictable changes in material behavior. In particular, the thermo-mechanical
degradation and the changes in the molecular weight distribution during
successive reprocessing cycles can be further exacerbated by the presence of FRs.
These transformations may impact not only the mechanical performances of the
recycled polymer but also its combustion behavior, which is of paramount
importance for applications where fire safety is mandatory. For example,
degradation of the polymer or partial volatilization and redistribution of FR
additives during extrusion may significantly affect ignition behavior, heat release
rate, and charring efficiency. Such alterations may lead to markedly different
responses under fire scenarios, diminishing the effectiveness of the original flame-
retardant system [106,109]. Furthermore, the repeated exposure of FR polymers to
high shear and thermal stresses during multiple reprocessing cycles can negatively
impact their processability. Typical manifestations include decreased melt
viscosity and reduced thermal stability, which may hinder the ability to
manufacture high-quality recycled materials [112]. As the number of recycling
cycles increases, these effects tend to accumulate, making it essential to adapt
processing conditions, such as temperature profile, residence times, and screw
configuration, to maintain acceptable material properties and avoid further
degradation.

1.3 PhD framework and objectives

The growing environmental pressure associated with plastic production and
waste generation, combined with the structural limitations of current recycling
technologies, has highlighted the urgent need for advanced strategies to improve
the performance, reliability, and added value of recycled polymers. In this
context, the main objective of this PhD thesis is to investigate degradation
mechanisms in recycled polyolefins (polypropylene and high-density
polyethylene) and find effective methods for their valorization and functional
upgrading. Specifically considering mechanical recycling strategies, the main
scope is the use of industrially viable methods exploitable in the immediate for
obtaining materials with tailored properties and ad-hoc designed processability,
aiming at effectively enhancing the value added of the recyclates and, hence, their
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industrial appealing. The work aims to overcome the traditional downcycling
paradigm by tailoring polymer microstructure, stabilization strategies, and
functional modifications to enable higher value-added reuse of recycled
polyolefins.

The thesis is organized into a sequence of interconnected chapters, each
addressing a specific aspect of polyolefin degradation, valorization, and functional
upgrading within the context of mechanical recycling. The progression of the
work starts from fundamental degradation phenomena, moving toward properly
modify of recycled polyolefins microstructure for achieving a desired
processability, and finally addressing functional upgrading and recyclability of
flame-retardant formulations.

Firstly, in Chapter 2.1, the thermo-mechanical degradation of polypropylene
during mechanical recycling was investigated, with particular emphasis on the
evolution of molecular weight and macromolecular architecture under repeated
extrusion cycles. This chapter establishes the fundamental understanding of PP
degradation phenomena typically encountered during recycling and the
development of approaches aimed at rebuilding the polymer molecular weight.

Chapter 2.2 extends the investigation to the long-term performance of
recycled polypropylene, addressing the aging resistance. In this chapter, recycled
PP films are subjected to photo-oxidative aging under humid conditions. The
evolution of chemical structure, thermal behavior, and mechanical properties is
analyzed.

Chapter 2.3 shifts the focus to high-density polyethylene, whose degradation
behavior during mechanical recycling differs fundamentally from that of
polypropylene, involving the obtainment of a very heterogeneous microstructure.
This chapter investigates the possibility of valorizing recycled HDPE through
controlled modification of its macromolecular architecture, exploiting thermo-
mechanical degradation reactions to promote long-chain branching.

Chapters 3.1, 3.2 and 3.3 are dedicated to the functional upgrading of
recycled polypropylene through the introduction of flame-retardant additives,
addressing the need to expand the application range of recycled polymers beyond
conventional, low value-added wuses. These last chapters investigate the
effectiveness of three different flame-retardants into recycled polypropylene in
comparison with its virgin counterpart. Together, these chapters provide a
comprehensive assessment of how different flame-retardant additives interact with
recycled PP in terms of rheology, morphology and fire behavior, evaluating the
suitability of recycled PP for advanced and safety-critical applications.

Finally, a key challenge for plastic circularity that is often neglected was
addressed in Chapter 3.4: the mechanical recycling of flame-retarded polymers at
end of life. In this chapter, polypropylene containing an intumescent flame-
retardant system is subjected to multiple extrusion cycles to simulate repeated
mechanical recycling. The evolution of rheological behavior, morphology,
mechanical and flame retardancy performances is analyzed after each
reprocessing step.
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Overall, this thesis develops a coherent and comprehensive framework that
connects degradation phenomena, microstructure control, aging resistance, and
functional upgrading of recycled polyolefins. By focusing on industrially relevant
materials, additives and processing routes, the work contributes to the
advancement of realistic recycling strategies capable of increasing the value,
performance and application potential of recycled polypropylene and high-density
polyethylene, thereby supporting the transition toward a more robust and
sustainable circular plastics economy.

The materials and instruments used for the experimental trials, as well as the
characterization methods employed, are reported in the Appendix A.
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Chapter 2

Tailoring the microstructure of
recycled polyolefins

Part of the work described in the Chapter 2 has been previously published in:

‘Bernagozzi G., Arrigo R., Ponzielli G., Frache A. Towards effective recycling
routes for polypropylene: Influence of a repair additive on flow characteristics
and processability. Polymer Degradation and Stability, 2024, 223, 110714’ [113]

‘Bernagozzi G., Arrigo R., Frache A. High melt strength recycled high-density
polyethylene: evaluation of a novel route for targeting the polymer
microstructure. Polymers 2025, 17, 382" [114]

2.1 Rebuilding the molecular weight of recycled
polypropylene

The aim of this chapter is to evaluate the thermomechanical degradation that
PP undergoes during multiple reprocessing cycles and the effects of a
commercially available additive (Nexamite® R201, hereinafter called NEX),
usually employed for the enhancement of the processability and properties of
recycled PP. Nexamite® R201 additive is currently the only industrially-relevant
available solution to modify the molecular weight and viscosity of recycled PP.
NEX is an ethylene copolymer comprising hydrolysable silicon-containing
groups, thus its mechanism during recycling should involve silane hydrolysis and
silanol condensation reactions. Firstly, the effect of multiple extrusions on the
rheological behavior and thermal properties of PP was assessed. Then, the
additive was introduced within PP following two different routes, mimicking the
primary (i.e. pre-consumer) and the secondary (or post-consumer) mechanical
recycling process, respectively. Therefore, the recyclates used as benchmark in
this first study are two different recycled PP, derived from controlled laboratory
reprocessing simulating the primary and secondary mechanical recycling
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conditions. The additive-induced microstructural modifications of PP during the
reprocessing cycles were monitored through rheological, thermal, and
spectroscopic analyses. Finally, an in deep characterization of the rheological
behavior and of the relaxation dynamics of the PP macromolecules with and
without the additive as a function of the residence time during the processing was
performed, aiming at correlating the achieved microstructural evolutions to the
processability of the recycled PP.

The mechanical recycling of PP (Moplen HP500N), with and without NEX,
was simulated by subjecting the material up to 9 re-processing cycles performed
using a twin-screw extruder. Table 1 reports the codes of the investigated
materials. The samples without NEX will be distinguishable from the number of
cycles reported at the end of the name (e. g. rPP n9). To investigate the effects of
NEX, two strategies were followed. More specifically, the additive was
introduced during the first reprocessing cycle of PP (rPP+NEX@nl), aiming at
simulating the conditions that the material usually undergone during the pre-
consumer or primary recycling. The sample have been named rPP+NEX@nl,
where @nl indicate the cycle in which NEX was added. Then the so-obtained
material was reprocessed up to 9 times and the number of cycles will be reported
at the end of the name of the sample (e.g. rPP+NEX@nl — n9). The second
strategy attempts to simulate the conditions of a post-consumer mechanical
recycling process; to this aim, NEX was introduced in PP already subjected to 8
reprocessing cycles, therefore on ninth cycle (tPP+NEX@n9). The effect of NEX
on the microstructure and macromolecular architecture of PP was also evaluated
using a twin-screw mini-extruder equipped with a recirculation channel that
allows selecting the desired residence time, more specifically 3 and 9 minutes.
Hereinafter the specimens processed with mini-extruder will be named adding the
residence time at the end of the codes: PP 3 min, PP+NEX 3 min, PP 9 min and
PP+NEX 9 min.

Table 1. Samples codes of virgin and reprocessed PP with and without NEX.

Numberof | p i ine PP NEX@nl NEX@n9
cycles
0 PP n0 - -
1 rPP nl rPP+NEX@n1 —nl -
4 PP n4 rPP+NEX@nl — n4 -
6 PP n6 rPP+NEX@nl —n6 -
9 rPP n9 rPP+NEX@nl —n9 | rPP+NEX@n9
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2.1.1 Multiple reprocessing of pristine PP

First of all, PP was subjected to reprocessing in a twin-screw extruder up to 9
cycles to simulate the conditions that the polymer undergone during a typical
mechanical recycling process. The modification of the material microstructure
was monitored through rheological analyses. Figure 6a reports the trend of the
complex viscosity as a function of the frequency for the virgin sample (PP n0) and
for those collected at cycle 1, 4, 6 and 9. As expected, virgin PP shows a typical
Newtonian behavior at low and intermediate frequencies, followed by a mild
shear thinning at higher frequency. When increasing the number of reprocessing
cycles, a progressive decrease of the complex viscosity at low frequencies can be
observed. Besides, the material reprocessed for a higher number of cycles shows a
progressively more pronounced Newtonian behavior. As widely reported in the
literature [51-54], both these features indicate a gradual decrease of the molecular
weight of PP due to the chain-scission reactions occurring during the
reprocessing. In fact, the decrease of the chain length induced by the
thermomechanical degradation of PP causes a reduction of the mass average
molecular weight (hence, of the complex viscosity) and, consequently, a reduction
of the entanglements and intermolecular interactions. This last results in an
enhancement of the macromolecular mobility, leading to a progressive more
pronounced Newtonian behavior. Furthermore, the analysis of the curves depicted
in Figure 6a highlights that the differences between the complex viscosity curves
of the different samples subjected to various reprocessing cycles tend to minimize
in the high frequency region, indicating a different effect on the shear thinning
region. According to the literature, this behavior can be ascribed to a progressive
widening of the molecular weight distribution [51].

Figure 6b reports the FTIR spectra collected in the range 4000-400 cm™ for
PP n0 and for the rPP samples. As can be clearly noticeable, no significant
variations can be observed as a function of the number of reprocessing cycles.
Furthermore, the collected spectra indicate that no oxidative reactions occur
during the reprocessing, as testified by the lack of peaks associated with oxygen-
containing functional groups. Therefore, the obtained results suggest that during
multiple extrusion steps the structural degradation of the polymer, strongly
affecting its molecular weight, is significantly predominant as compared to
functional degradation that can be practically neglected.
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Figure 6. (a) Complex viscosity curves collected at 190°C and (b) FTIR spectra
of virgin and multi-extruded rPP as a function of reprocessing cycles. Reprinted
under CC BY 4.0 license.

2.1.2 Effect of the reactive additive during multiple reprocessing
cycles

Following the first approach, the conditions of a pre-consumer or primary
mechanical recycling process have been simulated by the addition of 5 wt.% NEX
directly during the first processing cycle, therefore on virgin PP. Then, the so-
obtained material (rPP+NEX@n1) was subjected up to 9 reprocessing cycles. The
complex viscosity curves of the samples containing NEX collected at cycles 1, 4,
6 and 9, reported in Figure 7 (the complex viscosity curve of virgin PP is reported
for sake of comparison), indicate a slight increase of the complex viscosity for the
sample collected after the first reprocessing cycle, especially in the low frequency
region. Then, a gradual decrease of the complex viscosity when increasing the
number of reprocessing cycles can be observed. However, as compared to the
scenario depicted in Figure 6a, the complex viscosity is remarkably less affected
by the number of reprocessing cycles, and a significant lower viscosity decreasing
rate is observed. Additionally, the trend of the complex viscosity as a function of
the frequency is almost unmodified as a function of the reprocessing cycles,
without the amplification of the Newtonian behavior already noticed for pristine
PP. Therefore, the obtained results suggest, as also discussed for pristine PP, a
progressive decrease in the molecular weight with increasing the number of
reprocessing cycles because of the slight decrease in viscosity, but the
introduction of NEX seems to be effective in preventing the dramatic drop of the
complex viscosity, hence of the molecular weight, observed for PP reprocessed
without NEX.
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Figure 7. Complex viscosity curves collected at 190 °C of rPP+NEX@nl as a
function of reprocessing cycles. Reprinted under CC BY 4.0 license.

According to the second proposed strategy, the conditions that plastic parts
usually experience during their secondary mechanical recycling have been
simulated introducing 5 wt.% of NEX within PP already reprocessed up to eight
times, therefore on ninth cycle (rPP+NEX@n9). Figure 8a shows the trend of
complex viscosity for IPP+NEX@n9 along with the curves of virgin PP (PP n0)
and of pristine PP extruded 9 times (rPP n9), that are reported for completeness
and clarity in the interpretation of the results. Compared to rPP reprocessed 9
times without the additive (rPP n9), the sample containing NEX exhibits higher
complex viscosity values in the low frequency region. Additionally, a less
pronounced Newtonian behavior and a more prominent shear thinning at high
frequency can be noticed. Besides, the trend of the complex viscosity curve tends
to become very similar to that of pristine virgin PP. All these features testify that
NEX is able to rebuild the molecular weight of reprocessed PP, effectively
preventing the thermomechanical degradation of the polymer during the
reprocessing. To further evaluate the effect of NEX also on the stability of the
molecular weight of PP at high temperatures, time sweep tests have been carried
out and the obtained results are depicted in Figure 8b. For both investigated
systems, a gradual decrease of the complex viscosity over time is observed. Apart
from the differences in the values of complex viscosity, already observed in
Figure 8a, the introduction of NEX results in a lower rate of decrease of the
viscosity as a function of the time, indicating that the beneficial effect of the
additive is maintained also if the material is kept at high temperature for long
times.
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Figure 8. Complex viscosity curves of rPP+NEX@n9 collected at 190 °C (a) as a
function of frequency and (b) as a function of time. Reprinted under CC BY 4.0
license.

2.1.3 Additive-induced evolution of PP macromolecular
architecture

The results of the rheological characterization of the different samples
subjected to multiple reprocessing cycles demonstrated that the introduction of
NEX, for both exploited strategies, is beneficial in mitigating the decrease of the
molecular weight of PP induced by the thermomechanical degradation
experienced during the reprocessing. Aiming at quantitatively evaluating this
effect, the complex viscosity data showed in Figure 6a, Figure 7 and Figure 8a
were fitted through the Carreau model:

n(w) = 1no[1 + (Aw)?] (1)

where: 7 is the zero-shear viscosity (which provides useful information about the
polymer molecular weight), 4 is the characteristic relaxation time and » is the
power law index. Figure 9 plots the values of no as a function of the number of
reprocessing cycles for rPP with and without the additive, following the two
exploited strategies. Considering pristine PP, a sharp decrease of the no can be
clearly noticed, indicating a dramatic drop of the PP molecular weight passing
from the virgin material to the one reprocessed 9 times. For rPP+NEX@nl, an

n-1
2

increase in zero-shear viscosity was observed for the material that underwent 1
reprocessing cycle, suggesting the obtainment of higher molecular weight as
compared to reprocessed pristine virgin PP. With increasing the number of the
reprocessing cycle, a decrease of 1o is detected also for this sample. However, as
already inferred from the analysis of the complex viscosity curves reported
previously, the introduction of the additive on virgin PP was beneficial in
mitigating the loss of PP molecular weight. In fact, although also in this case the
no values show a decreasing trend as a function of the reprocessing cycle, the
reduction is significantly less pronounced with respect to that of pristine PP.
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As far as the rPP+NEX@n9 is concerned, also in this case a significant
recover of the polymer molecular weight as compared to the pristine PP subjected
to the same number of reprocessing cycles can be observed. This result confirms
that the used additive is able to rebuild the structure of PP macromolecules also if
it is introduced within a heavily degraded sample, hence suggesting its possible
application for the recovery of the molecular weight of post-consumer recycled
PP.
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Figure 9. Zero-shear viscosity (1) as a function of the number of
reprocessing cycles for virgin and multi-extruded rPP, rPP+NEX@n1 and
rPP+NEX@n9. Reprinted under CC BY 4.0 license.

As widely documented in the literature [115], the polymer molecular weight
can be estimated from the zero-shear viscosity through the application of the
Mark-Houwink equation:

Mo =k My, )

where 79 1s the zero-shear viscosity, M,, is the molecular weight, and & and a
are constant values for a given polymer. For polymer macromolecules
characterized by a linear topology, the Mark-Houwink equation predicts a linear
relation in a no-Mw plot, while deviations from this linear relationship may
indicate the presence of different topologies, involving branched structures [116—
120]. As observable in Figure 10, the data for reprocessed pristine PP lie on a
straight line, obeying to the Mark-Houwink relation. This behavior indicates that a
progressive shortening of the PP chains occurs during the reprocessing, without
any alteration of the typical linear topology of the PP macromolecules.
Differently, the data for the materials containing NEX introduced at cycle nl lie
below the line for the linear samples and the deviation from the linear behavior is
progressively more pronounced for the samples subjected to increasing
reprocessing cycles. More specifically, the data of the material rPP+NEX@nl1 -
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nl lies on the straight line, suggesting no apparent variation of the linear structure.
As PP+NEX@nl is being reprocessed, all the data progressively tend to distance
from the straight line, lying below it. This result demonstrates that NEX is able to
promote some modification of the macromolecular architecture of the PP chains
[121,122]. In particular, as demonstrated by Gabriel and Miinstedt [123], a
position of no-My data beneath the linear relation indicates a branched treelike
topology. Therefore, the introduction of NEX into virgin PP and the subsequent
reprocessing of the material caused not only a partial recovery of the molecular
weight of the polymer, mitigating the effect of the thermomechanical degradation,
but also a remarkable alteration of the macromolecular architecture through the
introduction of branched structures. Interestingly, this further effect of NEX could
be profitably exploited to modulate the processability of recycled PP. In fact, it is
very known that the introduction of branched structures is beneficial for the
processing of polymeric materials through some industrially relevant technologies
in which the elongational flow is dominant (such as film blowing or melt
spinning) [87,124]. Therefore, the proposed approach could allow for obtaining
recycled PP endowed with a specific processability, paving the way for an
effective valorization of recyclates through a widening of their typical application
field.

Finally, also the data for rPP+NEX@n9 lies below the straight line,
demonstrating that even when NEX is introduced in a PP sample which has
already experienced a severe degradation (i.e., typical postconsumer recycled
polymers) some modification of the macromolecular architecture of PP chains
occurs, involving also in this case the obtainment of branched structures.

2200 T T T
[ o PP
2000 |
| % rPP+NEX@n1
@ rPP+NEX@n9
1800 | . % -
| T]o=ka
1600 |- * -
[2]
*
[
o 1400 | -
3
o
1200 | -
1000 [ .
800 |- -
600 1
8.0x10* 9.0x10* 1.0x10° 1.1x10° 1.2x10°

M,,, g/mol

Figure 10. Mark-Houwink plot for virgin and multi-extruded rPP,
rPP+NEX@n1 and rPP+NEX@n9. Reprinted under CC BY 4.0 license.
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Since the inferred alteration of the PP chains topology induced by the
introduction of NEX is expected to promote some differences in the relaxation
behavior of the polymer macromolecules, the weighted relaxation spectra for the
materials processed at different residence times were derived. This kind of
analysis could be useful in gaining some further insights on the effect of NEX on
the modification of the PP chains topology, considering the possible influence of
the time interval in which the polymer and the additive are processed together.

The weighted relaxation spectra of PP with and without NEX processed for 3
or 9 min with a twin-screw mini-extruder are reported in Figure 11. When PP is
processed for 3 min, a single broad peak is obtained (Figure 11a). This last,
according with the literature [125,126], can be associated with the relaxation
dynamics of a single population of macromolecular chains. For the system
PP+NEX processed for the same time interval, a shift of the peak towards longer
relaxation times can be observed, suggesting the already inferred increase of the
molecular weight of PP which causes a retarded relaxation of the polymer
macromolecules.

Looking at the spectra for the materials processed for 9 min (Figure 11b), it
can be noticed that the main relaxation peak of PP (in the material without NEX)
is shifted towards lower times; additionally, a secondary peak, attributable to the
presence of short chains relaxing in a lower time interval, appears. In presence of
NEX, the main relaxation of PP chains occurs at longer times, indicating the
achievement of longer chains relaxing in a longer time interval. Besides, a distinct
tail rising over the considered range is observed (Figure 11b). This last suggests
the introduction of a new dynamic specie with restricted mobility which is not
able to fully relax in the tested time interval [122,127,128]. Therefore, the
introduction of the additive and the processing at long residence time could
promote some melt-structuring phenomena associable with the formation of
treelike branched structures, as already inferred from the analysis of the Mark-
Houwink plot, or also some crosslink points.

Results obtained from the analysis of the relaxation spectra thus indicate that
the microstructure of PP can be profitably tuned through the introduction of NEX,
depending on the residence time during the processing step, allowing for
achieving different macromolecular architectures and chain topologies as a
function of the processing conditions.
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Figure 11. Weighted relaxation spectra of PP processed for: (a) 3 minutes
with and without NEX; (b) 9 minutes with and without NEX. Reprinted under CC
BY 4.0 license.

