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1 SUMMARY AND OUTLINE

1.1 Processing-structure-properties relationship

The intricate interplay of processing-structure-properties in recycled polyolefin blends
underscores the complexity of their lifecycle, from synthesis to their eventual application.
Figure 1.1-1 illustrates the schematic connection between feedstock, molecular structure,

processing and crystallization and the resulting properties.
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Figure 1.1-1 Flow chart describing the process-structure-properties relationship in recycled polyolefin blends.

Recent research has concentrated on identifying key parameters influencing these
relationships, with a special focus on recycled polymers. In an era prioritizing sustainability,
recycled polyolefins, derived from cost-effective and widely available monomers, have
emerged as a sustainable choice for various industrial and consumer applications®. Their
utilization would be particularly relevant in sectors like packaging, construction and
automotive, where the balance of durability and recyclability is crucial. However,
understanding the process-properties relationship in these recycled materials, especially
considering their molecular heterogeneities, remains challenging. Deciphering these
complexities is essential for customizing the properties of recycled polyolefins to suit specific
applications. The measurement of these molecular heterogeneities is central to developing
structure-property relationships, elucidating the material formulation and enhancing
processing-property correlations. The performance of polyolefins in real-world applications is

heavily dependent on these molecular variations. As a result, there is an increasing demand for

1
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reliable, precise and inexpensive ways to examine the microstructure of recycled polyolefin
blends, which aligns with the desire to use them in more demanding applications with targeted

architectures and the best properties.

1.2 Advancements in polyolefin technology: Historical perspectives

The history of polyethylene and polypropylene can be traced back to the early 20th
century, when chemists first discovered the possibility of transforming simple hydrocarbons
into complex macromolecules. However, it was not until the 1930s and 1950s that these
polymers were successfully synthesized and commercialized by different researchers and
companies around the world®,

Polyethylene was the first polyolefin to be discovered and produced. In 1898, the German
chemist Hans von Pechmann accidentally obtained a waxy substance by heating diazomethane,
which he called polymethylene®®. However, he did not pursue further studies on this material.
In 1933, two British chemists, Reginald Gibson and Eric Fawcett, working at Imperial
Chemical Industries (ICI), repeated von Pechmann’s experiment and obtained a similar
substance, which they analyzed and identified as polyethylene. They also found that the
polymer could be molded into various shapes by applying heat and pressure. However, they
did not realize the potential of their discovery’°.

The breakthrough in polyethylene production came in 1935, when another British
chemist, Michael Perrin, also working at ICI, developed a high-pressure process that could
produce large quantities of polyethylene. This process involved the polymerization of ethylene
gas under pressures of ~50 to 120 MPa and temperatures of 150 to 250°C, using oxygen or
peroxide as initiators. The resulting polymer was a low-density polyethylene (LDPE), which
had a highly branched structure and a melting point of about 120°C*°, Polyethylene was used
by the Allies for the insulation of radar cables, as it had excellent electrical and thermal
properties, as well as resistance to moisture and chemicalst!. After the war, polyethylene
became widely available for civilian applications, such as packaging and film??,

In the 1950s, two new processes for polyethylene production were developed, which led
to the creation of different types of polyethylene with improved properties. The first process
was the Ziegler-Natta process, named after the German chemist Karl Ziegler and the Italian
chemist Giulio Natta. They both discovered the use of transition metal catalysts, such as

titanium and chromium, for the polymerization of polyethylene. Karl Ziegler used solid TiCls,
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for polymerization of polypropylene Giulio Natta used TiCl4**-®. The process operated at low
pressures of ~101.3 kPa and temperatures of 50 to 70 °C, and produced a high-density
polyethylene (HDPE), which had a linear structure and a melting point of about 135 °C. HDPE
had higher strength, stiffness, and hardness than LDPE, and was suitable for applications such
as bottles, containers, and pipes*’.

The second process was the Phillips process, named after the Phillips Petroleum
Company, where two American chemists, J. Paul Hogan and Robert L. Banks, discovered a
new catalyst for the polymerization of ethylene in 19518, The catalyst was based on chromium
oxide supported on silica, and it operated at moderate pressure in the range 0.7 to 3.4 MPa and
temperatures of 65 to 230 °C. The resulting polymer was also a high-density polyethylene
(HDPE), but it had a broader molecular weight distribution and a lower degree of crystallinity
than the Ziegler-Natta HDPE. The Phillips HDPE had better processability and environmental
stress cracking resistance than the Ziegler-Natta HDPE, and was suitable for applications such
as film, injection molding and blow molding 3120,

Polypropylene was the second polyolefin to be discovered and produced. In 1954, Giulio
Natta and his assistant Paolo Chini, working in association with the Montecatini Company
(now LyondellBasell), discovered the polymerization of propylene using a Ziegler-type
catalyst based on titanium?>?2, They obtained a crystalline polypropylene, which had an
isotactic structure, meaning that all the methyl groups attached to the carbon backbone were
oriented on the same side with respect to the plane containing the chain. This gave the polymer
a high degree of crystallinity and a melting point of about 165 °C. Isotactic polypropylene had
higher strength, stiffness, and heat resistance than polyethylene, and was suitable for
applications such as fibers, films, and pipes’. In 1963, Karl Ziegler and Giulio Natta were
jointly awarded the Nobel Prize in Chemistry for their respective contributions to the
development of polyethylene (PE) and polypropylene (PP), pioneering advancements that
revolutionized the field of polymer chemistry and the plastics industry?:.