To further confirm the microstructural modifications occurring in PP upon the
introduction of NEX, DSC analyses have been carried out. Figure 12 shows the
trend of the melting enthalpy AHm as a function of the number of cycles for PP
reprocessed 9 times and for the systems rPP+NEX containing the additive
introduced at nl and at n9. Furthermore, Table 2 reports the melting and
crystallization temperatures, as well as the crystallization enthalpy for all the
investigated materials. Considering pristine PP, when the number of reprocessing
cycles increases, higher values of AHn, were detected until sixth cycle, then a
decrease of AHm can be noticed. This result can be associated with a variation of
the crystallinity degree of PP with increasing the number of reprocessing cycles.
In this context, other authors have already reported a similar variation of the PP
crystallinity, resulting from the polymer degradation [45,47,54,129]. In particular,
the increase of AHn, and, hence, of crystallinity can be ascribed to the occurrence
of chain scission reactions, predominantly involving the amorphous portion,
which causes the formation of short chains whose crystallization is enhanced as
compared to primitive long macromolecular chains. On the other hand, the
decrease of AHm noticed at high reprocessing cycles can be explained considering
that the polymer is heavily degraded at this stage; thus, the chain scission
mechanism affects also the crystalline portion, with an overall decrease of the
crystallinity degree of the material.

The introduction of NEX during the first reprocessing cycle results in an
initial decrease of AHm if compared to virgin PP. Then AHm shows a slightly
increase until n4 and a subsequent decrease. The lower values of AHm and hence
of crystallinity for rPP+NEX@nl as compared to pristine PP can be ascribed to
the already inferred increase of the molecular weight of the reprocessed PP, and
also to the formation of branched structures (which are not able to crystallize)
induced by the presence of NEX. For the sample rPP+NEX@n1 reprocessed 9
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times, instead, the crystallinity is higher than that of pristine rPP, although the
rheological characterization indicated a higher molecular weight. This result
further demonstrates that the introduction of NEX is beneficial in preventing the
degradation of PP during reprocessing, avoiding severe chain scission
mechanisms affecting also the PP crystalline portion.

When the additive is introduced in PP already subjected to 9 reprocessing
cycles (rPPANEX@n9), AHn decreases slightly with respect to rPP n9. Also in
this case, the lower crystallinity of this sample as compared to reprocessed
pristine PP can be attributed to the formation of branches and to the maintenance
of a higher molecular weight promoted by the presence of NEX.
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Figure 12. Melting enthalpy values (AHm) as a function of the number of cycles
for virgin and multi-extruded rPP, rPP+NEX@n1 and rPP+NEX@n9. Reprinted
under CC BY 4.0 license.

Besides, DSC analysis have been carried out also on the samples produced
through the mini-extruder at different processing times. Table 3 reports the
melting enthalpy values of virgin PP (PP n0) and of PP processed for 3 and 9 min
with and without NEX.

For pristine PP, the processing for 3 min causes an increase of the enthalpy
and thus crystallinity, due to the decrease of the chain length. Differently, longer
processing times induce a decrease of the melting enthalpy, likely because, as
already described for the samples experiencing severe thermomechanical
degradation, the chain scission reactions affected also the crystalline portion.
When NEX is added to PP, both for 3 and 9 min, lower melting enthalpies
compared to virgin PP are obtained. The presence of the additive, in fact, can lead
to an increase of the molecular weight. Moreover, comparable melting enthalpy
values are obtained for either short or long residences time. This last result
demonstrates that NEX is able to promote an increase of the molecular weight of
PP and maintain it, without loss, even for longer processing times.
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Table 2. Values of crystallization temperature, crystallization enthalpy,
melting temperature and melting enthalpy for all investigated materials.

Te (°C) | AHe (J/g) | Tm (°C) | AHm (J/g)
PP n0 112 99 166 97
rPP nl 114 102 165 98
rPP n4 114 104 165 101
rPP né 115 106 164 103
rPP n9 114 87 165 86
rPP+NEX@nl —nl | 114 97 165 95
rPP+NEX@nl - n4 | 114 98 165 98
rPP+NEX@nl —n6 | 117 97 165 96
rPP+NEX@nl —n9 | 116 95 166 93
rPP+NEX@n9 115 85 165 84
PP 3 min 110 102 167 98
PP 9 min 112 97 167 91
PP+NEX 3 min 114 96 167 94
PP+NEX 9 min 111 95 165 94

Table 3. Melting enthalpy values (AHm) of virgin PP and PP processed for 3
and 9 minutes with and without NEX.

AHm (J/g)
PP n0 96,7
Pristine with NEX
PP 3 min 98,1 94,3
PP 9 min 91,1 93,6

2.1.4 Mechanistic considerations

Considering all the obtained results about the coupled effects of the thermo-
mechanical degradation experienced during multiple extrusion cycles and of the
introduction of NEX on the microstructure of PP, the following insights
concerning the mechanistic of the observed behaviors emerged:

(1) the mechanical recycling of PP involves a severe thermo-mechanical
degradation, which mainly involves the occurrence of chain-scission
reactions causing a progressive reduction of the polymer molecular
weight. This phenomenon, in turn, induces a gradual decrease of the
PP complex viscosity and an amplification of its Newtonian
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(ii)

(iii)

(iv)

rheological behavior, dramatically compromising the processability of
recycled PP that cannot longer be processed through the same
processing technology as its virgin counterpart.

The introduction of NEX in a slightly degraded PP (i.e., in a recycled
pre-consumer PP) significantly alleviates the loss of the polymer
molecular weight and, consequently, of its viscosity. In fact, the
decrease of the viscosity over the reprocessing cycles is less
pronounced with respect to the pristine PP and, after 9 reprocessing
cycles, the material containing NEX shows a zero-shear viscosity
which could still allow processing of the recycled PP through the same
processing technology of its virgin counterpart. Additionally, the
additive induces some modifications of the macromolecular
architecture of PP chains, promoting the introduction of branched
structures. Therefore, in this case, a double effect of NEX can be
recognized: it is able to rebuild the molecular weight of PP and, at the
same time, it introduces some branches onto the backbone of the
polymer. It is important to highlight that the observed NEX-induced
microstructural modifications are beneficial for the future
processability of recycled PP, since the achievement of a branched
topology ensures the proper flow characteristics required for the
processing of the polymer through technological processes in which
high values of melt strength are mandatory, such as, for instance, blow
molding or film blowing.

When NEX is introduced in a heavily degraded PP (i.e., in a recycled
post-consumer PP) a partial recovery of the initial viscosity of the
virgin polymer is obtained. Besides, the presence of the additive helps
in maintaining the viscosity of the polymer at high temperature for a
longer time as compared to pristine recycled PP, exerting a sort of
melt stabilization action. However, in this case, NEX seems to act as a
classical chain-extender additive, able to repair the molecular weight
of the PP macromolecules strongly affected by the chain scission
reactions occurring during the processing. Therefore, the addition of
NEX to recycled post-consumer PP allows the further utilization of the
material through a processing technology requiring the same flow
characteristics of the virgin polymer.

Interestingly, it has been demonstrated that the additive-induced
microstructural modifications of PP can be tuned on purpose varying
the processing conditions during the melt compounding. In fact, it has
been shown that, depending on the residence time within the extruder,
different macromolecular architectures can be obtained. More
specifically, while low residence times mainly cause the formation of
linear chains, an increment of the processing time promotes the
appearance of melt structuring phenomena, involving the introduction
of branched structures and, also, some crosslink points. This last result
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testifies that recycled PP with adjustable processability can be easily
obtained through the proper selection of the processing conditions.

2.1.5 Conclusions

In this first chapter, the effect of a commercially available additive in
rebuilding the molecular weight of a PP sample subjected to multiple reprocessing
cycles was evaluated and discussed. Firstly, the microstructural changes induced
by the thermo-mechanical degradation that PP undergoes during a typical
mechanical recycling process were evaluated through rheological and thermal
analyses. The obtained results confirmed that the main mechanism of degradation
of PP involves the occurrence of chain scission reactions, which result in a severe
progressive decrease of the polymer molecular weight. FTIR analyses suggested
that the structural degradation affecting the polymer molecular weight is
predominant as compared to the functional degradation, since the oxidative
degradation of PP is quite negligible. Then, the effects of the repair additive on
the microstructural modifications experienced by PP during reprocessing were
evaluated following two different approaches, simulating the mechanical
recycling process of pre-consumer and the post-consumer polymers, respectively.
A detailed rheological study allowed demonstrating that the introduction of NEX
can effectively prevent the decrease of the molecular weight of PP, especially
when the additive is added in a low degraded PP (i.e. in the case of pre-consumer
recycling). Furthermore, it was also showed that NEX can induce some melt
structuring phenomena, involving the obtainment of branched structures or
crosslink points, especially if the melt processing is carried out for long residence
times. Finally, the results coming from DSC analyses confirmed the inferred
modification of the PP macromolecular architecture.

In all, the proposed approach demonstrated the possibility of achieving
recycled PP with different macromolecular architectures and, hence, flow
characteristics, endowed with tunable and adaptable processability. The obtained
results can thus open new perspectives toward an effective valorization of
recycled PP through different processing technologies, allowing its employment
also in applications with high-engineering requirements.

33



2.2 Retention of mechanical properties for recycled
polypropylene upon photo-oxidative degradation

Photo-oxidative aging of polypropylene involves complex chemical reactions
initiated by UV irradiation, resulting in chain scission, formation of oxygen-
containing functional groups, and progressive embrittlement of the material. In
recycled PP, these effects are exacerbated by the presence of pre-existing
oxidative defects and a broader molecular weight distribution inherited from
previous processing and use cycles. As a consequence, maintaining adequate
mechanical performance, particularly ductility and strength, over extended
outdoor exposure remains a key challenge for the high-value reuse of rPP.

In the previous chapter, the effectiveness of a functional additive, namely
Nexamite® R201 (NEX), capable of modifying the macromolecular architecture
of recycled polyolefins, was demonstrated. More specifically, in the case of
reprocessed PP under laboratory-controlled mechanical recycling, this additive
has shown the ability to partially restore the polymer molecular weight, promoting
at the same time long-chain branching or melt structuring phenomena, ultimately
improving the processability of the recycled material. However, the influence of
such additives on the photo-oxidative degradation behavior of recycled
polypropylene, particularly under combined UV radiation and moisture
conditions, has not yet been systematically investigated.

In this context, the present work aims to evaluate the photo-oxidative
degradation behavior of post-consumer recycled polypropylene films, both
pristine and modified with Nexamite® R201, under accelerated weathering
conditions. In contrast to the previous chapter, the recyclate used as reference in
this study is a genuine post-consumer recycled PP derived from packaging trays.
Then, cast extruded films of rPP and rPP containing NEX (rPP+NEX) were
obtained using a twin-screw extruder equipped with a flat die, and a three-roll
calendaring unit. The aging process was carried out using a QUV instrument with
exposure cycles combining UVA irradiation and water condensation to simulate
outdoor environments. Each sample has been named by designating at the end of
the name the total time of aging, i.e. rPP t0 has not undergone any type of aging,
instead rPP t24 have been collected after 24 hours of aging. The evolution of
chemical, thermal, rheological, mechanical, and morphological properties was
monitored to elucidate the role of the additive during photo-aging. Particular
attention was devoted to assessing the ability of NEX to preserve key mechanical
properties, such as elongation at break and stress at break, over prolonged
exposure times.

2.2.1 Preliminary characterizations of post-consumer rPP

First of all, the recycled PP flakes (rPP) were characterized through
spectroscopic and thermal analyses. The ATR-FTIR spectrum of the rPP flakes,
reported in Figure 13, shows the characteristics peak of PP. In fact, according to
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the literature [130—132], the following signals can be recognized: (i) a peak at
2950 cm’!, attributed to the asymmetric stretching vibration mode of -CHs3; (ii) a
peak at 1375 cm™! related to -CH3 symmetric bending vibration mode; (iii) a peak
at 1455 cm’!, associated to -CH3 asymmetric bending mode; (iv) two peaks at
2838 and 2917 cm™, attributed to ~CH,— symmetric and asymmetric stretching, ,
respectively. Therefore, from the analysis of the ATR-FTIR spectrum, it can be
inferred that no other plastic contaminations are present in the rPP flakes. Besides,
the broad band appearing in the range 1550-1750 cm™ can be associated with the
presence of carbonyl and vinyl products resulting from some thermo- and/or
photo-oxidative degradation underwent by the polymer during its service life
[133]. Regarding the characterization of the thermal properties carried out on rPP
flakes as received, the DSC analysis revealed an endothermic peak at about 165°C
recorded during heating, and an endothermic crystallization peak during cooling
at approximately 131°C. These are typical results attributable to the only presence
of polypropylene in the rPP flakes, according to the literature [51,134]. The
measured crystallization temperature can be considered slightly high if compared
to virgin PP, but given the origin of the material considered in this study which
derived from a recycled product, a small presence of contaminants that could act
as nucleating agents promoting crystallization cannot be excluded [47].
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Figure 13. ATR spectrum of rPP flakes.

2.2.2 rPP macromolecular architecture: variations induced by
processing and additive introduction

Rheological analyses were carried out in order to evaluate the
macromolecular architecture of rPP as received (rPP t0 (flakes)), after the film
extrusion step (rPP tO (film)) and upon the introduction of NEX (rPP+NEX t0
(film)). In Figure 14a, the complex viscosity of all investigated materials is
reported as a function of the frequency. All the curves display the typical
Newtonian behavior of polypropylene, with a pronounced Newtonian plateau at
low and intermediate frequencies and a decrease of the complex viscosity when
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the frequency increases (shear thinning). When comparing rPP as received in the
form of flakes with the film of rPP obtained after a cycle of extrusion, a decrease
of the complex viscosity throughout all the investigated frequency range can be
observed. This result can be explained considering some thermo-mechanical
degradation phenomena, involving chain-scission reactions [135], occurred during
the processing step.

The effect of NEX when it was added to rPP can be clearly observable from
the complex viscosity curves reported in Figure 14a, where an overall increase
can be noticed over all the investigated frequencies: the additive is able to
increase the complex viscosity, hence the molecular weight, of rPP, but without
reaching the original values of rPP as received (flakes). The resulting increased
viscosity is in agreement with the findings of the study reported in the previous
chapter on simulated recycled PP [113]. The ability to rebuild the molecular
weight of PP has been demonstrated effective also on a real recycled PP.
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Figure 14. (a) Complex viscosity curves collected at 190 °C of rPP as received
(rPP t0 (flakes)) and after film extrusion without (rPP t0 (film)) and with NEX
(rPP+NEX t0 (film)); (b) weighted relaxation spectra of pristine rPP film (rPP t0)
and rPP film with NEX (rPP+NEX t0).

Moreover, in order to evaluate if the additive is also able to promote some
variations in the relaxation behavior of the macromolecules or in the chain’s
topology, the weighted relaxation spectra of rPP with and without the additive
were derived and depicted in Figure 14b. The relaxation spectra of rPP is featured
by a broad peak, associable with the relaxation dynamics of a single population of
macromolecular chains. The introduction of NEX within the system resulted in a
completely different relaxation behavior, which is characterized by a shift of the
first peak towards longer relaxation time and a separate second peak at even
higher times. Firstly, the shifting of the first peak confirms the already inferred
increase in the molecular weight, because of the presence of longer chains
relaxing in a longer time interval. On the other hand, the appearance of a second
peak denoted the introduction of new dynamic species, characterized by a
restricted mobility, which are not able to fully relax in the considered time
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interval. Therefore, in accordance with the previous work, the additive NEX is
also able to promote some melt-structuring phenomena associable with branched
structured or some crosslinking points even when used with a real recycled

polypropylene.

2.2.3 Effects of photo-oxidation on chemical, thermal and
mechanical properties

Post-consumer recycled PP without and with NEX have been then subjected
to an accelerated weathering test through a QUV apparatus in order to evaluate
their behavior under photo-oxidative degradation in moisture environment.
Different chemical, thermal and mechanical features have been monitored and
evaluated. The main objective is to understand what could happen when a
recycled PP is used in film applications under outdoor exposure conditions and
what varied when introducing an additive, that can definitely change the
processability of the recycled PP, by reconstructing the molecular weight and
establishing some melt-structuring phenomena.

First of all, from FTIR analysis two new broad band appears when increasing
the aging time, namely around 3300-3600 cm™ and in the region between 1650-
1800 cm™. The first band is associated with the hydroxyl groups, correlated to the
formation of hydroperoxide and hydroxyl species [136]. Regarding the band
around 1712 cm™, this is related to the formation of carbonyl species [136]. The
hydroperoxide and carbonyl groups are, in fact, the main photo-oxidative products
of PP during weathering [44]. The evolution of carboxylic acid peak (1712 cm™)
was used to investigate the chemical modifications induced by the aging,
expressed as carbonyl index (Figure 15a). The carbonyl index was measured by
normalizing the intensities of carbonyl group peak with respect to the intensity of
CH bending and stretching modes absorption band of polypropylene at 2722 cm™,
as it does not change during the aging process [133,137]. The typical trend of the
carbonyl index, featured by an induction period then followed by a growth stage
[137], was found for both rPP and rPP+NEX. As already mentioned, an initial
photo-oxidative degradation can be detected within the post-consumer rPP flakes,
thus nonzero values can be found in the graphs also for the unaged samples (0
hours). As observable in Figure 15a, the carbonyl index remained almost constant
both for pristine rPP and for rPP+NEX before accelerated weathering test begins
to about 200 hours of aging. From this point, both rPP without and with the
additive exhibited progressively increasing carbonyl indexes but with different
rate of growth. In fact, the additive seemed to promote a faster formation of
carboxylic acid in aged rPP. These results can be also displayed in the detailing of
the FTIR spectra of rPP (Figure 15b) and rPP+NEX (Figure 15c¢) reporting the
zone of carbonyl groups. For the first 200 hours of aging time, all the spectra
overlapped. Then, the increase of the peak at 1712 cm™, related to the carboxylic
acid, can be appreciated for both materials but in a more pronounced manner for
rPP containing NEX. This phenomenon could be explained considering the
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degradation of silicon-containing materials already reported in the literature
[138,139], because of hydrolysis, condensations and thermal oxidation in the
presence of moisture and UV irradiation. Moreover, there could be a photo-
initiating effect of carbonyl group, following the Norrish reaction, in the additive
itself [140]. All these degradation phenomena of the silicon groups inside NEX
could thus accelerated the formation of carbonyl group in rPP, likely also
speeding up the overall photo-oxidation as already observed in polyolefins-based
nanocomposites with SiO> [136,141].

The functional degradation, involving the formation of new oxidative
chemical species, can be negligible until about 200 hours, without any substantial
difference between rPP with and without the additive. Then a marked chemical
modification affected both materials, denoting the beginning of functional
degradation after 200 hours, which corresponds to approximately 130 hours of
UV exposure and 65 hours of H,O condensation.
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Figure 15. (a) Carbonyl index as a function of the aging time; details of FTIR
spectra: carbonyl group peak evolution when increasing the aging time of (b) rPP
and (c) rPP+NEX.

In order to evaluate the possible evolution of the material thermal properties
during the aging, DSC analysis have been carried out on the samples of rPP and
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rPP+NEX before the photo-oxidative treatment and after 96, 144 and 192 hours.
In Figure 16 the DSC thermograms recorded during the first heating and cooling
scans are reported for all the investigated materials. Let’s first analyze the
behavior of rPP without any additive. Figure 16a shows the melting peak recorded
during the first heating cycle. The melting temperature did not change passing
from the unaged rPP to the samples subjected to photo-oxidative degradation in
moisture environment for 144 hours. A variation in the shape of the melting peak
and a decrease in the melting temperature were observed when the aging time
reached 192 hours. These phenomena can be associated with the reduction of the
thickness of the lamellae, which caused a broadening of the melting peak. This
last showed an irregular shape and a second peak appeared, indicating the
formation of smaller crystallites because of prolonged aging [44]. The
crystallization temperature of rPP (Figure 16b) was not affected by the aging.

On the other hand, the thermal properties of the system containing NEX
displayed some differences as the aging time increased. In particular, the
accelerated weathering resulted in more several changes in the thermal behavior
of rPP when NEX is added before the aging with respect to pristine rPP. In Figure
16¢, a progressive decrease of the melting temperature and a variation in the shape
of the melting peak can be observed. This phenomenon of smaller crystallites with
reduced lamellae thickness was already explained for pristine rPP, but in the
system containing NEX every sample collected at different aging time resulted in
different melting behavior. The observed decrease in the melting temperature
when increasing the aging time depends on the degradation occurring at the
lamellar fold surfaces, which involved the scission of the tie molecules and the
increase of the surface free energy of the crystals because of the reactions of
photo-oxidation on the crystal surface [140,142]. The crystallization temperature
(Figure 16d) also displayed big variations when increasing the aging time, firstly
increasing but then decreasing by more than 10 °C. The reduction in both melting
and crystallization temperatures during aging of rPP+NEX was caused also by the
accumulation of structural defects within the material due to photo-oxidative
degradation [143]. These crystal defects could include the formation of oxygen-
containing functional groups, the introduction of double bonds, an increase in
chain terminations and the development of branching sites. As a result, the
crystals that formed become smaller and contain more defects. The crystallization
temperature was also found out to be decreased because of crosslinking or
branching effect [144], characteristics of the rPP+NEX macromolecular
architecture already inferred from rheological analysis before the aging.

In contrast, the crystallinity degree underwent slight variations due to aging
for both pristine rPP and rPP+NEX (Table 4). A slight increase can be observed
for pristine rPP after almost 200 hours of aging and this increase could be
associated with the chemio-crystallization phenomena [142,145,146]. In fact,
photo-oxidation often lead to the process of chemio-crystallization, in which after
the degradation-induced chain scission some segments of entangled and tie chain
molecules are release in the amorphous region and can arrange into new
crystalline phases. Regarding aged rPP+NEX, instead, some fluctuations in the

39



crystallinity degree were found, with no specific trend agreeing with no trend
found for melting and crystallization temperatures. This phenomenon could be
explained considering that the presence of chemical irregularities, already stated
to be more present in the samples with NEX with respect to pristine rPP, acted as
an obstacle to the progressive increase in the crystallinity. As suggested in other
works, two competitive mechanism could happen during photo-oxidation of
rPP+NEX: the chemio-crystallization and the formation of impurities
[145,147,148]. Finally, also crosslinking phenomena could modify or inhibit the
crystallization [148].
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Figure 16. DSC thermograms recorded during the first heating and cooling scans
for rPP (a, b) and rPP+NEX (c, d), respectively, at different aging time.

Table 4. Crystallinity degree of rPP and rPP+NEX at different aging time.

Crystallinity degree [%]
Aging hours rPP rPP+NEX
0 42 38
96 42 42
144 41 39
192 44 42
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The mechanical properties as a function of the aging time have been evaluated
through tensile tests, and the mean values of elastic modulus, elongation at break
and stress at break are reported in Figure 17. In order to better assess the variation
in these properties as a function of the aging time, Figure 17 reports normalized
values, obtained by dividing the actual value of the property by the value of the
unaged sample (reported for the sake of completeness in Table 5). Evaluating how
the mechanical properties change if compared to the values before the accelerated
weathering is of crucial importance to try to predict their tensile behavior before
the material become too fragile to withstand the application for which the films
are provided. In fact, the typical effect of the photo-oxidative degradation in terms
of mechanical properties is an overall embrittlement of the material over time
[143,149] because of chain scission phenomena, increase in crystallinity and the
formation of cracks on the surface of aged samples [44,145-147,150].

Noteworthy observations can be highlighted regarding the results obtained
through tensile testing of the aged sample when NEX is introduced in rPP. The
elastic modulus of rPP both without and with NEX reported in Figure 17a is not
so much affected by the aging time, remaining in a range included between +18%
and -10% of the original value for pristine rPP and in a range between +15% to -
4% for rPP+NEX in the considered aging time (until 192 hours).

The trend of the elongation at break (EB) is displayed in Figure 17b. Firstly,
for both the systems there is an increase of EB after 48 hours of exposure. Then,
for pristine rPP a gradual decrease of EB can be observed as aging time increased.
At 168 hours of exposure the material lost more than 99% of its initial value and
the completely fragile behavior is observed also at 192 hours of aging time: the
EB of pristine rPP varied from 470% to 2% from t0 to t192. Surprisingly, the
presence of NEX inside rPP is able to maintain increased value of EB also after
72 hours (+9%) and an additional gain of 31% if compared to the original value is
noted after 96 hours of exposure. From that point also the samples containing
NEX displayed a gradual decrease of EB, even if after 144 hours the loss of EB is
maintained within 40% of its initial value, increasing the exposed period in which
this kind of material can be used in outdoor applications without exhibiting an
embrittlement. At the same aging time, EB of pristine rPP is reduced by almost
80%. At 168 and 192 hours of exposure, also rPP containing NEX became fragile
by losing 97% and 98% of its original value, respectively: the EB for rPP+NEX
varied from 520% (t0) to 9% (t192).

Regarding the stress at break (SB), reported in Figure 17c, a progressive
decrease when exposure in QUV increased can be observed for rPP with and
without NEX. At 144 hours of exposure, both rPP without and with NEX lost
approximately 20% of the initial value of SB, but for increasing hours of aging
two completely different trends can be observed. On one side, the stress at break
of pristine rPP decreased by 38% at 168 hours, reaching a loss of 65% at 192
hours. On the other hand, the introduction of NEX led to the maintenance of
almost constant values of SB up to 192 hours of aging: at 144 aging hours the
samples with NEX lost 28% of SB’s original value and after 192 hours of
exposure SB decreased by only 32%. For a better understanding of the different
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tensile behavior with or without NEX, Figure 18 shows the stress-strain curves of
samples aged for 192 hours.

The reason behind the higher elongation at break during aging and the higher
stress at break after 192 hours of exposure must be sought in the microstructural
modifications induced by the additive NEX even during the photo-oxidative
degradation. In fact, a similar silicon groups-containing additive was employed in
another study dealing with recycled HDPE, and also in that case a marked
increase in the elongation at break was found out [114]. The additive, in that case,
was able to drive the thermo-mechanical degradation reactions towards the
formation of long chain branches which, in turn, are able to form tie-molecules.
The presence of such tie-molecules has been proved to increase both the
elongation at break and the tensile strength [151,152], playing a role in the stress
transmission during the tensile deformation [153]. Moreover, tie-molecules play
an important role also in the recrystallization behavior of photo-oxidized PP, as
the chain scission and the sliding diffusion of tie molecules during aging can
result in reorganization of the crystal domains and the growth of thin lamellae
[154]. As a result, the increase in the elongation and stress at break reported in
this study is a consequence of some rearrangement of the crystalline phases and
the tie-molecules formed thanks to the ability of the additive to induce some melt
structuring phenomena, like side branches. These noteworthy findings are very
relevant for the use of recycled PP in applications requiring exposure to outdoor
environments. The maintenance of mechanical properties for long periods
becomes essential to ensure the effective use of recycled plastics, thus increasing
their circularity. The introduction of NEX can be positioned in this context as it is
actually able to extend the useful life of films produced with recycled plastic,
greatly reducing the loss of elongation at break and stress at break even when
exposed to solar UV light and condensation cycles.

Table 5. Mean values of Young modulus, elongation at break, and strength at
break for the unaged (t0) samples without (rPP) and with NEX (rPP+NEX).

Modulus [MPa]

Elongation at
break [%]

Strength at
break [MPa]

rPP t0

1053 £45

470 =20

40.0+1.9

rPP+NEX t0

915 +39

526 +£26

44,1 £2.1
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Figure 18. Tensile stress-strain curves of rPP and rPP+NEX aged for 192 hours.
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At the end, in order to understand the main possible reason of such a decrease
of the elongation at break values between 168 and 192 aging hours, the exposed
surface of the aged films have been analyzed with SEM. One of the main reasons
of the embrittlement of PP after photo-oxidation is the formation of cracks. The
spontaneous cracking of the exposed surface is the direct consequence of chemio-
crystallization, because of the contraction of the surface layers due to internal
stresses and a reduction of plasticity in the amorphous phase [133,147,148]. The
SEM images of the films of rPP without and with NEX after 192 aging hours are
displayed in Figure 19. For both films, the typical cracking phenomena of the
photo-oxidative degradation began to be evident after 192 hours of exposure
under UV light and H>O condensation cycles. In the SEM images of both
materials, the developed cracks are perpendicular to the material flow, and they
are the first crack appearing after photo-oxidation, named “transversal cracks”.
The second type of cracks which are perpendicular to the material flow, namely
“longitudinal cracks”, instead have not been observed in the samples, likely
because they started to appear at higher exposure time.

Therefore, the ultimate decrease in the elongation at break for both rPP with
and without NEX can be ascribed to the reduced molecular weight, because of 3
chain scission reactions (inferred from the decrease in the melting temperature)
and also because of the formation of cracks on the exposed surface, as already
reported by other authors [133,147].

Figure 19. SEM images of the film’s exposed surface of (a) rPP and (b)
rPP+NEX after 192 hours of aging (the arrows indicate the stretching direction).

2.2.4 Conclusions

Under photo-oxidative degradation in moisture environment, the behavior of
post-consumer recycled PP films and their counterparts containing a
commercially available additive Nexamite® R201 can be summarized as follows:

- The functional degradation evaluated trough FTIR analysis, involving
the formation of carbonyl group because of photo-oxidative reactions,
started after about 200 hours of UVA-H>O exposure cycles, with a
higher carbonyl index growth rate when NEX is added to rPP, likely
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because of the presence of hydrolysable silicon-containing groups in
the additive;

The effects of aging on DSC characterizations revealed smaller
variations in the main thermal properties for pristine rPP with respect
to rPP+NEX, thus suggesting that the introduction of the additive has
a more pronounced impact on the evolution of the crystalline phases
when gradually exposed to UVA-H>O cycles;

Remarkable results have been obtained in term of tensile properties of
the aged films, more specifically with the introduction of NEX
elongation at break and stress at break can be retained at higher values
over extended periods: after about 150 hours of exposure, elongation
at break is reduced by only 40% with NEX, as opposed to pristine rPP
that lost almost 80% of its original value, whereas the stress at break
after about 200 aging hours passed from a reduction of 65% for
pristine rPP to 32% in the presence of NEX;

Transversal cracking phenomenon appeared on the exposed surface of
both rPP with and without NEX after 192 hours of UVA-H>O
exposure cycles, being the main cause of films’ embrittlement.
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2.3 High melt strength recycled high-density polyethylene

In the context of mechanical recycling, the introduction of long-chain
branching (LCB) on a recycled polymer could open new perspectives towards
closed-loop recycling strategies or upcycling approaches, resulting in high-added-
value products that can be employed in applications with high-engineering
requirements.

In this chapter, the effects of the thermo-mechanical degradation of HDPE
(Eraclene MS80U) occurring during a typical mechanical recycling process were
evaluated. Moreover, an effective and industrially viable strategy for obtaining
recycled HDPE with a high melt strength, and hence improved processability
upon elongational flow, was proposed. To this aim, another commercially
available additive, namely Nexamite® R305, was used. Nexamite® R305 (NEX)
is characterized by hydrolysable silicon-containing groups, and it is supplied
specifically to improve the processability and the quality of recycled
polyethylene. NEX was introduced in a degraded HDPE sample, and the so-
obtained material was subjected to further reprocessing. The evolution of the
macromolecular architecture of the polymer was monitored through rheological
and spectroscopic analyses. Then, the melt strength of the recycled HDPE (with
and without the additive) was evaluated, and the materials were subjected to non-
isothermal elongational flow for obtaining fibers at different draw ratios, which
were further characterized through tensile tests.

The virgin HDPE pellets, which did not experience any processing, were
named HDPE V. This sample was subjected to 30 subsequent extrusion cycles in
a twin-screw extruder, until reaching a high extent of degradation, and the so-
obtained material was named HDPE D. Such intensive processing served to
mimic advanced aging, providing a consistent and repeatable baseline of polymer
degradation. Subsequently, HDPE D was further processed for 1 min or 5 min
without (HDPE R1 and HDPE RS, respectively) and with 5 wt.% of the additive
(HDPE RN1 and HDPE RNS, respectively). In addition, HDPE R5 and
HDPE RNS fibers with diameters ranging from 200 to 800 pm were collected.

2.3.1 Effect of degradation on the mechanical properties of HDPE

One of the main issues affecting the reutilization of recycled HDPE in the
same application as the original material is the dramatic loss of mechanical
performance, particularly in terms of ductility, compared to the virgin polymer
[58,155]. To verify this feature, tensile and Izod impact tests were carried out on
both degraded and virgin HDPE. Figure 20 depicts the stress—strain curves of the
two samples, and Table 6 reports the averaged values of the tensile modulus and
strength, elongation at break, and impact energy. An overall decrease in all the
measured mechanical properties was observed when thermo-mechanical
degradation occurred in HDPE. More specifically, while the tensile modulus
remained almost unchanged, the elongation at break suffered a substantial
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reduction of 95%, passing from the virgin material to the degraded one. Likewise,
the tensile strength decreased by 12% for HDPE D. Conversely, the impact
energy remained almost unchanged.
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Figure 20. Stress—strain curves for virgin and degraded HDPE (HDPE V and
HDPE_ D). Reprinted under CC BY 4.0 license.

Table 6. Mean values of tensile modulus and strength, elongation at break, and
impact energy for virgin and degraded HDPE (HDPE V and HDPE D).

Young Tensile
Elongation Impact
modulus strength
at break [%] energy [J]
[MPa] [MPa]

HDPE_V 1113 +£22 114.5 £28.0 282+0.4 1.04 £ 0.54

HDPE_D 1101 + 32 54+09 249+ 1.2 0.93 £0.38

According to the literature [57,58], the thermo-mechanical degradation
experienced by HDPE, involving a severe modification of the polymer
microstructure, resulted in a severe worsening of the mechanical performances of
the material. In particular, as testified by the dramatic decrease in the elongation
at break, HDPE D shows a completely brittle behavior, implying that the
reutilization of this recycled material is only limited to applications with low-
engineering requirements, such as the formulation of low-performance products.

47



2.3.2 Evolution of the HDPE macromolecular architecture upon
degradation and NEX introduction

In order to evaluate the evolution of the HDPE macromolecular architecture
induced by thermo-mechanical degradation and the possible effects of the
introduction of the additive, rheological investigations were performed. Figure 21
displays the trend of the complex viscosity as a function of the frequency for all
the formulated samples.
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Figure 21. (a) Complex viscosity and (b) storage modulus as a function of the
frequency collected at 190 °C for virgin (HDPE V), degraded (HDPE D), and
recycled (HDPE_R1; HDPE R5; HDPE RN1; and HDPE RNS5) HDPE without
and with NEX. Reprinted under CC BY 4.0 license.

Virgin HDPE (HDPE V) features a typical Newtonian behavior at low and
intermediate frequencies, with mild shear thinning when the frequency increases.
The rheological behavior of HDPE V reflects the high melt flow rate (27 g/10
min) and, thus, the low molecular weight of this polymer [156—158]. Concerning
the degraded HDPE (HDPE D), the complex viscosity increases in the low- and
medium-frequency region with respect to HDPE V, whereas, at higher
frequencies, the curves almost overlay. The observed behavior can be attributed to
the modification of the macromolecular architecture of the HDPE chains caused
by thermo-mechanical degradation. In fact, as widely reported in the literature
[58,65-67], when HDPE is reprocessed many times, different mechanisms can
occur simultaneously: chain scission, the formation of long and/or short branches,
and crosslinking. The higher viscosity of HDPE D at low and intermediate
frequencies compared to that of HDPE V can thus be related to the decreased
chain mobility caused by the formation of a branching structure or the
introduction of some crosslinking. The inferred modification of the HDPE
microstructure was further investigated through spectroscopic characterization,
monitoring the extent of -CH3 groups on the polymer chains. As observable in
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Table 7 (the ATR-FTIR spectra are depicted in Figure 22), reporting the ratio
between the intensities of the peaks related to the -CHs3 (1368 cm™!) and -CH,
(1463 cm™ ') groups, there is a progressive increase in this ratio when passing from
virgin HDPE to its degraded counterpart. This result, coupled with the observed
amplification of the non-Newtonian rheological behavior, suggests that chain
scission and branching occur as competitive mechanisms during the
thermomechanical degradation of HDPE. On the other hand, crosslinking
phenomena cannot be excluded. Therefore, the macromolecules of the HDPE D
sample are characterized by a non-homogeneous architecture.

' HDPE_V
HDPE_D
HDPE_R1
HDPE_R5
HDPE_RN1

— HDPE_RN5

JL T

3000 2500 2000 1500 1000 500
Wavenumber, 1/cm

Absorbance, a.u.

Figure 22. ATR-FTIR spectra for virgin (HDPE V), degraded (HDPE D), and
recycled (HDPE_R1; HDPE RS5; HDPE RN1; and HDPE RNS5) HDPE without
and with NEX. Reprinted under CC BY 4.0 license.

Table 7. Ratio between the intensities of the peaks related to -CH3 and -CH: for
virgin (HDPE V), degraded (HDPE_ D), and recycled (HDPE R1; HDPE RS;
HDPE RNI; and HDPE RNS5) HDPE without and with NEX.

-CH3/-CH: ratio
HDPE V 0.037
HDPE D 0.045
HDPE_R1 0.040
HDPE_RS 0.041
HDPE_RN1 0.044
HDPE_RNS 0.041
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In Figure 21, the trends of complex viscosity for recycled HDPEs are also
reported. When simulating the recycling conditions for 1 min (HDPE RI1), the
complex viscosity slightly increased only in the low-frequency zone compared to
HDPE D. Considering FTIR characterization (Table 7), the -CH3/-CH> ratio
decreased with respect to HDPE D, suggesting that the crosslinking phenomenon
was predominant over chain scission. When degraded HDPE was further
processed for 5 min (HDPE RS5), the trend in the complex viscosity curve was
very similar to that of HDPE R1. Nevertheless, a slightly more pronounced
Newtonian behavior could be observed, denoting a decrease in the molecular
weight of recycled HDPE. In fact, from the FTIR analysis, the -CH3/-CH> ratio
barely increased with increasing the processing times, indicating a growth in the
number of shorter chains. Therefore, the previous characterizations suggest that,
as already reported in the literature [65], chain branching is the prevailing thermo-
mechanical degradation mechanism for short degradation times, while chain
scission becomes predominant when HDPE is heavily degraded.

The effects of the additive were evaluated considering, as the starting
material, a degraded HDPE, therefore aiming to simulate the recycling of post-
consumer HDPE. To achieve this, the additive was introduced within HDPE D,
and then the so-obtained material was further reprocessed for 1 and 5 min. Firstly,
the complex viscosity displayed a significant increase in the whole tested
frequency interval for the sample HDPE RN1 (Figure 21a). Furthermore, a more
pronounced shear-thinning behavior was noticed compared to HDPE R1, and the
Newtonian plateau almost disappeared. As widely reported in the literature
[88,89,122,157,159-163], the increase in the viscosity at low frequencies and the
magnified non-Newtonian characteristics could be related to the presence of long-
chain branches on the polymer backbone. In fact, LCBs induce an increase in the
number of chain entanglements, which prevent the mutual slipping of the
macromolecules, thereby hindering their relaxation. Additionally, as reported by
Stadler et al. [158], for LCB-PE samples, the typical shape of the viscosity
function involves the appearance of a minimum and two distinct bends. In Figure
21a, an inflection point in the curve of HDPE RNI1 can be clearly observed. In
addition, from the FTIR results reported in Table 7, an increase in the ratio
between the intensities of the peaks related to methyl and methylene can be
noticed for HDPE RN1 compared to HDPE RI, confirming the formation of
LCB already inferred from the complex viscosity trend.

When the sample HDPE RN1 was further processed, an additional increase in
the complex viscosity at lower frequencies was detected, along with an
amplification of the non-Newtonian features, as observable for HDPE RNS in
Figure 21. Once again, all the noticed modifications of the rheological response
could be attributed to the presence of species increasingly hindering the relaxation
of the macromolecules. The amount of -CH3 groups evaluated through FTIR
analyses is diminished for HDPE RNS5 in comparison to HDPE RNI, thereby
indicating that the mean length of the side-chain branches is continuing
increasing. Therefore, further processing for 5 min resulted in a higher extent of
longer branches that induced an additional increase in the viscosity of the entire
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system. Considering that NEX is an ethylene copolymer containing hydrolysable
silicon groups, according to several papers dealing with the utilization of silanes
in HDPE [164,165], it can be inferred that it may act by a mechanism involving
silane hydrolysis and silanol condensation reactions, leading to the formation of
long-chain branching.

LCBs also strongly affects the polymer melt elasticity. Looking at Figure 21b,
depicting the trend in the storage modulus G’ as a function of the frequency, a
progressive increase in the storage modulus in the low- and intermediate-
frequency range is detected when passing from virgin HDPE (HDPE V) to its
degraded counterpart (HDPE D). When considering the recycled HDPE
(HDPE_R1, HDPE RY), a slight increase in G’ can be observed compared to
HDPE D. On the other hand, as a result of the introduction of NEX into degraded
HDPE (HDPE RN1), the storage modulus deviates upward in the low-frequency
zone, indicating a non-terminal rheological behavior. Also, in this case, the
increase in G’ could be ascribed to the presence of long-chain branches and the
consequent strengthening of the entanglement network [122,160,163,166]. When
HDPE + NEX was further reprocessed for 5 min (HDPE_RNS5), G’ displayed an
additional increase at lower frequencies, indicating an even more elastic behavior
due to the presence of longer side branches.

Overall, the analysis of the rheological response, coupled with the results of
FTIR characterization, indicates that, when NEX is introduced within an already-
degraded HDPE and the so-obtained material is further processed for different
durations, the additive is able to drive the thermo-mechanical degradation
reactions of HDPE towards the selective introduction of long-chain branches,
promoting the achievement of a more homogeneous microstructure compared to
pristine degraded HDPE.

In order to confirm this result, the Cole—Cole plot (displaying the imaginary
component of the complex viscosity n” as a function of the real one n') was
derived, and the obtained curves are reported in Figure 23. Typically, linear
polymers show a semi-circular shape, while, for long-chain branched polymers,
an upward tail (whose magnitude can qualitatively be related to the degree of
long-chain branches) appears [167,168]. As shown in Figure 23, for HDPE D,
HDPE R1, and HDPE RS, the behavior expected for linear polymers was
obtained, although the degraded and recycled materials exhibited some deviations
from the semi-circular shape associable with the inferred heterogeneous
microstructure encompassing some branches and crosslinking points. On the other
hand, when NEX was added to the degraded HDPE (HDPE RNI) and, even
more, when the material was further processed (HDPE RNS), a sudden increase
in n" in the high n' region could be observed, clearly demonstrating the effect of
the additive in promoting the formation of LCB, hampering the complete
relaxation of the polymer macromolecules.
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Figure 23. Cole-Cole plot of virgin (HDPE V), degraded (HDPE D), and
recycled (HDPE R1; HDPE R5; HDPE RNI; and HDPE RNS5) HDPE without
and with NEX. Reprinted under CC BY 4.0 license.

The formation of LCB is also demonstrated by the analysis of the relaxation
spectra and the Van Gurp—Palmen plots reported in Figure 24. Concerning the
relaxation spectra, as compared to virgin HDPE, the peak related to the main
relaxation mechanism of recycled HDPE shifts at longer times, likely due to the
modifications of the chain architecture already described. Furthermore, the
appearance of a distinct tail rising over the considered time range is observed.
This last suggests the presence of a new dynamic specie with restricted mobility
which is not able to fully relax in the tested time interval [169]. All these
differences are even more pronounced for the materials containing NEX,
confirming the effect of the additive in promoting the further formation of LCB
hampering the complete relaxation of the polymer macromolecules.