In 1957, Karl Ziegler and Erhard Holzkamp, working at the Max Planck Institute for
Coal Research, discovered another type of polypropylene, which had an atactic structure,
meaning that the methyl groups attached to the carbon backbone were randomly oriented 2.
This gave the polymer a low degree of crystallinity and a soft and rubbery texture’. Atactic
polypropylene was not useful as a plastic, but it was a valuable precursor for the production of
propylene oxide, a chemical intermediate for the synthesis of other polymers, such as

polyurethanes and polyesters.
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In 1964, Natta and his co-workers discovered a third type of polypropylene, which had a
syndiotactic structure, meaning that the methyl groups attached to the carbon backbone were
oriented alternately on opposite sides?. This gave the polymer a high degree of stereoregularity
and a melting point of about 130 °C. Syndiotactic polypropylene had higher heat resistance and
transparency than isotactic polypropylene and was suitable for applications such as packaging,
medical devices and optical discs. However, syndiotactic polypropylene was not commercially

available until the 1990s, when new catalysts based on metallocenes were developed?.

1.3 Characterization of polyolefins

Polymer characterization is an essential analytical approach that explores the intricate
properties and structures of polymers, with a special focus on their molecular composition #’.
This examination is crucial in understanding the relationship between a polymer's molecular
structure and its macroscopic behavior, which is key to advancing current applications and
pioneering new ones®. Among the diverse array of techniques employed for polymer
characterization, methods such as molecular weight determination?®, molecular and structural

30-32 morphology analysis® and thermal analysis®* stand out for their ability to

characterization
provide a comprehensive understanding of polymer properties.

When it comes to polyolefins—a distinct subgroup of polymers—the characterization
principles remain consistent but are tailored to address the unique properties of polyolefins
3536 Known for their versatile applications, polyolefins demand a nuanced analysis to fully
grasp their behavior under a variety of conditions 3. This is particularly true for polyolefin
blends, which may combine different polyolefins or integrate them with other polymers*'. The
characterization of these blends is pivotal, focusing on aspects like component types,
composition and processing conditions®. Techniques specific to polyolefin blends include, but
are not limited to, thermal analysis, rheological analysis, mechanical testing and structural and
morphological analysis®®.

Polyolefin blends, especially when recycled, present unique challenges in
characterization. These recycled blends frequently incorporate a mixture of additives, fillers,
and stabilizers, which introduces additional complexity**“°. Advanced characterization
techniques are essential in navigating this complexity effectively. For example, spectroscopic
analysis like fourier-transform infrared (FTIR)* and nuclear magnetic resonance (NMR)*

spectroscopy are crucial for identifying the chemical composition of blends. Thermal analysis
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methods, such as differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA)*®, provide insights into thermal transitions of blend components and thermal stability,
respectively. Rheological assessments offer deep insights into the flow behavior of polymer
blends, crucial for processing and end-use performance, particularly in recycled materials
where property variability is increased**®l., Recycling processes can introduce changes in
molecular weight and bring contaminants, affecting the blends' properties®>®3. Techniques like
gel permeation chromatography (GPC) and mechanical testing are vital for assessing the
molecular weight distribution and durability of recycled blends®*. Temperature rising elution
fractionation (TREF) and successive self-nucleation and annealing (SSA) have been
recognized for their specialized applications in solution and thermal fractionation of
polyolefins®®.

In conclusion, characterizing mixed and recycled polyolefin blends is a multifaceted
and essential area of study. It addresses complexities absent in virgin polymers, requiring a
range of methodologies and analytical techniques to optimize these blends' properties and

applications.

1.4 Processing of polyolefins

Polyolefins, including polypropylene (PP) and polyethylene (PE), are predominantly
processed in their molten state, utilizing specific flows and temperature gradients. The method
utilized here aimed to understand the interactions between PP and PE in the blend. Designing
a manufacturing process for polyolefins, particularly recycled blends, requires a thorough
understanding of molecular weight (Mw), molecular weight distribution (MWD), interaction
between blend components and their crystallization behavior. This thesis looks into the
molecular characterization of various grades of PP and PE. Furthermore, the study delves into
the intricacies of surface nucleation in polyolefin blends, specifically the impact of self-
nucleated PP on different PE grades.