Besides, in order to gain some information about the presence of LCB and the
molecular weight distribution of the investigated materials, the Van Gurp-Palmen
(VGP) plot reporting the phase angle o as a function of the complex modulus G*
was derived and displayed in Figure 24b. As widely known from the literature
[170,171], this kind of representation is independent from the molecular weight,
but it is affected by the molecular weight distribution and by the presence of LCB.
Usually for linear-like polymers VGP plot results in a plateau at approximately
90°C, indicating a predominantly viscous behavior. As expected, HDPE V shows
the typical trend of a linear polymer. At variance, recycled HDPE samples exhibit
a lower value of & as compared to HDPE V; besides, the decrease of the phase
angle values starts at lower values of G* with respect to the virgin polymer,
suggesting a widening of the molecular weight distribution for these materials. On
the other hand, the samples containing NEX do not show a clear phase angle
plateau and the overall values of 6 are lower if compared to recycled HDPE
samples without the additive. As already reported by other authors [122], no clear
plateau is detected for polymers having a star-like macromolecular architecture.
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Figure 24. Stress relaxation spectra (a) and Van Gurp-Palmen plot (b) of virgin
(HDPE V), degraded (HDPE D), and recycled (HDPE R1; HDPE RS;
HDPE RNI; and HDPE RNS5) HDPE without and with NEX. Reprinted under

CC BY 4.0 license.

It is important to highlight that all the observed alterations in the HDPE chain
architecture, promoted by thermo-mechanical degradation and the incorporation
of the additive, did not affect neither the crystallization and melting temperatures
nor the crystallinity degree of the formulated materials, as demonstrated by the
DSC analysis (Table 8).

Table 8. Crystallization (T¢) and melting (Trm) temperatures, crystallization (AHc)
and melting (AHm) enthalpies and crystallinity degree for virgin (HDPE V),
degraded (HDPE D), and recycled (HDPE R1; HDPE RS; HDPE RN1; and

HDPE RNS5) HDPE without and with NEX.

Te[°C] | AHc[Wg] | Tm[°C] | AHm[J/g] Cryslt;:;i“ity
HDPE_V 115.3 207.0 131.0 213.7 73
HDPE_D 114.1 195.7 131.5 200.1 68
HDPE_R1 115.4 207.7 131.4 217.8 74
HDPE_RS 116.1 206.1 130.9 207.6 71
HDPE_RN1 | 116.0 204.2 130.1 209.6 71
HDPE_RN5 | 115.6 207.0 130.3 212.0 72
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2.3.3 Processability evaluations and mechanical performances

The previously reported characterizations revealed the ability of NEX to
selectively drive the thermo-mechanical degradation reactions of HDPE towards
the achievement of an LCB microstructure. As widely reported in the literature
[88,90,91,172], the introduction of LCB is beneficial for obtaining the high melt
strength (MS) values that are required for the successful processing of polymers
through technologies (such as film blowing and fiber spinning) dominated by
elongational flow. MS is a very important technological parameter in such
processing operations, since it is related to the force that a stretched polymer melt
can withstand before breaking. In fact, the ability of the melt to avoid deformation
under its own weight is of fundamental importance when stretching or drawing is
applied during the processing. In this context, if the polymer melt is unable to
withstand the elongation stresses to which it is subjected at the exit of the
extrusion die (e.g., tendency to sag), various issues may arise, resulting in poor-
quality products or unsuccessful processing.

The MS values of recycled HDPE, with and without NEX, were measured,
obtaining 2.07 + 0.27 and 4.32 = 0.7 cN for HDPE R5 and HDPE RNS,
respectively. Such result is quite striking and paves the way for the effective
exploitation of NEX-containing recycled HDPE for further processing through
technologies dominated by elongational flow. To further verify this feature, fibers
of recycled HDPE without and with NEX (HDPE RS5 and HDPE RNS5) at
different draw ratios were collected, and their tensile behavior was assessed. The
obtained results in terms of elongation at break as a function of the draw ratio
(DR) are depicted in Figure 25. As far as pristine recycled HDPE (HDPE RSY)
was concerned, a slight reduction in the elongation at break with increasing the
DR was observed, meaning constant or slightly reduced ductility as the diameter
of the fibers decreased. However, higher values of elongation at break were
obtained in the oriented samples with respect to their isotropic counterparts (see
results reported in Table 6), indicating a beneficial effect of the macromolecules’
orientation. On the other hand, noteworthy results were obtained for the sample
containing NEX. In fact, in this case, the fibers showed a significant growth of the
elongation at break as a function of the draw ratio. As an example, at a draw ratio
equal to 60, a fifty-fold increase in the elongation at break was noticed for
HDPE RNS with respect to HDPE RS, reaching a value of 350%.
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Figure 25. Elongation at break (%) as a function of the draw ratio for recycled
HDPE without and with NEX (HDPE_RS5 and HDPE RNS). Reprinted under CC
BY 4.0 license.

The observed behavior could be explained considering that the presence of
LCB in the sample containing NEX promoted a greater orientation capability of
the macromolecular chains during continuous stretching, which, in turn, led to
increased ductility [87]. Furthermore, the possible effect of LCB on the polymer
crystallization kinetics cannot be neglected. In this context, it has been
demonstrated the ability of side branches to form tie molecules in the interlamellar
region between different crystalline lamellae incorporating the linear backbone,
resulting in increased mechanical properties [173—175]. Finally, it could be
inferred that the observed buildup of the elongation at break as a function of the
draw ratio could have also be related to a progressive increase in the content of
the amorphous phase for thinner fibers, solidifying faster than thicker ones.

To summarize, the obtained results undoubtedly demonstrate that NEX can be
profitably exploited for achieving an effective upcycling of HDPE. In fact, the
used additive, promoting the attainment of an LCB microstructure, makes not
only recycled HDPE suitable for applications (such as fibers and films) with high-
engineering requirements but, even more importantly, allows for the formulation
of materials based on recovered polyethylene endowed with mechanical
performances comparable to those of their virgin counterparts.

2.3.4 Conclusions

In this work, an effective and industrially viable route for obtaining recycled
HDPE with a high melt strength was proposed. In particular, the following key
findings can be pointed out:

- The thermo-mechanical degradation experienced by HDPE during a

typical mechanical recycling process involved the occurrence of different
phenomena, achieving a heterogeneous microstructure that, ultimately,
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resulted in brittle behavior. In particular, degraded HDPE exhibited a
decrease of 95% in the elongation at break and of 12% in the tensile
strength compared to the virgin material. This dramatic deterioration of
mechanical properties severely limits any further reutilization of the
recyclate for applications with high engineering requirements.

- The introduction of Nexamite® R305 was effective in selectively directing
the thermo-mechanical degradation pathway of HDPE towards the
achievement of a long-chain branching microstructure, which, in turn,
promoted the obtainment of high melt strength values, thereby allowing
the further processing of NEX-containing recycled HDPE through
technologies dominated by elongational flow.

- Fibers obtained by subjecting recycled HDPE containing NEX to non-
isothermal stretching exhibited a remarkably enhanced ductility compared
to pristine recycled HDPE samples (elongation at break increased fifty-
fold for fibers stretched at DR = 60), further demonstrating the beneficial
effect of NEX in enabling high-value-added applications for recycled
HDPE.

To sum up, this work clearly demonstrates the possibility of obtaining recycled
HDPE potentially suitable for future applications characterized by high-
engineering requirements, opening new perspectives for the effective upcycling of
HDPE-based waste.
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Chapter 3

Closing the loop with fire safety

3.1 Flame retardancy of recycled polypropylene with
magnesium hydroxide

The transition toward a circular economy has intensified the use of recycled
polymers in industrial applications; however, their deployment in safety-critical
sectors remains limited by uncertainties related to performance reliability. Among
these, fire behavior represents a major concern. As already discussed, recycled
polypropylene might possess altered molecular weight and viscosity, potentially
affecting the mechanisms through which flame retardants operate. As a result,
flame-retardant systems originally developed and optimized for virgin polymers
cannot be assumed to retain the same effectiveness when applied to recycled
matrices. A systematic evaluation of standard, commercially employed flame
retardants in recycled polymers is therefore necessary to determine whether
established formulations remain valid and to ensure that fire safety can be reliably
achieved within circular material flows.

In this chapter, an inorganic flame-retardant system based on magnesium
hydroxide (Mg(OH):) is investigated in both virgin polypropylene (vPP) and
recycled polypropylene (rPP). Magnesium hydroxide was selected due to its well-
established flame-retardant mechanism, which relies on an endothermic
dehydration reaction accompanied by the release of water vapor [176].

The recycled polypropylene (rPP) employed in this study was obtained by
subjecting virgin polypropylene (VPP) to eight consecutive extrusion cycles
within a twin-screw extruder. This approach was intentionally adopted to simulate
an accelerated end-of-life condition, ensuring a controlled and reproducible
degradation state of the polymer. The resulting rPP exhibits a reduced molecular
weight and altered rheological behavior compared to the virgin material, thus
providing a suitable benchmark for evaluating the robustness of the flame-
retardant system.
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60 wt.% of Mg(OH). was introduced inside both virgin (vVPP+MH) and
recycled PP (rPP+MH) through a step of melt compounding performed by using a
twin-screw extruder.

3.1.1 Microstructure assessment

As widely reported, the rheological behavior and the processability of a
polymeric system is strongly affected by both the thermo-mechanical degradation
occurring during mechanical recycling processes [51] and the introduction of
fillers [177]. Dynamic rheological measurements were herein employed to
evaluate the possible microstructural modification of the PP chains induced by the
reprocessing and to gain some useful information about the morphology of the
FR-containing materials.

In Figure 26a, the complex viscosity curves as a function of the frequency for
all investigated materials are reported. Unfilled virgin PP (vPP) exhibits the
typical Newtonian plateau at low frequencies, followed by a mild shear thinning,
thus a decrease of the complex viscosity as the frequency increased. As a
consequence of thermo-mechanical degradation underwent during the
reprocessing cycles, the complex viscosity of unfilled rPP decreases over the
entire frequency range. Furthermore, an amplification of the Newtonian behavior
can be clearly observed. Both these features can be ascribed to the decrease in the
PP molecular weight resulting from the chain-scission reactions occurring during
the reprocessing steps [113].

As observable in Figure 26a, the addition of Mg(OH). at a high loading
(namely, 60 wt%) dramatically alters the rheological response of both matrices. In
fact, in both vPP+MH and rPP+MH, the Newtonian plateau disappears
completely, and a strong shear-thinning behavior is observed. This behavior is
typical of highly filled systems, where the presence of rigid inorganic particles
restricts macromolecular mobility and leads to longer relaxation times. Despite
the substantial viscosity increase induced by the filler, the relative difference
between the two composites remains consistent with that observed for the neat
matrices, with rPP+MH exhibiting a lower viscosity than vPP+MH.

The storage modulus (G’) reported in Figure 26b further highlights the
influence of both reprocessing and filler addition. Neat vPP exhibits higher G’
values than rPP, particularly at low frequencies, reflecting a more elastic response
associated with higher molecular weight. Upon addition of Mg(OH)., both
composites show a pronounced increase in G’ and a reduced frequency-
dependence. The similar behavior of vPP+MH and rPP+MH suggests that the
rheological response of both systems in the low frequency region is dominated by
the inorganic filler network rather than by the intrinsic properties of the polymer
matrix.
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Morphological characterization by scanning electron microscopy (SEM) was
carried out to investigate the dispersion and distribution of Mg(OH). within the
polymer matrices. SEM micrographs in Figure 27 a-b reveal a homogeneous
distribution of Mg(OH). particles in both vPP and rPP matrices. Quantitative
image analysis was performed using the Feret diameter as a shape-independent
parameter to describe agglomerate size distributions [178], reported in Figure 27
c-d. Both Feret diameter distributions display a similar trend. In vPP+MH, an
average Feret diameter of 1.54 pm is determined, whereas the average Feret
diameter in rPP+MH is equal to 1.27 pm. Despite a slight lower average diameter
for recycled PP-based system, the close similarity between these values and the
diameter distribution indicates that the lower viscosity of the recycled matrix does
not significantly modify the dispersion of Mg(OH)..
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Figure 27. SEM micrographs of vPP+MH (a) and rPP+MH (b); distribution of
Mg(OH); particles’ Feret diameter of vPP+MH (c) and rPP+MH (d).

3.1.2 Thermo-oxidative degradation

Thermogravimetric analysis (TGA) in air atmosphere was employed to
investigate the thermo-oxidative stability of all investigated materials, and the
obtained results are reported in Figure 28 and Table 9. From TGA tests, the
following data were evaluated: Tonset (temperature at which 2% of weight loss
occurs), Tmax (temperature at which maximum weight loss rate is observed in dTG
- derivative - curves), and the residue at 600°C.

As observed in Figure 28, both unfilled virgin and recycled PP display a
single degradation step, with no char residue remaining at the end of the analysis.
Furthermore, the temperatures of degradation onset and of maximum degradation
for the two materials are practically coincident, indicating that the thermo-
mechanical degradation occurring during the reprocessing cycles did not affect the
thermo-oxidative stability of PP.

The introduction of magnesium hydroxide to both vPP and rPP results in a
delayed onset temperature of degradation, likely because the absence of
degradation of magnesium hydroxide before 300 °C could cover the degradation
of the polymer matrix [179], and higher temperature of maximum degradation
compared to the pure polypropylene matrices, according to the literature
[180,181]. The final residues measured at 600 °C are approximately 42 wt% for
vPP+MH and 43 wt% for rPP+MH, which agree with stoichiometric predictions
based on filler content.
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The similarity between virgin and recycled composites confirms that the
flame-retardant action of Mg(OH): is largely insensitive to the recycling-induced
modification of the PP microstructure.

Table 9. Thermo-oxidative degradation data for unfilled virgin and recycled PP
(vPP, rPP) and Mg(OH).-filled PP systems (vPP+MH, rPP+MH).

Tonset [°C] Tmax [°C] Residue @600°C [%]
vPP 250 316 0.2
rPP 249 314 0.1
vPP+MH 274 344 42
rPP+-MH 272 353 43
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Figure 28. TGA (a) and dTG (b) curves of unfilled virgin and recycled PP (vPP,
rPP) and Mg(OH):-filled PP systems (vPP+MH, rPP+MH).

3.1.3 Flame-retardant performances

3.1.3.1 Flammability evaluation

The UL-94 test evaluates ignition on a small scale and vertical flame
propagation, assigning an increasing flammability classification ranging from V-2
to V-0, where V-0 is the most stringent, as it requires rapid flame extinction and
the absence of dripping capable of igniting the cotton.

The results reported in Table 10 for vPP and rPP confirm the intrinsically
flammable behavior of unfilled polypropylene. All specimens ignited easily,
exhibited dripping with cotton ignition, and the flame reached the clamps. After
the first flame application, the extinction times (t;) were on the order of a few
seconds, whereas after the second application the extinction time (t2)
systematically exceeded 30 s. Consequently, for both vPP and rPP no rating (NR)
was achieved in UL-94, in agreement with findings reported in the literature
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[182]. Moreover, the differences between virgin and recycled materials are
marginal, and the overall results clearly justify the introduction of flame-retardant
additives to reduce the flammability of these polymers.

The addition of Mg(OH). reduces flame intensity and slows down
combustion, but does not fully suppress dripping after the first flame application.
Consequently, both vPP+MH and rPP+MH remain non-classifiable in the UL-94
test, with no substantial differences observed between virgin and recycled
matrices.

Table 10. UL-94 vertical burning results for unfilled virgin and recycled PP (vPP,
rPP) and Mg(OH):-filled PP systems (vPP+MH, rPP+MH).

Rating | t1 [s] t2 [s] Dripping
vPP NR 54+27 > 30 Yes
rPP NR 46+2.1 |>30 Yes
vPP+MH NR > 30 - Yes
rPP+MH NR > 30 - Yes

3.1.3.2 Combustion behavior

Cone calorimeter tests provide a more comprehensive assessment of
combustion behavior under well-defined heat flux conditions. The results of the
cone calorimeter tests are summarized in Table 11 and Figure 29. As shown in
Figure 29a, the heat release rate (HRR) curves indicate that both virgin and
recycled PP exhibit essentially the same combustion behavior. In particular, the
two materials display comparable times to ignition (TTI), after which the HRR
rapidly increases and then sharply decreases, with flame extinction occurring at
approximately 200 s. Moreover, during combustion the samples are completely
consumed, as evidenced by the almost immediate reduction in specimen mass
(Figure 29d).

An examination of the cone calorimeter data reported in Table 11 reveals no
substantial differences between the two materials, suggesting that the thermo-
mechanical degradation of PP and the associated microstructural modifications do
not significantly influence its combustion behavior.

By contrast, the incorporation of magnesium hydroxide leads to a marked
reduction in heat release for both vPP- and rPP-based samples. The heat release
rate curve of both composites no longer shows a sharp maximum. Instead, after
reaching the highest values of HRR, both curves progressively decrease until the
extinction after about 800 s. The combustion process of Mg(OH).-filled systems
is, thus, characterized by prolonged burning times and delayed extinction. This
behavior arises from the combined effects of flame dilution and gas-phase flame
inhibition of the FR additive studied. The mechanism of action of magnesium
hydroxide as flame retardant is already well established [180]. Upon heating
above approximately 300 °C, magnesium hydroxide decomposes and releases
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water vapor, which dilutes the combustible gases and lowers the local oxygen
concentration in the flame zone. At the same time, the endothermic nature of this
decomposition absorbs a substantial amount of heat, leading to flame cooling and
a further attenuation of combustion. The decomposition also produces magnesium
oxide, which forms a protective, thermally insulating layer on the polymer
surface. This barrier hinders heat transfer into the material, slows the pyrolysis
process, and ultimately reduces the combustion rate, resulting in lower heat
release rate and total heat release values.

The reduction of HRR and THR for both Mg(OH).-filled systems is
approximately equal to 80 % and 33 %, respectively, if compared to unfilled
matrices. Therefore, irrespective of the level of degradation of the matrix,
magnesium hydroxide is able to ensure flame retardancy properties in both PP-
based systems.

If compared to unfilled vPP and rPP, also the smoke production is markedly
reduced due to the release of water vapor, which dilutes combustible gases and
lowers flame temperature. In fact, lower values of total smoke production (TSP)
and total smoke release (TSR) are obtained in the FR systems. As far as the time
to ignition (TTI) is concerned, the values of both systems do not change with the
addition of magnesium hydroxide.

The residual mass after the test, approximately 46 wt% for vPP+MH and
about 44 wt% for rPP+MH, assumes values that are slightly higher than those
observed in TGA, possibly because of a re-hydration of magnesium oxide after
the total decomposition of magnesium hydroxide [183].

All the above considerations confirm the effectiveness of this type of
inorganic flame-retardant system also in recycled polypropylene. No differences
in combustion behavior are observed between the virgin- and recycled-based
systems, confirming that magnesium hydroxide provides the same level of fire
protection in recycled polypropylene as in the virgin material.
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Table 11. Cone calorimeter tests results for unfilled virgin and recycled PP (vPP,
rPP) and Mg(OH):-filled PP systems (vPP+MH, rPP+MH).

vPP rPP vPP+MH rPP+MH
TTI [s] 3242 2841 3441 3341
Ignition to 188 49 202+ 10 718 4 25 744 + 3
flameout [s]
peak-HRR
W] 1172 = 59 1147 + 57 21947 22342
;S‘]’eak'HRR 136+ 7 140 + 7 62+ 1 60+ 6
THR
Mo 109+ 6 10745 72+6 7241
F;ﬁ}:]SPR 0.220 % 0.010 | 0.200 +0.020 | 0.046 + 0.005 | 0.049 + 0.007
Esfl’eak'SPR 15248 15247 65+5 56+ 1
TSP [m?] 243405 | 23.6+08 9.6+ 0.4 9.8+0.7
TSR [m¥m?] | 2433122 | 2356+118 | 977+80 967 + 100
Residue

+ +

A 0 0 461403 | 444+0.1
SEA [m¥kg] | 921+ 30 905 + 27 425 + 26 417 + 36
EHC
MYkl 41+ 1 42+1 3142 32+ 1
MARHE
W/ 503 + 23 591 £ 27 14442 146 + 5

64




1250 T T T T T T T T 125 T T T T T T T T
—— VPP a b
E ——rPP E ;
s VPP+MH 5 '
= rPP+MH =
v Q
] 7]
s 750} 75
® s
Q [
(7] -
© -~
Q ©
2 s0} o 50}
e <
- —
5 2 —— VPP
T 250} I - = a5t —o—rPP
| vPP+MH
{ \ rPP+MH
0 S 1 1 1 i . 0doai 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Time, s Time, s
025 o
@ —— VPP c B d
E ——rPP
0-20 PP+MH 1
G v o 80F
® rPP+MH EN
= '3
& oasf s ok
3 £
3 S
T
5 0.10 -g 40 |
Q
< ! & —o— VPP
,,E, 0.05 - 7 20 - —o—rPP
vPP+MH
“ e rPP+MH
0.00 Akt . L AT VP _— 0 1 Q P 1 1 1 1
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Time, s Time, s

Figure 29. Cone calorimeter graphs for unfilled virgin and recycled PP (vPP, rPP)
and Mg(OH).-filled PP systems (vVPP+MH, rPP+MH): heat release rate (a), total
heat release (b), smoke production rate (¢) and residual mass (d).

For assessing the fire safety performance, two indices were employed: the
Fire Performance Index (FPI= TTI/pkHRR) and the Fire Growth Rate Index
(FIGRA=pkHRR/t;,kHRR). The former increases when ignition is delayed and/or
when the HRR peak is reduced; therefore, the higher the FPI value, the lower the
fire risk (also referred to as fire hazard) [184]. The latter index increases as the
HRR peak becomes higher and is reached more rapidly. According to the
literature, polymer systems characterized by high FPI and low FIGRA values are
considered safer from a fire protection perspective [185]. To complete the
analysis, the Flame Retardancy Index (FRI) was also considered [186]. This
dimensionless index quantifies the effectiveness of the flame-retardant additive by
taking the neat polymer (VPP and rPP) as the reference; values between 10° and
10! represents good flame retardancy performances. These indices were calculated
and are reported in Table 12.

Concerning the performance of the matrices (VPP and rPP), they exhibit very
low FPI and high FIGRA values, in agreement with the intrinsic flammability of
these materials. In the systems containing Mg(OH)z, the FPI becomes very high
due to a strongly reduction in the HRR peak, and the FIGRA value is significantly
reduced. The FRI for both systems is about 8.70. All the calculated indexes
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clearly indicate that Mg(OH). significantly improves fire safety compared to neat
polypropylene. Importantly, the results obtained for rPP+MH are comparable to,
and in some cases slightly better than, those of vPP+MH. This result further
confirms that the inorganic flame-retardant system is suitable for use with
recycled polypropylene.

Table 12. FPI, FIGRA and FRI value for unfilled virgin and recycled PP (vPP,
rPP) and Mg(OH):-filled PP systems (vPP+MH, rPP+MH).

FIGRA
FPI [m?*s/kW] W/ FRI
vPP 0.027 + 0.001 8.62 + 0.43 -
vPP+MH 0.155 + 0.007 3.53+0.10 8.62
rPP 0.024 + 0.001 8.19 + 0.41 -
rPP+MH 0.145 + 0.007 3.73 +£0.38 8.85

3.1.4 Conclusions

In this work, the applicability of flame-retardant originally developed for
virgin polypropylene to recycled polypropylene was systematically evaluated. An
inorganic flame-retardant system based on magnesium hydroxide, incorporated at
60 wt.%, was assessed in both virgin and recycled polypropylene matrices in
order to determine its effectiveness and sensitivity to recycling-induced
degradation.

Rheological characterization confirmed that mechanical reprocessing
significantly reduces the melt viscosity of polypropylene as a result of chain
scission reactions. Nevertheless, in the case of Mg(OH).-filled systems, this
difference in matrix viscosity had a limited influence on the overall behavior of
the material.

UL-94 vertical burning tests revealed that the incorporation of Mg(OH):
lowers flame intensity and retards the combustion process, but it does not
completely inhibit dripping. As a result, both vPP+MH and rPP+MH remain non-
classifiable in the UL-94 test, with no significant differences observed between
the virgin and recycled matrices.

Cone calorimeter tests clearly highlighted the contribution of the inorganic
system to fire performance in both virgin and recycled PP. Irrespective of the
matrix, the Mg(OH). formulations proved to be effective in reducing the total heat
released during combustion and in limiting smoke production. Importantly, both
virgin and recycled Mg(OH):-filled composites exhibited comparable reductions
in heat release, confirming the robustness of the inorganic flame-retardant system
when applied to recycled polypropylene.
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Overall, the obtained results demonstrate that magnesium hydroxide retains
its effectiveness in recycled polypropylene, providing a level of fire safety
comparable to that achieved in virgin matrices.
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3.2 Ammonium polyphosphate and pentaerythritol as
intumescent flame-retardant for recycled polypropylene

Intumescent flame-retardant systems represent one of the most effective
approaches for improving the fire behavior of polypropylene, as they act primarily
in the condensed phase through the formation of an expanded and insulating char
layer. In this chapter, an intumescent system based on ammonium polyphosphate
(APP) and pentaerythritol (PER) in a 3:1 weight ratio is investigated in both
virgin (VPP) and recycled polypropylene (rPP) matrices. The system was
incorporated at 30 wt.% into virgin (vVPP+AP) and recycled PP (rPP+AP) through
a step of melt compounding using a twin-screw extruder. Following the
methodology used for magnesium hydroxide-filled materials, the recycled
polypropylene (rPP) was produced by subjecting virgin polypropylene (VPP) to
eight consecutive extrusion cycles in a twin-screw extruder.

As discussed in the previous chapters, recycling induces significant changes
in polypropylene, particularly in terms of molecular weight and viscosity. These
changes are expected to influence not only processing and mechanical behavior,
but also the efficiency of intumescent flame-retardant mechanisms, which
strongly depend on melt viscosity, char cohesion, and resistance to dripping [187].
For this reason, the comparison between vPP and rPP is integrated throughout the
present chapter, with particular attention paid to how matrix degradation affects
intumescence, char formation, and combustion dynamics.

3.2.1 Microstructure assessment

Frequency sweep tests were performed on all the samples in order to establish
direct comparisons between virgin and recycled matrices and their corresponding
IFR-containing systems. As already mentioned in the previous chapter, the
complex viscosity curves reported in Figure 30 clearly show that rPP exhibits a
significantly lower viscosity than vPP across the entire frequency range,
confirming the occurrence of chain scission during recycling and reprocessing.

Upon addition of APP:PER, the rheological response of the materials differs
as a function of the matrix (Figure 30a). In virgin PP, the introduction of IFR
results in increased complex viscosity in the whole investigated frequency range,
causing the appearance of a more pronounced non-Newtonian behavior in the low
frequency region. On the other hand, for rPP+AP the complex viscosity curve
overlapped almost completely those of unfilled rPP at higher frequencies but a
substantial increase in viscosity at low frequencies can be noticed. This increase is
associated with the disappearance of the Newtonian plateau and the development
of a yield stress behavior, indicative of restricted chain mobility and the formation
of a filler-induced network [188]. This suggests that the lower viscosity of the
recycled matrix as compared to VPP facilitates a more homogeneous dispersion of
the intumescent system.
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The effects of the flame retardants particles on polymer chain mobility are
also illustrated by the storage modulus G’, whose trends are reported in Figure
30b. The presence of the IFR additive leads, in both systems, to an increase in G’
in the low frequency range, with a less frequency-dependent behavior compared
to that of the neat matrices. This result can be ascribed to the modification of the
macromolecular dynamics arising from the formation of polymer—particle and
particle—particle interactions. However, this feature is more pronounced in the
case of recycled PP-based system, thus confirming that a better dispersion of the
IFR additive is achieved with the low-viscosity matrix.
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Figure 30. Complex viscosity (a) and storage modulus (b) as a function of
frequency collected at 180 °C for unfilled virgin and recycled PP (vPP, rPP) and
APP:PER-filled PP systems (vPP+AP, rPP+AP).

Morphological analysis by SEM provides further insight into the dispersion of
APP:PER within the polymer matrices. SEM micrographs reported in Figure 31a-
b reveal the presence of well distributed additive-rich clusters in both composites,
with significant differences in size distribution between vPP+AP and rPP+AP. In
fact, quantitative image analysis, supported by the distribution of the particles
Feret diameter in Figure 31c-d, shows that vPP+AP contains a higher number of
large agglomerates with average diameter equal to 3.91 pum, while rPP+AP
exhibits a narrower size distribution shifted toward smaller cluster sizes and an
average diameter of 1.23 pm.

The more pronounced yield stress behavior observed from rheological
characterization in rPP+AP is consistent with the morphological evidence. In fact,
the particles size distribution revealed agglomerates that were on average smaller
than those present in vPP+AP, thus suggesting that the system based on the
recycled matrix allowed for a more finely dispersion of the flame-retardant due to
its lower viscosity, as also demonstrated by other authors [189,190].
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Figure 31. SEM micrographs of vVPP+AP (a) and rPP+AP (b); distribution of
particles’ Feret diameter of vPP+AP (c) and rPP+AP (d).

3.2.2 Thermo-oxidative degradation

Thermogravimetric analysis (TGA) in air was used to assess the thermo-
oxidative stability of the virgin and recycled matrices and the IFR-containing
materials (Table 13 and Figure 32). As already discussed in the previous chapter,
both unfilled virgin and recycled PP exhibit a single degradation step with no
residual char, and show nearly coincident degradation onset and maximum
degradation temperatures, confirming that reprocessing did not significantly affect
the thermo-oxidative stability of PP.

As far as IFR composites is concerned, thermogravimetric analysis reveals
that both vPP+AP and rPP+AP exhibit a main degradation step, occurring at
lower temperatures, due to additive decomposition. The dTG curves in Figure 32b
provide additional insight into the maximum degradation rate: for vPP+AP, the
maximum occurs at around 292 °C, whereas rPP+AP shows a shifted maximum
toward higher temperatures. The small shoulders observed in the dTG curves can
be attributed to the formation of the carbonaceous layer.

Another difference between the two IFR systems concerns the residual mass
at 600 °C: vPP+AP shows a residue of about 18 %, while rPP+AP exhibits a
lower value of about 15 %, as reported in Table 13. This indicates that the
composite based on the recycled matrix leaves a smaller residue, which may be
related to a lower stability under oxidative conditions.
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Table 13. Thermo-oxidative degradation data for unfilled virgin and recycled PP
(vPP, rPP) and APP:PER-filled PP systems (vPP+AP, rPP+AP).
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Figure 32. TGA (a) and dTG (b) curves of unfilled virgin and recycled PP (vPP,
rPP) and APP:PER-filled PP systems (vPP+AP, rPP+AP).

3.2.3 Flame-retardant performances

3.2.3.1 Flammability evaluation

Flammability was assessed by means of UL-94 vertical burning tests, and the
results are reported in Table 14. As already discussed, both unfilled vPP and rPP
show intense dripping and fast flame spread, leading to a no rating (NR)
classification.

UL-94 vertical burning tests of IFR systems instead clearly demonstrate the
influence of matrix viscosity on intumescent performance. All five specimens of
vPP+AP achieves a V-0 classification with rapid self-extinction after both the first
and second flame applications, without the flame reaching the clamps and without
dripping or cotton ignition. For rPP+AP, it was necessary to repeat the test on ten
specimens, highlighting a wvariability among the samples that resulted in
classifications ranging from V-0 to V-2. Although effective flame suppression
after the first flame application and short extinction times during the second one,
dripping accompanied by cotton ignition was observed in 5 out of the 10 total
samples tested. This behavior is attributed to the lower viscosity of the recycled
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matrix, which promotes droplet detachment before the formation of the compact
char layer.

Table 14. UL-94 vertical burning results for unfilled virgin and recycled PP (vPP,
rPP) and APP:PER-filled PP systems (vVPP+AP, rPP+AP).

Rating t1 [s] t2 [s] Dripping
vPP NR 54+2.7 >30 Yes
rPP NR 4.6+2.1 >30 Yes
vPP+AP V-0 0 1.8+1.3 No
rPP+AP V-2 0 3.6+2.5 Yes

3.2.3.2 Combustion behavior

The combustion behavior of the materials was measured using a cone
calorimeter and the corresponding results are reported in Table 15 and Figure 33.
As previously discussed, virgin and recycled PP exhibit comparable combustion
behavior (Figure 33a), with similar TTI, rapid HRR evolution, and complete
sample consumption (Figure 33d).

Upon the introduction of the intumescent flame-retardant based on APP:PER
into both vPP and rPP, an earlier time to ignition (TTI) and a longer time to
flame-out are observed, compared with the curves of the unfilled polymers. As
expected, the TTI is lower in the APP:PER-containing system because IFR
additives promoted the accelerated decomposition of the polymeric matrix.
Moreover, for both materials the curves display the formation of two main peaks
with significantly lower intensity than the single HRR peak characteristic of the
neat polymers. As already reported [191-193], the initial peak, in this case
associated with the first increase of the HRR values, corresponds to ignition and
surface flame propagation, followed by a plateau phase related to the development
of a protective char layer. The subsequent peak, occurring at longer times, is
associated to the breakdown of this char layer as volatile products generated by
substrate degradation escape.

Specifically, as already discussed in the literature [194,195], the charring
mechanism of APP and PER starts with the reactions between the acidic species
generated from APP and its degradation products (orthophosphates and
phosphoric acids) and the char-forming agent PER, leading to the formation of
phosphorus-containing structures. This stage promotes dehydration and initiates
carbonization of the system through free-radical processes. As the temperature
increases, the blowing action becomes dominant. The decomposition of APP
releases gaseous products, mainly ammonia, which cause the developing char to
expand and form an intumescent, foamed structure. This stage involves a
combination of gas generation and char swelling. Then at higher temperatures, the
intumescent structure progressively degrades and loses its foamed character.
Despite this structural collapse, the char exhibits reduced thermal conductivity at
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elevated temperatures, thereby maintaining an effective insulating barrier that
protects the underlying polymer substrate.

As observable from the results reported in Table 15 and Figure 33, vPP+AP
exhibits a 70% and 23% reduction of the peak of HRR and of THR, respectively,
and the mass lost rate was significantly reduced (Figure 33d) as compared to
unfilled virgin PP.

Considering the rPP-based system, the second HRR peak is on average
higher, but it is delayed in time, indicating postponed heat release. The plateau
zone reflecting the development of the protective char layer is longer and
characterized by lower values of HRR if compared to vPP+AP, suggesting the
ability of the intumescent system to create a more stable char if employed in
recycled PP. Indeed, in agreement with the literature [196], char cracking is
delayed when the protective char layer is more robust, and the formation of a
stronger intumescent char is associated with smaller particle sizes. As a
consequence, both the total heat release (Figure 33b) and the mass loss (Figure
33d) evolve slower with respect to flame-retardant virgin PP, anyway achieving
comparable values at the end of the test.

Consistently, the smoke production rate (SPR, Figure 33c) follows the same
trend observed in the HRR and THR curves: the SPR profile of rPP+AP displays a
higher and delayed maximum, corresponding to the collapse of the char layer. In
contrast, the total smoke production (TSP) during the entire cone calorimeter test
is lower for recycled PP-based material.

These results clearly demonstrate that the intumescent flame-retardant system
studied remains effective also when applied to recycled PP. The ammonium
polyphosphate and pentaerythritol system is able to impart more efficient flame-
retardant properties to recycled polypropylene, because of a more pronounced
plateau in the HRR curve and delayed main peak, both leading to a lower
MARHE if compared to virgin PP-based system, thereby enabling its use even in
applications where fire safety is a mandatory requirement.
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Table 15. Cone calorimeter tests results for unfilled virgin and recycled PP (vPP,
rPP) and APP:PER-filled PP systems (vVPP+AP, rPP+AP).

vPP rPP vPP+AP rPP+AP
TTI [s] 32+£2 28 +1 18+3 15+1
Ignition to
188 +9 202+ 10 488 £ 37 475+ 10
flameout [s]
peak-HRR
1172 £ 59 1147 £ 57 345+ 37 397 + 64
[KW/m?]
t peak-HRR |[s] 136 £7 140 £ 7 314+ 8 356+ 20
THR [MJ/m?) 109+6 1075 84 +£1 84 +2
peak-SPR [m?/s] | 0.220 + 0.010 | 0.200 + 0.020 | 0.120 £ 0.009 | 0.140 + 0.007
t peak-SPR [s] 152+ 8 152+7 32745 375+ 10
TSP [m?] 243+0.5 23.6+0.8 287+ 1.1 25.1+09
TSR [m?*/m?] 2433 £ 122 2356+ 118 2886 + 205 2579 + 152
h "
Char residue 0 0 184402 | 18.9+03
[wt. %]
SEA [m?/kg] 921 +£30 905 £ 27 1236 + 69 1121 +75
EHC [MJ/kg] 41 +1 42 + 1 36 +2 37+1
MARHE
593 + 23 591 +27 203+ 7 190+ 5
[KW/m?]
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Figure 33. Cone calorimeter graphs for unfilled virgin and recycled PP (vPP, rPP)
and APP:PER-filled PP systems (vVPP+AP, rPP+AP): heat release rate (a), total
heat release (b), smoke production rate (c) and residual mass (d).

Fire safety indices (FPI, FIGRA and FRI reported in Table 16) further
confirm the effectiveness of the intumescent system. The incorporation of
APP:PER particles leads to a marked change in fire dynamics compared with the
neat matrices: FIGRA drops sharply, indicating a strong reduction in fire growth
rate due to the formation of an expanded char layer that insulates the material and
limits heat transfer. At the same time, FPI increases with respect to the unfilled
polymers as a consequence of a reduced HRR peak, although the ignition time is
shortened because APP:PER starts to decompose at lower temperatures. The
Flame Retardancy Index reaches values of about 2.46 for vPP+AP and 1.97 for
rPP+AP, indicating an overall “good” improvement in flame-retardant
performance induced by the intumescent system, notwithstanding lower FRI
values for rPP+AP highlight the influence of matrix degradation on intumescent
efficiency.
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Table 16. FPI, FIGRA and FRI values of for unfilled virgin and recycled PP
(vPP, rPP) and APP:PER-filled PP systems (vVPP+AP, rPP+AP).

FIGRA
FPI [m?*s/kW] W/ FRI
vPP 0.027 + 0.001 8.62 +0.43 -
VPP+AP 0.052 + 0.003 1.10+0.08 2.46
rPP 0.024 + 0.001 8.19+0.41 -
rPP+AP 0.038 + 0.003 1.12 £ 0.09 1.97

3.2.3.3 Char analysis

The char structure is a key factor in evaluating the barrier properties of an
intumescent system; therefore, SEM micrographs of both the external and internal
regions of the residues of the APP:PER-containing materials at the end of the
cone calorimeter tests were acquired (Figure 34).

The micrographs reported in Figure 34 show that, for both matrices, a
compact microstructure with few holes is formed on the external surface, whereas
the internal char exhibits a more porous structure. The combination of these two
morphologies increases the tortuosity of diffusion pathways, thereby reducing
oxygen and heat transport and shielding the polymer matrix from heat exposure.
A comparison between the external char layers of the two composites reveals that
the outer layer of vPP+AP (b) appears more compact, with a closed-cell
morphology, while that of rPP+AP (e) shows a higher density of pores and
discontinuities. Moreover, the internal char of vPP+AP (c) exhibits smaller pores
than those observed in rPP+AP (f).

re 34. Photos and SEM images of residual char: (a,b,c) vPP+AP; (d,e,f)
rPP+AP.

Figu
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To complement the morphological analysis with a chemical evaluation,
elemental mapping was performed on both the internal and external char layers.
Figure 35 shows the elemental maps of phosphorus, nitrogen and carbon of the
internal and external char of vPP+AP and rPP+AP. As observable, EDX analysis
show a homogeneous distribution of phosphorus and nitrogen in all the samples
analyzed. Moreover, the comparison of the carbon and phosphorus contents in the
internal and external char layers provides insight into the organization of the
intumescent structure during combustion. Based on the calculated weight
percentages (Table 17), in the case of vPP+AP, the external char surface exhibits
a lower C/P ratio (=0.6) than the internal residue (=1.8), suggesting a greater
formation of phosphorus oxides at the outer surface. Conversely, for the
composite with the recycled matrix, the C/P ratio remains nearly constant between
the inner (=1.1) and outer (=1.2) regions, indicating a more uniform distribution of
the phosphorus phase throughout the char thickness.

Overall, the elemental maps confirm the presence of phosphorus oxides in all
cases, while the nitrogen content remains low, consistent with the release of
ammonia during the decomposition reactions of APP.
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Figure 35. EDX analysis of P, N and C of the char structure: outer layer of
vPP+AP (a), inner layer of vPP+AP (b), outer layer of rPP+AP (c), and inner
layer of rPP+AP (d).

Table 17. Amount of P, C, N, and O in weight percentages derived from EDX
analysis for outer and inner char of vPP+AP and rPP+AP.

P [%] C [%] N [%] O [%]
vPP+AP outer char 23.0 14.0 2.6 60.3
vPP+AP inner char 18.7 32.8 34 44.6
rPP+AP outer char 20.2 25.0 3.5 46.7
rPP+AP inner char 20.5 23.1 3.7 52.2
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3.1.4 Conclusions

An intumescent flame-retardant system based on ammonium polyphosphate
and pentaerythritol (APP:PER), incorporated at 30 wt.%, was investigated in
virgin and recycled polypropylene to assess the effectiveness also in recyclates
and evaluate the influence of matrix degradation on intumescent efficiency.

The reduction in viscosity of recycled PP because of thermo-mechanical
degradation had a dual effect on the FR system with APP:PER. On one hand, the
lower viscosity of the recycled matrix facilitated improved dispersion of the FR
additive during compounding, as confirmed by the reduced size of APP:PER
clusters observed in SEM micrographs of rPP+AP fracture surfaces. On the other
hand, the reduced viscosity promoted increased dripping under flame exposure.
This behavior strongly affected the UL-94 performance of the intumescent
system. While the APP:PER formulation achieved a V-0 classification in virgin
polypropylene through the rapid formation of a coherent intumescent char and the
suppression of dripping, the recycled composite exhibited pronounced dripping,
leading to cotton ignition and a V-2 classification.

Cone calorimeter tests showed the effectiveness of the APP:PER intumescent
system in improving the fire performance of both virgin and recycled PP. In both
matrices, the addition of the IFR additive leads to a significant reduction in the
heat release rate. In particular, while both composites exhibit a two-peak HRR
profile typical of char-forming systems, the HRR peak is delayed in the recycled
PP composite, following a longer plateau phase associated with the formation of a
more stable and protective char layer. These results confirm that the APP:PER
system effectively impart flame retardancy properties in both virgin and recycled
matrices, while also promoting enhanced char stability in recycled polypropylene.

In conclusion, the APP:PER intumescent system can be successfully applied
to recycled polypropylene, although its performance is strongly influenced by
recycling-induced viscosity reduction. These findings emphasize the need to
consider dripping mitigation strategies when designing this kind of intumescent
flame-retardant formulations for recycled polyolefin matrices.
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3.3 Enhanced flame retardancy for recycled
polypropylene with piperazine pyrophosphate and
melamine pyrophosphate

The final intumescent flame-retardant (IFR) system evaluated for its
effectiveness in recycled polypropylene (rPP) is based on a mixture of piperazine
pyrophosphate (PAPP) and melamine polyphosphate (MPP). The used IFR has
been proved to be very effective for the flame retardancy of PP-based materials
[185,191,197-200]; however its effectiveness in recycled PP has yet to be
systematically elucidated. Also in this case, rPP was obtained by melt processing
eight times virgin PP (VPP) in a twin-screw extruder and was used as a suitable
benchmark for a thermo-mechanically degraded polymer. Then, flame retarded
vPP- and rPP-based materials were prepared by melt compounding the two
polymers with 21 wt.% of IFR (vPP+PM and rPP+PM).

3.3.1 Microstructure assessment

Dynamic rheological measurements were employed to evaluate the possible
structural modification of the PP chains induced by the recycling and to gain some
information about the morphology of the IFR-containing materials.

In Figure 36a, the complex viscosity curves as a function of the frequency are
reported. Unfilled virgin PP (vPP) exhibits the typical Newtonian plateau at low
frequencies, followed by a slight shear thinning, thus a decrease of the complex
viscosity as the frequency increased. As a consequence of thermo-mechanical
degradation underwent during the reprocessing cycles, the complex viscosity of
unfilled rPP decreases over the entire frequency range.

Concerning the rheological response of the materials containing IFRs, the
addition of the additive results in an increase of the complex viscosity in the
whole investigated frequency range. Furthermore, the Newtonian plateau almost
disappeared for both systems, resulting in a sharp increase of viscosity at low
frequencies and the appearance of a yield stress behavior. The embedded solid
particles, in fact, are able to restrict the mobility of the polymer chains, thereby
hampering their complete relaxation. The effects of the IFR on the mobility of
polymeric chains can also be recognized in the trend of the storage modulus as a
function of the frequency depicted in Figure 36b. In fact, for both filled systems,
the storage modulus increases in the low frequency region, tending to become
frequency independent; once again, this behavior can be related to the alteration
of the macromolecular dynamics resulting from the establishment of
polymer/particles and particle/particle interactions.
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Figure 36. Complex viscosity (a) and storage modulus (b) as a function of
frequency collected at 180 °C for unfilled virgin and recycled PP (vPP, rPP) and
PAPP:MPP-filled PP systems (vVPP+PM, rPP+PM).

The SEM micrographs of the IFR-containing materials are displayed in Figure
37 (a-b). From a general point of view, the IFR particles appear homogeneously
distributed in both virgin and reprocessed polymers. In order to gain more
information about the morphology of the two samples, the distribution of the
particles’ diameter was evaluated considering the Feret diameter, which is
extensively employed to measure particles with irregular shape and micrometric
dimensions [178]. Comparing Figure 37c with Figure 37d, reporting the
distribution of the diameters in vPP- and rPP-based materials, respectively,
different trends can be noticed. In particular, in rPP+PM the distribution of
particles’ diameter is shifted towards lower values and a lower average diameter is
obtained: 1.85 pm and 1.34 um for vPP+PM and rPP+PM, respectively. This
result, in agreement with the literature [189,190], can be ascribed to the lower
viscosity of rPP as compared to the virgin matrix, which allows a finer and more
homogeneous distribution of the embedded IFR particles.
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Figure 37. SEM micrographs of vPP+PM (a) and rPP+PM (b); distribution of IFR
particles’ Feret diameter of vPP+PM (c) and rPP+PM (d).

From FTIR spectra reported in Figure 38, no variations in the chemical
structure and no appearance of signals associable with oxygen-containing groups
were found when comparing virgin and recycled PP. According with the literature
[51], for thermo-mechanically degraded PP the structural degradation (involving
the decrease of the molecular weight) is prevailing with respect to the functional
degradation, which is almost negligible. When IFR is introduced in both virgin
and recycled PP, different peaks associable with the chemical structure of the
mixture PAPP:MPP appear, and in particular: P-N-C at 763 cm, P-O-P
stretching at 885 cm™!, P-O-P at 1072 cm’!, C-N at 1086 cm™!, P=0O stretching at
1164 cm™!, NHs+ at 1514 cm™ and C=N at 1681 cm™ [191,197,199].
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Figure 38. FTIR spectra of unfilled virgin and recycled PP (vPP, rPP) and
PAPP:MPP-filled PP systems (vVPP+PM, rPP+PM).

3.3.2 Thermo-oxidative degradation

The thermo-oxidative degradation of unfilled and IFR-containing virgin and
recycled PP was investigated through TGA tests in air atmosphere, and the
obtained results are reported in Figure 39 and Table 18. As observable from
Figure 39 a-b, both unfilled virgin and recycled PP show one degradation step
with no char residue at the end of the analysis. Additionally, despite recycled PP
exhibits slightly early degradation onset as compared to the virgin polymer, the
temperatures of maximum degradation of the two materials are practically
coincident, indicating that the thermo-mechanical degradation occurred during the
reprocessing cycles did not affect the PP thermo-oxidative stability. The IFR-
containing materials, irrespective of the degradation level of the matrix, show the
same main degradation step of unfilled PP, indicating that the introduction of IFR
did not influence the main decomposition mechanism of PP, notwithstanding the
occurrence of a second degradation step at higher temperatures, due to the IFR
reactions [185,197-199]. Furthermore, it should be noticed that the onset
temperatures are practically unaffected by the introduction of IFR, while, as
expected, Tmax 1s slightly lower for the flame-retardant systems.
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Figure 39. TGA (a) and dTG (b) curves of unfilled virgin and recycled PP (vPP,
rPP) and PAPP:MPP-filled PP systems (vPP+PM, rPP+PM).

Table 18. Thermo-oxidative degradation data for unfilled virgin and recycled PP
(vPP, rPP) and PAPP:MPP-filled PP systems (vVPP+PM, rPP+PM).

Tonset [°C] Tmax [°C] Residue @600°C [%]
vPP 294 379 0.2
rPP 289 381 0.1
vPP+PM 287 340 12
rPP+PM 283 344 11

3.3.3 Flame-retardant performances

3.3.3.1 Flammability evaluation

In order to estimate the flame-retardant performances of IFR-containing
materials and their flammability, limiting oxygen index (LOI) and vertical
burning (UL-94) tests were carried out. The obtained results for all investigated
materials are reported in Table 19. For unfilled PP, whether virgin or recycled, no
rating (NR) was achieved during vertical burning tests; besides, similar LOI
values were achieved for both samples. As expected, both the IFR-containing
materials achieved a V-0 classification and increased values of LOI are observed
as compared to unfilled PPs. During vertical burning tests, both materials stopped
burning after the first ignition, and during the second application of the flame they
burned for a limited time without any dripping. No significant differences were
observed for FR vPP or rPP, suggesting that the used IFR system was effective in
improving the fire performances also of recycled PP.
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Table 19. UL-94 vertical burning and LOI results for unfilled virgin and recycled
PP (vPP, rPP) and PAPP:MPP-filled PP systems (vPP+PM, rPP+PM).

Rating t1 [s] t2 [s] Dripping | LOI [%]
vPP NR 54+£2.7 > 30 Yes 21
rPP NR 46+2.1 > 30 Yes 20.5
vPP+PM V-0 0 3.5+1.0 No 32.5
rPP+PM V-0 0 39+1.5 No 33.4

3.3.3.2 Combustion behavior

The results obtained from cone calorimeter tests are reported in Table 20 and
Figure 40. As observable in Figure 40a from the curves of heat release rate
(HRR), both virgin and recycled PP exhibit the same combustion behavior. As
already mentioned, both samples are characterized by similar time to ignition
(TTI), after which the HRR curves show a sharp increase followed by a fast
decrease with the flame being out in about 190 s and a complete consumption of
the entire sample, with a decrease of the specimen mass almost immediate (Figure
40d).

Looking at the results of the cone calorimeter tests reported in Table 20, no
substantial differences are observed, suggesting that the thermo-mechanical
degradation of PP, and the consequent microstructural modifications, did not
affect its combustion behavior.

Due to the incorporation of IFR, for both vPP- and rPP-based samples the
heat release significantly decreases. Additionally, the HRR curves display two
main peaks, attributable to the typical behavior of char-forming material
[191,192]. In particular, the first peak can be attributed to ignition and flame
spread on the surface. After this, a plateau effect occurs due to the formation of a
protective char layer. The second peak, which appears at a longer time, is
associated with rupture of the char layer caused by volatile gases escaping from
the degradation of the substrate.

Specifically, the charring mechanism of PAPP and MPP, as already described
in the literature [199], involves the initial decomposition of P-OH groups and —
NH">—OP- moieties in PAPP and the consequent release of H-O and generation of
P—O-P and P-N-C structures. As the temperature increases, MPP starts to react
with the remaining P-OH groups in PAPP to form melamine salts featuring
branched or cross-linked architectures. Subsequently, both the previously formed
P-N-C structures and the melamine salts undergo further decomposition,
resulting in a dense, intumescent, and thermally stable char layer, along with the
evolution of non-flammable gases and phosphorus-containing species.

As clearly observable from the results reported in Table 20 and Figure 40a,
vPP+PM exhibits an 87% reduction of the peak of HRR (pkHRR) as compared to
the unfilled matrix, with an expected decrease of the TTI, due to the accelerated
decomposition of the polymeric matrix promoted by IFR. However, a dramatic
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increase of the time from ignition to flameout as compared to vPP can be clearly
observed. Furthermore, the incorporation of IFR in vPP induced a reduction of
about 24% (roughly corresponding to the amount of embedded IFR) of THR
(Figure 40b), and the mass loss rate (Figure 40d) for this sample was significantly
reduced as compared to the unfilled matrix.

Notably, the incorporation of IFR into rPP induces a markedly different
combustion behavior. Specifically, the HRR of the rPP+PM formulation decreases
by approximately 90% as compared to that of neat rPP. Although ignition occurs
earlier than in the unfilled polymer, the TTI remains higher than that observed for
the vPP+PM sample. More importantly, while the first HRR peak appears at
nearly the same time as in vVPP+PM, the onset of the second peak is substantially
delayed in rPP+PM (Figure 40a). This result indicates that the char layer formed
after ignition in the rPP-based system remains stable up to approximately 800 s,
effectively suppressing flame propagation. Additional evidence of the enhanced
stability of the char formed in this sample is provided by the much slower increase
in THR (Figure 40b) and the reduced mass loss rate compared to the vPP-based
counterpart. In addition, regarding THR, it should be noted that a reduction of
approximately 31% was achieved for rPP+PM in comparison with neat rPP. This
result indicates that, in this case, approximately 10% of the polymer underwent
charring during the tests, thereby preventing it from contributing to the
combustion process.

Besides, as observable from the results reported in Table 20, lower values of
SEA, EHC and MARHE were obtained for rPP+PM. Thus, when introducing the
PAPP:MPP mixture in recycled PP, lower amount of smoke was generated (lower
SEA), lower energy was released from the material when it burned owing to an
improved flame inhibition (lower EHC), and the fire safety was enhanced since
the fire growth potential is reduced (lower MARHE).

All the previous considerations ensure the effectiveness of such kind of
intumescent flame-retardant also into recycled PP and, even more importantly, it
appears that the used IFR system is able to provide enhanced effectiveness when
employed in recycled PP as compared to its use in virgin polymer.

This surprising result can be explained considering two different phenomena.
On one hand, the initial melt viscosity of the material can influence the evolution
of melt rheology during fire exposure. In fact, melt viscosity is known to strongly
affect polymer combustion behavior and flame retardancy [201]. The recycled PP-
based system exhibits lower viscosity and shorter polymer chains if compared to
its virgin counterpart due to chain scission reactions occurring during the
mechanical recycling. Therefore, a lower initial viscosity, typically associated
with reduced molecular weight and increased chain mobility, may facilitate
radical recombination reactions during thermal degradation, promoting a better
reactivity with the IFR system. This could promote condensed-phase stabilization
and char formation, contributing to improved flame retardancy [95].

On the other hand, the results could be also explained considering the
different extent of distribution of the IFR particles in virgin or recycled PP. More
specifically, as assessed from the morphological characterization, IFR is better
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dispersed in rPP, owing to its lower viscosity as compared to vPP, thus leading to
improved fire performances. In fact, according with literature [189,196,202-204],
a more uniform dispersion of the flame retardant additive, resulting in particles of
smaller dimensions embedded in the polymeric matrix, promotes a faster
formation of a continuous intumescent charred layer, thereby resulting in
enhanced fire performances.

Table 20. Cone calorimeter tests results for unfilled virgin and recycled PP (vPP,

rPP) and PAPP:MPP-filled PP systems (vPP+PM, rPP+PM)

vPP PP vPP+PM | rPP+PM

TTI [s] 3445 3243 1342 20+ 1

Ignition to 189410 | 187423 | 9334153 | 1738+ 60

flameout [s]

peaki-HRR

W] 3406+ 194 | 3445+ 151 | 338435 | 349445

t peaki-HRR [s] 178 £ 9 180+ 2 30848 | 246+22

peak:-HRR ) i

W] 451+ 17 | 279+ 46

t peaks-HRR [s] ] ] 819+ 126 | 1514+ 161

THR [MJ/m?] 263+ 6 265 + 1 20042 | 183+10
0.191 & 0.198 + 0.023 0.025 +

- 2
peaki-SPR [ms] 0.011 0.028 0.005 0.007
t peaki-SPR [s] 167+ 6 18242 | 297425 | 232+15
0.067 = 0.045 +
- 2 - -

peakz-SPR [m*/s] 0.013 0.013

t peaka-SPR [s] ] ] 801 + 137 | 1495 + 223

TSP [m?] 171405 | 185+1.6 | 192428 | 177428

TSR [m¥/m?] 2108+ 58 | 2276 £ 208 | 2352 £334 | 2188 + 351

Char residue 12405 | 16404 | 113404 | 108408

[wt. %]

SEA [m/kg] 65148 | 758442 | 604+27 | 433+53

EHC [MJ/kg] 55.1432 | 550418 | 481432 | 34.1+3.0

MARHE [KW/m?] | 1264+73 | 1255£30 | 22032 | 15520
0.140 + 0.139 + 0.030 0.015 +

MLR [g/s] 0.007 0.017 0.005 0.001
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Figure 40. Cone calorimeter graphs for unfilled virgin and recycled PP (vPP, rPP)
and PAPP:MPP-filled PP systems (vVPP+PM, rPP+PM): heat release rate (a), total
heat release (b), smoke production rate (¢) and residual mass (d).

In order to assess the fire safety performances, thus the fire intensity and the
fire hazard, two parameters are evaluated, namely fire performance index
(FPI=TTI/pkHRR) and fire growth rate index (FIGRA=pkHRR/t,kKHRR). These
indexes have been calculated for both unfilled and FR/PPs and the obtained values
are reported in Table 21. As expected, neat virgin and recycled PP showed very
low values of FPI and very high values of FIGRA. With the introduction of IFR,
both vPP+PM and rPP+PM exhibited an increase in the FPI and a decrease in
FIGRA, revealing the achievement of increased fire safety performances as
compared to the unfilled matrices.

The Flame Retardancy Index (FRI) is also reported in Table 21. FRI is a
dimensionless index which quantify the flame retardancy ability of polymeric
systems, taking the neat polymer as a reference sample [186]. An FRI value
between 10° and 10' represents good flame retardancy performances and, as
shown in Table 21, the FRI values of both IFR-containing materials lie in that
range. However, the FRI of rPP+PM was higher than that of vPP+PM suggesting,
once again, better flame retardancy performances for the rPP-based system.
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Table 21. FPI, FIGRA and FRI values of unfilled virgin and recycled PP (vPP,
rPP) and PAPP:MPP-filled PP systems (vVPP+PM, rPP+PM).

FIGRA
FPI [m?*s/kW] W/ FRI
vPP 0.010 + 0.003 19.2+2.0 -
vPP+PM 0.040 + 0.005 1.10+0.13 5.1
rPP 0.009 + 0.001 192+1.1 -
rPP+PM 0.058 + 0.009 1.43+0.28 8.9

3.3.3.2 Char analysis

The char layer collected at the end of the cone calorimeter tests was also
characterized. It should be pointed out that, due to the different time of flame-out
of the IFR-containing materials, the condensed phase analyses have been carried
out after about 900 s in the case of vPP+PM and after about 1700 s for rPP+PM.
The evolution of the char during the tests was comparable for the two samples;
however, the longer time elapsed from the ignition to the flame-out for recycled
PP-based materials affected the final morphology of the char residues.

The pictures of the residual char of virgin and recycled PP-based materials are
shown in Figure 41. It can be clearly observed that vPP+PM formed a relatively
high intumescent char layer with few holes on the outer surface. On the other
hand, the height of the residue collected for rPP+PM was about half that than of
its virgin PP-based counterpart. In both samples the presence of holes could be
ascribed to the decomposition reaction of MPP that, producing inert gases, causes
the breakage of the char layer [205]. The differences in the height of the char
residues can be attributed to the remarkably different time interval in which the
combustion takes place for the two samples (about 13 minutes longer for
rPP+PM). However, as demonstrated in the literature [98], the noticed difference
in the char height should not affect the fire performances. The evaluation of the
char morphology through SEM characterization (see micrographs reported in
Figure 41e-f) highlights that for vPP-IFR the outer layer has a dense structure
with few holes, while the inner layer is characterized by a porous structure with
some micro-sized channels. On the other hand, these differences between the
outer and the inner surface were not observed for rPP+PM. In particular, in this
last case, a less dense structure for the outer layer and a more closed and compact
structure for the inner one can be recognized.

The more compact structure of the char in rPP+PM can be invoked to explain
the reduced fire growth during the cone calorimeter test noticed for this sample. In
fact, the compact char can hinder the diffusion of heat and volatiles in a more
efficiently way as compared to the porous structure of vPP+PM, which instead
provide a more rapid mass (oxygen and pyrolysis products) and heat transport.

The observed different morphology of the char can be correlated with the
distribution and the dimension of the IFR particles: in fact, as already mentioned
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by other authors, a more compact and dense structure of char usually results from
materials containing low viscosity polymers and better distributed smaller FR
particles [189,196].

PN 3 S —— £z " —
Figure 41. Photos and SEM images of residual char: (a,b,e,f) vPP+PM; (c,d,g,h)
rPP+PM.
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The elemental maps obtained through EDX analysis of phosphorus, nitrogen
and carbon of the internal and external char of vPP+PM and rPP+PM are shown
in Figure 42 and the amount of each element in weight percentage is reported in
Table 22. A homogeneous distribution of phosphorus and nitrogen can be
observed in both samples. Moreover, the ratio between the carbon and phosphorus
content was calculated, based on the values reported in Table 22. The outer char
layer exhibits comparable value among vPP+PM (=2.1) and rPP+PM (=2.0),
while the internal char layer of rPP+PM displays slightly higher value (=1.3) if
compared to vPP+PM (=0.7).
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Figure 42. EDX analysis of C, N and P of the char structure: outer layer of
vPP+PM (a), inner layer of vPP+PM (b), outer layer of rPP+PM (c), and inner
layer of rPP+PM (d).



Table 22. Amount of P, C, N, and O in weight percentages derived from EDX
analysis for outer and inner char of vPP+PM and rPP+PM.

P [%] C [%] N [%] O [%]
vPP+PM outer char 16.3 34.9 4.8 44.0
vPP+PM inner char 31.9 21.9 3.5 42.7
rPP+PM outer char 20.6 41.6 4.0 33.8
rPP+PM inner char 23.8 30.9 4.3 41.0

Finally, the graphitized structure of the residual char was analyzed by Raman
spectroscopy. In particular, the degree of graphitization was quantitatively
determined by calculating the ratio between the peak areas of the defect and
graphite bands (Ip/Ig), located in the range 1350-1380 cm™ and 1580-1600 cm™,
respectively. In general, a high degree of graphitization of the residues (i.e., lower
values of the ratio In/Ig) is associated with better fire performances [187,205,206].
A lower Ip/lg (namely, 0.7) was obtained for rPP+PM when compared to
vPP+PM (Ip/Ic = 1.2), confirming that the char layer formed in the materials
based on recycled PP was denser, and more able to inhibit the heat emission and
the release of gases. Therefore, the results indicated that the intumescent carbon
layer of rPP+PM exhibited an enhanced degree of graphitization, which
contributed to increased structural strength of the char. Such enhancement of the
char strength significantly improved its barrier functionality, effectively
attenuating the transmission of heat from the combustion zone to the underlying
polymer matrix.

3.3.4 Mechanical properties

Lastly, in order to assess the actual structural usability of flame-retardant
materials, the mechanical behavior of the samples was characterized through
bending, tensile, and impact tests. In fact, it is well known that the introduction of
FR additives usually induces a worsening of the mechanical properties of the
material, particularly affecting its deformability [105,189,207,208]. Additionally,
this issue is even more important for recycled polymers, considering that the
degradation underwent from the material during the reprocessing usually results in
a severe worsening of the mechanical performance as compared to its virgin
counterpart [114].

As reported in Figure 43, vPP+PM and rPP+PM show practically comparable
values of tensile strength and flexural strength. Conversely, the impact strength
and the elongation at break decreases when rPP is used as matrix, likely due to the
typical embrittlement showed by recycled polymers [40]. Nonetheless, the results
indicate that, despite the presence of the IFR and the use of a recycled polymer,
the rPP+PM system exhibits adequate mechanical properties for a broad spectrum
of potential applications.
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Figure 43. Mechanical properties of PAPP:MPP-filled virgin and recycled PP
systems (VPP+PM, rPP+PM).

3.3.5 Conclusions

The effectiveness of an intumescent flame-retardant system based on
piperazine pyrophosphate (PAPP) and melamine pyrophosphate (MPP) for
recycled PP-based materials was evaluated and compared with that of its virgin
PP-based counterpart. Both materials were melt-compounded with 21 wt.% of a
PAPP/MPP mixture (2:1) and characterized for rheological, morphological,
mechanical, and fire-performance properties. Owing to the lower viscosity of the
recycled polymer, rPP+PM sample showed a more finely and uniformly
dispersion of the IFR particles, which contributed to the improved combustion
behavior observed in cone calorimeter tests. Despite the comparable decrease in
heat release rate observed for vPP+PM and rPP+PM, the system based on rPP
demonstrated a higher time to ignition and especially a more stable char layer,
which resulted in a substantial delay in the occurrence of the second HRR peak.
Lower SEA, EHC, and MARHE values further indicated enhanced fire safety for
rPP+PM. Furthermore, both systems achieved a V-0 rating in UL-94 and
comparable LOI values.

Additionally, the evaluation of the mechanical behavior of the samples
demonstrated that the utilization of rPP as matrix did not compromise the tensile
and the flexural strength of the material, despite a slight decrease in ductility and
impact strength.

Overall, this study demonstrates that recycled PP can effectively support
intumescent flame-retardant systems, thereby enabling high-performance, flame-
retarded materials while promoting circular-economy strategies and reducing
reliance on virgin PP.
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3.4 Reprocessing of flame-retardant polypropylene

By simulating the thermo-mechanical conditions encountered in industrial
mechanical recycling, this last chapter provides a comprehensive assessment of
the rheological, morphological, combustion and mechanical properties of the
flame-retardant reprocessed material. The results aim to clarify whether the
intumescent FR system considered in Chapter 3.3, composed of piperazine
pyrophosphate (PPAP) and melamine pyrophosphate (MPP), can withstand
repeated processing steps without compromising fire performance or mechanical
integrity, thereby supporting the development of recycling-compatible FR
formulations suitable for circular plastic streams.

Virgin PP (vPP) was melt compounded with 21 wt.% of PAPP:MPP in a ratio
equal to 2:1 (vPP+IFR) and five subsequent extrusions have been conducted in
order to simulate the conditions to which the plastics are subjected during a
typical mechanical recycling process. Therefore vPP+IFR has been melt
compounded, collected, characterized and then reprocessed again, aiming at
evaluate the variations in the properties when this kind of material reaches its end-
of-life and need to be recycled. The so obtained materials have been named
denoting the number of reprocessing cycle (Table 23).

Table 23. Sample coding for IFR-containing virgin and reprocessed PP-based

systems.
. Number of
Processing step .
reprocessing cycles
vPP+IFR Melt compounding 0
r(PP+IFR) nl 1* recycling 1
r(PP+IFR) n2 2" recycling 2
r(PP+IFR) n3 3" recycling 3
r(PP+IFR) n4 4™ recycling 4
r(PP+IFR) n5 5" recycling 5

3.4.1 Thermal stability upon reprocessing

TGA tests were employed to study the thermo-oxidative stability upon the
introduction of IFR filler and reprocessing. The corresponding results are reported
in Figure 44 and Table 24. Virgin unfilled PP started to decompose at about 294
°C with a single degradation peak at about 379 °C and zero residue at the end of
the test. With the introduction of the IFR, the main thermal degradation
mechanism of PP did not change. In fact, vPP+IFR started to decompose at
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approximately 287 °C exhibiting a one-step degradation with a final residue of
roughly 12 % at 600 °C, due to the charring ability of the mixture PAPP:MPP.

After analyzing the thermo-oxidative mechanism of the virgin PP/IFR system,
evaluating its stability during reprocessing is crucial to determine whether
mechanical recycling may lead to flame-retardant deterioration, and consequently,
to assess whether this approach for recycling is suitable for this type of system.
First of all, the stability of IFR filler was verified by performing a TGA analysis
under isothermal conditions. More specifically, IFR powders were heated to 180
°C at 10 °C/min and then kept at this temperature for 10 minutes. As depicted in
Figure 45, IFR filler lost less than 1.2 % of its initial weight after 10 minutes.
Therefore, IFR could be considered thermally stable during the 5 reprocessing
steps, each lasting approximately 1 minute and carried out at a maximum
temperature of 180 °C.

Concerning the reprocessed materials, they showed one-step thermal
decomposition, exhibiting the same behavior as their virgin counterpart. In fact,
all the TGA curves of the reprocessed samples overlapped. If compared to
vPP+IFR, the one-time reprocessed composite r(PP+IFR) nl displayed a slight
decrease of the onset temperature, a small increase in the temperature of
maximum degradation and a lower residue at 600 °C. Notwithstanding very
negligible differences in the onset degradation temperature, the temperature of the
maximum degradation rate and the char residue at 600 °C remained unchanged
moving from the first reprocessing step to the fifth. Therefore, the mechanical
recycling did not affect the thermo-oxidative stability of PP/IFR systems, nor the
charring ability of the IFR fillers at least up to 5 reprocessing cycles.

100 T T T T T T T
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Figure 44. TGA (a) and dTG (b) curves of unfilled and IFR-containing virgin and
reprocessed PP-based systems.
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Table 24. Thermo-oxidative degradation data for unfilled and IFR-containing
virgin and reprocessed PP-based systems.

Residue @600°C
T n ° Tmax OC
onset [°C] [°C] (%]
vPP 294 379 0.2
vPP+IFR 287 340 12.0
r(PP+IFR) n1 280 347 10.7
r(PP+IFR) n2 287 347 10.3
r(PP+IFR) n3 280 348 10.3
r(PP+IFR) n4 286 347 10.3
r(PP+IFR) n5 288 351 10.3
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Figure 45. Isothermal TGA at 180°C of I[FR (PAPP:MPP).

3.4.2 Effect of reprocessing on PP/IFR microstructure

Assessing the evolution of the rheological behavior of a polymeric system
when subjected to reprocessing and several consecutive extrusions is of
paramount importance when dealing with mechanical recycling process. In fact,
variations in the processability of recycled materials can pose some problems in
the further reprocessing since some adjustments in the processing parameters
could be required. The complex viscosity curves of unfilled vPP, vPP+IFR and
the five reprocessed samples are reported in Figure 46. Virgin unfilled PP showed
the typical Newtonian plateau at low and intermediate frequencies followed by a
mild shear thinning as the frequencies increased. The incorporation of IFR within
vPP resulted in increased complex viscosity over all the investigated frequency
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range. More specifically, the Newtonian plateau was no longer fully visible, and a
yield stress behavior appeared at low frequencies. Both these features can be
ascribed to the embedded solid fillers able to hamper the mobility of the
macromolecules, causing a retardation of the chain relaxation [188].

Regarding the rheological behavior of reprocessed PP/IFR systems, all the
curves almost overlapped at intermediate and high frequencies, irrespective of the
number of reprocessing cycles. As already reported by other authors [209,210],
the reprocessing, thus the mechanical recycling, had a less marked influence on
the rheological behavior of polymeric composites than on unfilled polymers.

Furthermore, it should be pointed out that no adjustments of the processing
parameters were required during the extrusions, meaning that the processability
was not affected by the consecutive extrusions and all materials, starting from the
virgin PP-based systems to its counterpart reprocessed five times, could be melt-
compounded under the same identical conditions.
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Figure 46. Complex viscosity curves as a function of the frequency collected at
180 °C of unfilled and IFR-containing virgin and reprocessed PP-based systems.

In order to evaluate the extent of dispersion and distribution of IFR within the
host matrix, SEM characterization was performed, and some representative
micrographs are reported in Figure 47. Additionally, the distribution of the Feret
diameter was evaluated for each flame-retarded system and the obtained results
are depicted in Figure 48. It is clearly observable that the reprocessing caused
significant variations in particle size and dispersion. Moving from vPP+IFR
(Figure 47a) to the sample reprocessed up to 2 times (Figure 47b and 47c), no
significant differences could be detected in the distribution of the diameter of the
particles, notwithstanding a small decrease in the mean size, suggesting that the
first two reprocessing cycles slightly affected the dispersion of IFR. A decrease in
the particles size has been already observed for the reprocessing of PP-talc
composite [211]. Conversely, increasing the number of reprocessing steps from 3
to 5 (Figure 47d-47f) resulted in a progressive variation of the distribution of the
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particles’ diameter: in particular, the distribution shifted towards higher values
and the number of bigger particles was continuously increasing. The mean size of
the particles in the samples reprocessed 3, 4 and 5 times was higher if compared
to previous extrusion cycles, suggesting that the further reprocessing had a
negative impact on the dispersion of IFR fillers and led to some re-agglomeration
phenomena of the particles. Also the formation of agglomerates has been already
reported in the literature for reprocessed PP-talc composite [212].

Figure 47. SEM micrographs of vPP+IFR (a) and reprocessed samples: nl (b), n2
(c), n3 (d), n4 (e) and n5 (¥).
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Figure 48. Distribution of IFR particles’ Feret diameter and mean values for
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3.4.3 Effects of reprocessing on flame retardancy

The flammability of the IFR-containing systems was evaluated through UL-
94 vertical burning and LOI tests and the corresponding results for virgin and
reprocessed PP/IFR materials are reported in Table 25. For virgin unfilled PP no-
rating could be achieved in the UL-94 test because of dripping phenomena and
burning time higher than 30 seconds. Upon the introduction of IFR, the so-
obtained material was able to achieve a V-0 classification: the samples stopped
burning both after the first and the second flame application without any drops
able to ignite the cotton. As expected, also LOI value increased when IFR was
introduced in vPP.

Interestingly all the other investigated materials, irrespective of the
reprocessing cycle, displayed a V-0 classification. Despite a slight increase of the
burning time after the second flame application, each reprocessed sample was able
to stop burning and to avoid dripping. On the other hand, LOI values remained
basically unchanged passing from the virgin FR system to the five-time
reprocessed material. Therefore, the reprocessing did not affect the flammability
of the system. The intumescent flame-retardant used in this study did not lose its
protective properties and its ability to create a char capable of extinguishing the
flame, unlike other studies in which the UL-94 classification of the materials
changed from V-0 to no rating after the second reprocessing cycle [106,109] or
LOI values decreased [106,109,110].

Table 25. UL-94 vertical burning and LOI results for unfilled and IFR-containing
virgin and reprocessed PP-based systems.

Rating t1 [s] t2 [s] Dripping | LOI [%]

vPP NR 54+£27 > 30 Yes 21

vPP+IFR V-0 0 35+1.0 No 32.5
r(PP+IFR) nl V-0 0 51+1.6 No 33.4
r(PP+IFR) n2 V-0 0 46+14 No 33.2
r(PP+IFR) n3 V-0 0 50+£2.1 No 33.8
r(PP+IFR) n4 V-0 0 52+24 No 32.8
r(PP+IFR) n5 V-0 0 74+22 No 32.5

Regarding the combustion behavior, the results obtained from cone
calorimeter tests are reported in Table 26 and Figure 49. Without incorporating
any flame-retardant, virgin PP ignited after about 34 seconds and burned very
quickly, reaching almost immediately the heat release rate (HRR) peak and then,
after consuming completely the sample, stopped burning in about 190 seconds.

As already mentioned, the introduction of the mixture PAPP:MPP into virgin
PP led to the development of an intumescent structure under cone calorimeter
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conditions. In fact, the typical HRR curve of char-forming material with two main
peaks can be recognized [109,192]. The charring mechanism of PAPP and MPP
has been already explained in the previous chapter.

Besides the charring ability of IFR into vPP, the heat release rate decreased of
about 87 % for the FR system whereas the time to ignition (TTI) was anticipated,
because the addition of IFR caused early degradation phenomena of the polymeric
matrix [205]. Concerning the total heat release (THR), the presence of IFR
resulted in a slow increase over time and the maximum THR value decreased of
about 24 % if compared to unfilled virgin PP.

As expected, the addition of the mixture PAPP:MPP into virgin PP resulted in
enhanced fire retardancy, but then the effects that mechanical recycling has on the
flame retardancy of the reprocessed materials need to be discussed. What
immediately emerged from the cone calorimeter graphs shown in Figure 49 was
that the variations caused by reprocessing are truly minimal. In fact, irrespective
of the reprocessing cycle, all the HRR curves displayed the same two main peaks
as virgin PP-based composite, indicating that all the reprocessed samples are able
to form the intumescent protective layer approximately at the same time of
vPP+IFR after the ignition without any significant changes in the peak values of
HRR. Then, just like their virgin counterpart, for all the reprocessed samples the
second peak was ascribed to the degradation and breaking of the char layer, also
in this case without any shift in the time at which the phenomena occurs and very
few differences in the values of HRR peaks. There were also no significant
variations in the final residual weight of the char obtained from combustion and in
the time between ignition and flameout. Each cone calorimeter test performed on
FR virgin and reprocessed materials proceeded in the same manner. In fact, even
the weight loss of the sample proceeded in stages, and the mass loss rate (MLR)
was comparable regardless of the reprocessing cycle. The time to ignition (TTI)
was slightly increased as the number of recycling cycle increased, without,
however, reaching the value of virgin unfilled PP.

Finally, SEA, EHC and MARHE determined on the basis of the cone
calorimeter tests are also reported in Table 26. Since SEA remained unchanged
during the reprocessing if compared to VPP+IFR, there was no increase in smoke
production for the reprocessed samples, therefore the safety related to the smoke
release was not compromised. No variations of the inhibition effects in gas phase
combustion process were observed, indeed EHC values remained constant
between virgin PP-based material and the five-time reprocessed sample. In
conclusion, also MARHE values remained unchanged as reprocessing occurred,
meaning that the recycling did not affect the fire safety and the fire growth.

From the fire retardancy point of view, the composite based on virgin PP
filled with 21 wt.% of the mixture PAPP:MPP could be mechanically recycled up
to five times not losing the ability to be a safe material in a fire-risk scenario.
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Table 26. Cone calorimeter tests results of unfilled and IFR-containing virgin and
reprocessed PP-based systems.

vPP

vPP +IFR nl n2 n3 n4 ns
TTI [s] 34+5 | 1342 | 14+3 | 1623 | 1941 | 21+5 | 18+7
Ignition
to 189+ | 933< 1111+ | 989+
Tameout 10 l53 | 958%63 | 847207 | © s | 939%39
[s]
peaki- | 400,
HRR 33835 | 428+ 60 | 346+ 56 | 344+ 64 | 338+37 | 372+28
, 194
[KW/m?]
tpeaki- |00 g | 30848 | 267422 | 303425 | 259415 | 261 +28 | 284 + 17
HRR [s]
peak;- 431 +
HRR - 451217 | 707 | 526471 | 315+ 11 | 404260 | 4501
[KW/m?]
t peak;- 819 + 697 £ 843 +
HRR [3 - e | 654x63 | PL5 61873 | T | 63031
THR
o | 263£6 | 200+£2 | 206410 | 203+13 | 204+10 | 194+13 | 197+ 12
[MJ/m?]
peak;-
SPR 0.191+ | 0023+ | 0.034= | 0.026+ | 0.028+ | 0.028+ | 0.033+
) 0.011 0.005 0.07 0.003 0.001 0.010 0.014
[m?/s]
t peak;-
167+6 | 297+25 | 228 +34 | 267+24 | 266+23 | 261 +38 | 260 + 45
SPR [s]
gi’fﬁ‘z' ) 0.067+ | 0.069= | 0.079+ | 0.050+ | 0.058+ | 0.077+
) 0.013 0.025 0.015 0.004 0.010 0.001
[m?/s]
t peak,- 801 + 688 + 824 +
SPR [ - 137 | 66248 | P0T 159963 | LT | 61938
| 171+ | 192+ | 189+ | 188+ | 187+ | 180+ | 19.1+
TSP [m | 5 2.8 1.7 3.6 1.6 0.5 0.6
TSR 2108+ | 2352+ | 2338+ | 2315+ | 2296+ | 2218+ | 2349+
[m%/m?] 58 334 210 341 190 63 57
Char
ot 12+ N3+ | g, 5| 1332 | 1L1% | o000 ga.0s
0.5 0.4 35 1.8
[wt.%]
SEA
. 651+8 | 604+27 | 55474 | 607+92 | 620+ 14 | 548 +36 | 577+ 86
[m*/kg]
EHC 551+ | 481+ | 445+ | 454+ | 449+ | 481+ | 493+
[MJ/kg] 32 32 5.8 4.1 5.8 1.8 0.7
MARHE | 1264 +
(W /m?] 7 220432 | 252£27 | 24213 | 203+£26 | 201 +23 | 232+ 10
MLR 0.140+ | 0.030= | 0.029+ | 0.032+ | 0.025+ | 0.030+ | 0.030+
lg/s] 0.007 0.005 0.002 0.002 0.004 0.007 0.001
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Figure 49. Cone calorimeter graphs for unfilled and IFR-containing virgin and
reprocessed PP-based systems: heat release rate (a), total heat release (b), smoke
production rate (c) and residual mass (d).

In order to conclude the considerations about the combustion behavior after
reprocessing and to effectively consider safe in fire-risk scenario such materials
even after mechanical recycling, the three main parameters describing the fire
intensity, the fire hazard and the fire retardancy ability are reported in Table 27.
More specifically, the fire performance index (FPI=TTI/pkHRR), the fire growth
rate index (FIGRA=pkHRR/t,kKHRR) and the flame retardancy index (FRI) [186]
have been calculated. Usually polymer-based systems exhibiting a high FPI and a
low FIGRA implies great fire safety [185]. In fact, virgin PP without any flame-
retardant fillers displayed very high values of FIGRA and low values of FPIL. As
expected, the introduction of IFR resulted in increased FPI and decreased FIGRA.
Despite very small variations, none of the five reprocessing cycles changed these
values. Therefore, the mechanical recycling did not worsen the fire intensity or the
fire hazard, indeed neither FPI or FIGRA reached the original value of unfilled
PP. Regarding FRI, which is a dimensionless index able to quantify the flame
retardancy ability of the FR system, all the values from the virgin PP-based
composite to the material reprocessed five times lied in a range between 10° and
10'. This was a very interesting result since the values remaining in this range
meant good flame retardancy performances [186].
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The studied PP/IFR could be then considered safe after five reprocessing
steps, thus after five rounds of mechanical recycling, also from the point of view
of fire intensity and hazard.

Table 27. FPL, FIGRA and FRI values of unfilled and IFR-containing virgin and
reprocessed PP-based systems.

FIGRA
FPI [m?*s/kW] W/ FRI
vPP 0.010 % 0.003 19.2+2.0 -
vPP+IFR 0.040 % 0.005 1.10£0.13 5.1
r(PP+IFR) n1 0.033 £ 0.012 1.60+0.13 4.0
r(PP+IFR) n2 0.045 + 0.003 1.15+0.25 5.8
r(PP+IFR) n3 0.056 = 0.011 1.32+0.16 6.9
r(PP+IFR) n4 0.062 % 0.020 1.32+0.29 8.2
r(PP+IFR) n5 0.048 = 0.028 131+0.18 6.2

The protective char layer formed after the combustion of the tested FR
systems was also characterized in order to evaluate the charring ability and its
morphology during reprocessing.

From the digital pictures of the char residue at the end of the cone calorimeter
tests shown in Figure 50, the charring ability of the mixture PAPP:MPP into PP
could be clearly observable. The external surface of the char of vPP+IFR (Figure
50a) was very compact with few holes, associable to the gases formed after
decomposition reactions of MPP [205], and the final height of char reached
almost 5 cm. As the number of reprocessing increased (from Figure 50b
representing the sample reprocessed one time to Figure 50f related to the sample
reprocessed five times), there was an increased amount of holes and the final
height of the char residue decreased slightly, remaining between 3 and 5 cm
irrespective of the reprocessing cycle. Therefore, the charring ability of these
flame-retardant fillers into PP was not affected by the reprocessing, as already
stated from cone calorimeter tests.

The morphologies of the outer and inner layers of char residue analyzed with
SEM were also reported in Figure 50 from the virgin PP/IFR system to the five-
times reprocessed sample. SEM observations of the vPP+IFR char indicated a
distinctly layered morphology: the outer surface appeared dense and relatively
intact, containing only limited voids, while the inner region was characterized by
a highly porous network with well-defined micro-channels. The first reprocessing
cycle of PP/IFR seemed to affect the morphology of the protective char layer.
While the outer part was very similar to that of virgin PP/IFR, characterized by a
compact and dense structure, the inner layer instead showed smaller pores and
channels if compared to virgin PP/IFR. The same considerations could be made
also for the material reprocessed up to two times, which morphology did not differ
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from that of the previous discussed sample. Moving from the third reprocessing
cycle to the fifth, instead, led to some variations in the morphology of the char.
More specifically, the char outer layers from Figure 50d to Figure 50f lost their
compactness, approaching to the typical morphology of the inner layers.
Nevertheless, EDX analysis performed on inner layers (Figure 51) showed a
homogeneous distribution of phosphorus and nitrogen in all the samples analyzed.

Figure 50. Photos and SEM images of residual char of vPP+IFR (a) and
reprocessed samples: nl (b), n2 (c), n3 (d), n4 (e) and n5 (f).
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Figure 51. Phosphorus (left column) and nitrogen (right column) EDX analysis of
inner char layer of vPP+IFR (a) and reprocessed samples: nl (b), n2 (¢), n3 (d), n4
(e) and n5 (f).

The microstructure of the residual chars was further investigated through
Raman analyses, and the collected spectra show overlapped D and G peaks
[213,214]. In Table 28 the ratio between the area of the two peaks (Ip/Ic) is listed,
along with the calculated crystalline size (La) [215].

The char collected from vPP+IFR exhibits a high Ip/lg up to 1.2 with a small
L. up to 15.9 nm, and these characteristics remain almost unchanged for the
samples obtained from the first and the second reprocessing cycles. However,
from the third to the fifth cycles, the Ip/Ig values tend to remarkably decrease,
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with a significant increment in L,, indicating a more efficient graphitization of the
material.

Table 28. Ip/Ig and L, of vPP+IFR and reprocessed samples: nl-n5.

In/lc La [mm]
vPP+IFR 1.2 15.9
r(PP+IFR) n1 1.1 17.5
r(PP+IFR) n2 1.1 17.5
r(PP+IFR) n3 0.9 21.4
r(PP+IFR) n4 0.8 24.0
r(PP+IFR) nS 0.7 27.9

3.4.4 Mechanical properties

Finally, having verified that PP/IFR system was able to maintain its
flammability and combustion properties from the virgin sample to its five-times
reprocessed counterpart, tensile, flexural and impact tests have been performed in
order to assess the effect of reprocessing also on the mechanical properties. The
obtained results are depicted in Figure 52. First of all, the addition of IFR resulted
in decreased tensile strength, elongation at break and impact strength, as
compared to unfilled PP. These changes were in agreement with the literature
[105,198], which already reported the poor compatibility between flame-
retardants and PP as one of the main issues related to the dramatic decrease of the
mechanical properties and resulting in a more brittle behavior of the FR materials.
However, despite the noticeable decrease of the elongation at break with the
introduction of IFR particles, the obtained values of approximately 120% were
quite higher than those typically reported for PP-based composites
[105,106,198,216]. Regarding the flexural strength, the mean values increased in
vPP+IFR if compared to unfilled virgin PP, as already observed by other authors
[217].

Very interesting results have been obtained when analyzing the mechanical
response upon reprocessing. Overall, tensile strength, flexural strength and impact
strength were not affected by the reprocessing, keeping constant values from the
virgin material to the sample reprocessed up to five times. As already shown in
other works [106,109,110,218], the mechanical recycling of FR polymers did not
induce noteworthy variations in the mechanical properties. On the other hand, the
ductility was little affected by the reprocessing: elongation at break values
increased slightly until the second recycling cycle likely because of the smaller
IFR particles diameter, and then gradually decreased. At the end of the fifth cycle,
elongation at break decreased of about 40% if compared to the virgin PP-based
system. However, all the obtained values for reprocessed samples remained higher
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if compared to those reported in the literature for FR virgin PP-based systems

confirming the potential of the studied materials even after mechanical recycling
[105,106,198].
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Figure 52. Mechanical properties of unfilled and IFR-containing virgin and
reprocessed PP-based systems.

3.4.5 Conclusions

The design of plastic products frequently fails to consider their potential for
reuse, repair or recycling, but this approach is no longer viable in the context of
the required transition toward a plastic circular economy. This work demonstrated
that flame-retardant PP-based composite with 21 wt.% of piperazine
pyrophosphate and melamine pyrophosphate mixture (in a ratio 2:1) exhibited a
remarkable stability under repeated mechanical recycling conditions. Despite
minor morphological changes, such as the progressive agglomeration of IFR
particles, neither the thermal stability nor the charring ability of the intumescent
formulation was significantly affected by up to five reprocessing cycles. As a
consequence, both flammability and combustion performance remained
essentially unchanged, with all samples maintaining V-0 classification in UL 94
tests and comparable LOI values as compared to the virgin material. Mechanical
properties were also largely preserved, aside from a slight decrease of elongation
at break at higher reprocessing cycles due to cumulative thermo-mechanical
degradation.
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Nevertheless, the studied IFR system composed of PPAP and MPP seems to
be more effective when incorporated into a degraded PP derived from mechanical
recycling processes, as demonstrated in the previous chapter, than when
introduced into a virgin system and subsequently recycled.

Overall, these findings indicated anyway that mechanical recycling can be
considered a viable end-of-life strategy for this PP/IFR composites, supporting
their potential integration into circular plastic streams without compromising fire
safety requirements.
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Chapter 4

Concluding remarks

The results presented in this thesis provide a clear and comprehensive
contribution to the understanding and advancement of mechanical recycling of
polyolefins. By addressing degradation phenomena, microstructural evolution,
functional upgrading, and end-of-life behavior, this work demonstrates that the
limitations traditionally associated with recycled polypropylene and high-density
polyethylene are not intrinsic, but largely the result of uncontrolled degradation
and insufficient material design strategies.

The first outcome of this thesis is the detailed clarification of the degradation
mechanisms governing mechanically recycled polypropylene. The experimental
evidence shows that thermo-mechanical recycling of PP is dominated by random
chain scission, leading to a progressive and irreversible reduction in molecular
weight and viscosity, without significant oxidative functionalization. This finding
confirms that the loss of processability and performance observed in recycled PP
is primarily structural. Importantly, the work demonstrates that this degradation
pathway can be effectively mitigated through reactive extrusion strategies. The
introduction of a repair additive, evaluated under conditions representative of both
pre-consumer and post-consumer recycling, enables partial rebuilding of
molecular weight and induces melt structuring phenomena in the macromolecular
architecture. This dual effect, i.e. molecular weight stabilization combined with
topology modification, represents a significant advancement, as it transforms
degradation from a purely detrimental phenomenon into a tool for tailoring
processability of recycled PP.

A further important contribution of this thesis concerns the analysis of the
photo-oxidative aging behavior of recycled polypropylene films under humid
conditions. The introduction of the repair additive, able to rebuild recycled PP
molecular weight, is also effective in maintaining adequate mechanical properties
over prolonged exposure to photo-oxidative degradation. In this way, the service
life of films made from recycled plastics can be prolonged, significantly limiting
the deterioration of elongation at break and tensile strength, even under exposure
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to solar UV radiation and repeated condensation cycles. These results demonstrate
that appropriate stabilization can significantly delay mechanical embrittlement of
recycled PP during outdoor exposure, thereby improving its suitability for
applications requiring long-term durability.

The thesis further delivers a contribution to the understanding and
valorization of recycled high-density polyethylene. Unlike polypropylene, HDPE
exhibits a complex degradation behavior in which chain scission, branching, and
crosslinking coexist. This work demonstrates that, rather than attempting to
suppress these mechanisms, they can be exploited to generate long-chain
branched architectures. The resulting enhancement in melt strength and ductility
enables the production of high melt strength recycled HDPE suitable for
elongational flow-dominated processing technologies. This represents a concrete
step toward the upcycling of recycled HDPE into higher value-added applications
that are typically inaccessible to conventional recyclates.

A further contribution of this thesis is the investigation of functional
upgrading of recycled polypropylene through flame-retardant formulations. The
results demonstrate that recycled PP can achieve effective flame retardancy, with
fire performance comparable to, and in some cases better than, that of virgin-
based systems. At the same time, the work highlights how polymer degradation
influences the efficiency, stability, and distribution of flame-retardant additives.
These findings provide critical insight into the interaction between recycling-
induced degradation and functional performance and demonstrate that recycled
polypropylene can be securely used even in applications where fire safety is a
concern.

Importantly, this thesis addresses one of the most neglected challenges in
plastic circularity: the mechanical recycling of flame-retarded polymers at end of
life. By subjecting intumescent flame-retarded polypropylene to multiple
reprocessing cycles, the work demonstrates how thermo-mechanical degradation
and additive redistribution affect rheological behavior, mechanical properties, and
fire performance. These results show that functional performances can be
preserved across multiple life cycles by selecting a suitable intumescent flame-
retardant, underlining the necessity of designing flame-retardant systems with
end-of-life recyclability in mind.

From an industrial perspective, the strategies investigated in this thesis present
the potential for scalability, as they rely on processing techniques that are already
well established in the plastics industry, such as extrusion-based reactive
processing and conventional compounding. The possibility of integrating the
proposed strategies directly within existing recycling lines suggests that they
could be implemented without major modifications to current infrastructures.

The economic implications of these findings are equally significant. By
enabling the recovery of mechanical performance, processability, and functional
properties, the strategies presented in this work contribute to increasing the market
value and application range of recycled polyolefins. Improving the quality and
reliability of recyclates can reduce the dependence on virgin polymers and
enhance the competitiveness of mechanically recycled materials. In this context,
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the ability to maintain functionality, such as flame retardancy or enhanced melt
strength, across multiple recycling cycles represents an important step toward
more economically viable circular material flows.

Overall, the central contribution of this thesis lies in establishing a unified and
experimentally validated framework that links degradation mechanisms,
microstructure control, functional performance, and end-of-life behavior of
recycled polyolefins. The work moves beyond the traditional downcycling
paradigm and demonstrates that mechanical recycling, when guided by specific
strategies, can deliver recycled materials with tailored properties, enhanced
performance, and increased application potential. In this perspective, the thesis
provides practical strategies that can support the transition of mechanical
recycling from a low-value recovery route to a key technological pillar of a truly
circular plastics economy.
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Appendix A

A.1 Materials

Polypropylene (PP) Moplen HP500N, with a melt flow rate of 12 g/10 min
(230 °C/2,16 kg), was supplied in pellets by Lyondellbasell.

Recycled PP (rPP in Chapter 2.2), derived from post-consumer polypropylene
trays, was collected from a recycling plant situated in Guarene (Cuneo, Italy) and
it was supplied in the form of flakes.

High-density polyethylene (HDPE) Eraclene MS80U, having a melt flow rate
of 27 g/10 min (190 °C/2.16 kg), was supplied in pellets by Versalis.

Nexamite® R201 (NEX in Chapters 2.1 and 2.2), composed of an ethylene
copolymer comprising hydrolysable silicon-containing groups, was provided in
pellets by Nexam Chemical. The additive was introduced in PP at 5 wt.%.

Nexamite® R305 (NEX in Chapter 2.3), composed of an ethylene copolymer
comprising hydrolysable silicon-containing groups, was supplied in pellets by
Nexam Chemical. The additive was introduced in HDPE at 5 wt.%.

Magnesium hydroxide (MH) Hydrofy TV 1.5 was supplied in powder form
by Nuova Sima. The filler was introduced in PP at 60 wt.%.

Ammonium polyphosphate (APP) was supplied in powder form by
Tecnosintesi S.p.A..

Pentaerythritol (PER) was supplied in powder form by Sigma-Aldrich.

The intumescent flame-retardant composed of APP and PER (AP) was
introduced in PP at 30 wt.% in a mass ratio of 3:1.

Piperazine pyrophosphate (PAPP) was supplied in powder form by
Zhongshan Complord New Materials Co., Ltd..

Melamine polyphosphate (MPP) was provided in powder form by Zhenjiang
Senhua Flame Retardant Engineering Technology Co., Ltd..

The intumescent flame-retardant composed of PAPP and MPP (PM) was
introduced in PP at 21 wt.% in a mass ratio of 2:1.

A.2 Processing

Xplore MC 15 (DSM) twin-screw mini-extruder was used in the work
described in Chapter 2.1. The mini-extruder is equipped with a recirculation
channel that allows selecting the desired residence time. The processing was
carried out at 190 °C, with a screw rotation speed of 100 rpm for a residence time
of 3 or 9 min.
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Process 11 (Thermo Fisher Scientific) co-rotating twin-screw extruder was
used in the research reported in Chapters 2.1, 2.2 and 2.3. The extruder is
equipped with 11 mm diameter screws (L/D=40) and a screw profile with an
alternance of conveying and kneading screw elements. The different processing
parameters employed, namely barrel temperature, screw speed, and feed rate, are
reported in Table 29.

Table 29. Processing parameters set with twin-screw extruder Process 11.

el | Seremspeed | pecq rate kg
Chapter 2.1 190 150 0.6
Chapter 2.2 200 200 0.5
Chapter 2.3 190 250 0.8

A flat die (width: 25 mm, thickness: 1 mm) followed by a three-roll
calendaring unit (Sheet Take Off for Process 11, Thermo Scientific) was
employed for the production of films in Chapter 2.2. The films had a thickness
ranging from 320 to 380 pm and a width of about 3 cm. The temperature of the
flat die was set at 190°C.

Leistritz ZSE 18 HP is a co-rotating twin-screw extruder (screw profile
composed of conveying and kneading screw elements) used in the activities
reported in Chapters 3.1, 3.2, 3.3, and 3.4 for the production of recycled PP and
for manufacturing flame-retardant composites. The recycled PP was obtained by
subjecting virgin PP to eight consecutive extrusion cycles under the following
parameters: flat temperature profile equal to 210 °C, 200 rpm and 3 kg/h. Virgin
and recycled PP-based systems with MH and AP were melt compounded at 180
°C, 160 rpm and 0.6 kg/h. For the production of virgin and recycled PP-based
systems with PM and for their reprocessing, the extrusions were carried out at 300
rpm, 3 kg/h and the following temperature profile (°C): 160, 170, 180, 180, 180,
180.

Rheospin apparatus (Idealnstr) was used for the production of fibers, as
described in Chapter 2.3. This apparatus is equipped with a series of pulleys that
collect the hot filament coming from the extruder and transfer it to a final pulley
rotating at a constant speed. In this way, the filament is subjected to a non-
isothermal elongation flow, as it is uniaxially stretched while cooling by contact
with the air; depending on the speed of the last pulley, it is possible to obtain
fibers with different diameters. More specifically, fibers with diameters ranging
from 200 to 800 um (corresponding to different draw ratios (DR =
diametergy  yaare/diameterf,,,,)) were collected.

A compression molding machine Collin P200T was used for the production of
samples for rheological characterization (Chapter 2.1), tensile, impact and
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spectroscopic tests (Chapter 2.3), with the following parameters: 190 °C, 100 bar
and 3 min. For the samples used for flammability and combustion tests reported in
Chapters 3.1 and 3.2 the compression molding parameters were 180 °C, 100 bar
and 3 min.

The specimens for the characterizations reported in Chapters 3.3 and 3.4 were
prepared by injection molding, using a Haitian HTF86X 1 machine, using a
temperature profile in the barrel equal to 165-175-180-180 °C and mold
temperature of 30 °C.

A.3 Characterization methods

The rheological behavior of all investigated materials was evaluated using a
strain-controlled rheometer ARES from TA Instruments equipped with parallel
plate geometry (25 mm diameter). The tests were performed in nitrogen
atmosphere to avoid the thermo-oxidative degradation of the sample during the
measurement. Preliminary strain sweep experiments were carried out at 180 °C or
190 °C and ® = 10 rad/s. Subsequently, frequency sweeps measurements were
carried out at 180 °C or 190 °C, from 10? to 10™! rad/s, selecting a strain amplitude
value within the linear viscoelastic region for each sample.

The Carreau model was used to fit the experimental complex viscosity data:

n-1
n(w) =nol[1 + (Aw)?] 2 (1)
where: 79 is the zero-shear viscosity, 4 is the characteristic relaxation time and # is
the power law index.
Data coming from frequency sweep tests were used to calculate the weighted
relaxation spectra of the materials in Chapters 2.1, 2.2, and 2.3, using the
calculation procedure proposed by Honerkamp and Weese [219].

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-
FTIR) using a Frontier spectrophotometer (PerkinElmer) was employed for the
chemical characterizations. The spectra were collected in the range of 4000—700
cm™! at a resolution of 4 cm™" and 16 scans for each measurement.

The thermal properties were assessed through Differential Scanning
Calorimetry (DSC) using a Q20 equipment by TA Instruments. The samples were
subjected to three runs of heating-cooling-heating in a nitrogen flow from 0°C to
250°C with a heating/cooling rate of 10 °C/min. The information gleaned from
this assessment is the melting enthalpy (AHm), which can be determined by
measuring the area beneath the exothermal peak of the heat flow during the
second heating. AHm values are valuable indicators of the degree of crystallinity
and, hence, of the molecular weight. Furthermore, the melting and crystallization
temperatures, as well as the crystallization enthalpy (calculated as the area of the
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crystallization peak) were evaluated. The crystallinity degree of the investigated

materials was measured using the equation:

AHp,

X =% 100 3)

Where AHn is the melting enthalpy and AHmo is the melting enthalpy of 100%
crystalline polymer (207 J/g for PP and 293 J/g for HDPE).

QUYV SOLAR EYE (Q-PANEL) was used in order to perform the accelerated
weathering and study the photo-oxidative degradation of materials in Chapter 2.2.
This instrument allowed to expose the materials under controlled UV light and
condensation conditions using fluorescent UV lamps with an irradiance equal to
0.77 W/m?. The test conditions to which the films were subjected for their aging
were the following:

- 8 hours under UVA (365-295 nm) at 50°C;

- 4 hours of water condensation (100% relative humidity) with lamps

switched off at 40°C.

The films have been put inside the QUV instrument after die-cutting them
into ISO 527-5A specimens. In order to record the changes induced by the photo-
oxidative degradation in moisture environment, the specimens have been collected
after a defined number of hours according to the characterization tests carried out.

The thermo-oxidative stability was assessed using a Discovery TGA
instrument (TA Instruments) for samples analyzed in Chapters 3.1 and 3.2 and
using a thermogravimetric analyzer TGA 8000 (PerkinElmer) for samples
investigated in Chapters 3.3 and 3.4, in both cases at a heating rate of 10 °C/min
under air atmosphere. Tonset (temperature at which 2% of weight loss occurs), Tmax
(temperature at which maximum weight loss rate is observed in dTG - derivative -
curves), and the residue at 600°C were evaluated.

Flame-retardant performances reported in Chapters 3.1 and 3.2 were
measured using UL-94 tests for flammability and using a cone calorimeter for the
combustion behavior. UL-94 vertical burning tests were performed in a
flammability test cabinet Noselab ATS according to ASTM D3801, using at least
five specimens with standardized dimensions of 125x13x3.2 mm?®. The
combustion behavior was investigated by cone calorimetry according to the ISO
5660 standard, using a Noselab ATS instrument (Nova Milanese, Italy). Square
specimens (100x100x3 mm?®) were tested under a heat flux of 50 kW/m? in a
horizontal configuration. The samples were placed in a sample holder at a
distance of 25 mm from the cone heater. The cone calorimeter tests were carried
out on three samples and the results averaged.

Flame-retardant performances reported in Chapters 3.3 and 3.4 were
evaluated by the following standard methods. The limiting oxygen index (LOI)
was determined with a JF-3 oxygen index tester (Jiangning, China) following
ASTM D2863 standard and using specimens measuring 80x10x3 mm?>. Vertical
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burning behavior (UL-94) was assessed with a CZF-5 horizontal and vertical
combustion tester (China Jiangning Analytical Instrument Co.) in accordance with
ASTM D3801, employing at least five samples with dimensions equal to
130x13x3.2 mm?>. The combustion behavior was evaluated using a Vouch-6810
cone calorimeter according to ISO 5660, under a radiant heat flux of 50 kW/m?,
using specimens with dimensions of 100x100x4 mm?. The cone calorimeter tests
were carried out on three samples and the results averaged.

From the results of cone calorimeter tests, the following quantitative
parameters were calculated: (i) SEA (Specific Smoke Extinction Area) indicates
the total smoke produced per unit of mass lost, and measures the smoke
production efficiency; (ii) EHC (Effective Heat of Combustion) is the heat
released per kilogram of material burned, and reflects the combustion efficiency
of the pyrolysis gases (iii) MARHE (Maximum Average Rate of Heat Emission)
represents the highest rate of heat released during a fire, and provides insight into
the intensity of the flame.

The morphology of the samples was observed using a scanning electron
microscopy (SEM) ZEISS EVO 15 in Chapters 2.2, 3.1, and 3.2 and Thermo
Scientific Apreo C in Chapters 3.3 and 3.4. The obtained SEM micrographs were
further analyzed using the software ImageJ. More specifically, after setting the
scale, images were processed using "Subtract Background" to improve the signal-
to-noise ratio. The "Threshold" function was then applied to binarize the images,
separating light clusters from the dark polymer matrix. This binary mask was
refined using "Open" and "Close" operations to remove noise, "Watershed" to
separate touching particles, and an edge filter to exclude objects at the borders.
Finally, "Analyze Particles" was used to extract geometric data. The Feret
Diameter was selected as the primary measurement because it is ideal for irregular
shapes and rotationally invariant. This parameter represents the maximum
distance between two parallel lines tangent to the particle's profile. For each
system studied, at least three different SEM images have been analyzed.

Raman spectra were recorded at room temperature with a DXR2 Raman
Microscope (Thermo Scientific) employing a 532 nm excitation laser.

Mechanical characterizations in Chapters 2.2 and 2.3 were performed through
tensile tests with an Instron® 5966 machine equipped with a 2 kN (error < 0.25%)
loading cell. The measurement parameters for testing ISO 527-5A specimens are
the following: crosshead speed set at 5 mm/min in Chapter 2.2; in Chapter 2.3 the
measurement included an initial strain rate of 1 mm/min, which increased up to 10
mm/min once a deformation of 0.25% was exceeded; the tests on the fibers
reported in Chapter 2.3 were performed with a crosshead speed of 20 mm/min.
The average values and corresponding standard deviations of the tensile modulus,
tensile strength, stress at break, and elongation at break were calculated.
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The mechanical properties reported in Chapters 3.3 and 3.4 were evaluated
using an RGT-20A universal testing machine (Reger) using a crosshead speed of
25 mm/min for tensile tests and 15 mm/min for flexural tests. The average values
and corresponding standard deviations of the flexural strength, tensile strength,
and elongation at break were calculated.

Un-notched (Chapter 2.3) and notched (Chapters 3.3 and 3.4) Izod impact
tests were performed using a 5.5 J pendulum impact tester HIT25P (Zwick Roell);
the energy associated with the fracture after impact was recorded.

All the mechanical properties were carried out on at least five specimens and
the results averaged.
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