Recent advancements have demonstrated that cooling rate, particularly ballistic cooling,
during processing significantly alters the crystallization rate in recycled polyolefin blends®®.
An acceleration of the kinetics of one phase can be found, due to the formation of nuclei of the
molten phase on top of the previously crystallized phase®’, but also the rate of crystallization
of blend components is different>®, which consequently changes the material's final

morphology, impacting its mechanical, optical and transport properties®®. Importantly, the final
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morphology is heavily influenced by nuclei formed during the early stages of crystallization.
These precursors, while initially showing an undetectable degree of crystallinity, possess a
degree of order and can become spontaneously growing crystallites under specific conditions®®.

Heterogeneous nucleation is especially pertinent in recycled blends. In recycled
polyolefin blends, contaminants and degradation products can act as nucleation or anti-
nucleation agents, due to the transfer of heterogeneously nucleating impurities between the
blend’s components. In these blends, morphologies resulting from static interactions can
significantly influence the material's properties®. In mechanically recycled melt-mixed
polypropylene, nucleation is critical. The slower nucleation rate often necessitates the use of
nucleating agents (NAs). These NAs not only affect polymer morphology but also influence
stress distribution during loading®®.

Recent studies on the effects of different PE grades in polyolefin mixed blends have
shown how blend composition, processing conditions and the presence of NAs can influence
material properties®” %23, These insights are pivotal for optimizing the mechanical recycling
process, tailoring it to specific applications, and enhancing the performance of recycled

polyolefin products.

1.5 Aim of the thesis

The aim of this thesis is to develop and refine methodologies for the enhanced
characterization and fractionation of recycled polyolefin blends, focusing on the impact of
molecular characteristics and processing conditions (surface nucleation) on their crystallization
behaviors. This objective is pursued by examining three key aspects:

1) the application of fast successive self-nucleation and annealing (SSA) thermal fractionation
protocol for rapid and efficient characterization of polyolefin blends, significantly reducing
analysis time while maintaining accuracy;

2) advancing the precision of cross fractionation chromatography (TREFXGPC) for accurate
determination of polyethylene and polypropylene content in complex blends and recyclates;
and

3) exploring surface-enhanced nucleation in immiscible polypropylene and polyethylene
blends, particularly focusing on the effects of polyethylene chain regularity on crystallization

dynamics.
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These studies collectively aim to provide a comprehensive understanding of the
crystallization behavior in recycled polyolefin blends and establish methodologies that can be

applied for the optimization of recycled polyolefin materials for various applications.

1.6 Outline of the thesis

The dissertation is divided into the following chapters:

Chapter 1 introduces the relationship between processing, structure, and properties in
recycled polyolefin blends, emphasizing the need for precise methods to assess their
microstructure.

A brief literature review is given in Chapter 2, focusing on molecular characterization
techniques and interactions between the blend’s components in processing conditions.

Chapters 3 and 4 focus on polyolefin characterization utilizing advanced approaches
such as successive self-nucleation and annealing (SSA) and TREFXGPC, respectively. These
techniques are crucial for understanding the complex chemical compositions and
crystallization behaviors of polyolefins, particularly from recycling streams. The chapters also
delve into additional characterization approaches, broadening the analytical scope.

Chapter 5 covers the topic of surface nucleation and polyolefin crystallization,
emphasizing the importance of correctly assessing the molecular composition of the polyolefin
blend for advancing polyolefin recycling and processing technologies.

In Chapter 6, the research findings of the work reported in Chapters 3, 4 and 5 are

given in a concise summary and recommendations for future work are presented.
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2 INTRODUCTION

2.1 Advancements in polyolefin technology

By 2019, global plastic production reached 368 million tons, with polyolefins, derived
from vinyl hydrocarbons (CnH2n), making up roughly one-third to one-half of the total
production. These statistics highlight growth and demand for plastics, underscored by a report
from PlasticsEurope®®®. The most common polyolefins are polyethylene and polypropylene,
made mostly or entirely from ethylene and propylene monomers. This can be attributed to their
generally low cost in combination with a wide variety of chemical and mechanical materials’
properties. They can be adapted to meet a spectrum of application requirements such as rigid
applications like pipes and containers made from high-density polyethylene (HDPE), or
flexible ones, like films and coatings made from low-density polyethylene (LDPE)®-73,

As the synthesis of polyolefins advances, it now faces more and more complex
challenges when it comes to their recycling, thanks to the greater material variety in recyclates.
Incorporating recycled polyolefins introduces issues like contaminant management, control of
molecular weight distribution and microstructure’*”. The ongoing research to comprehend
crystallization behavior, thermal properties and processability of recycled blends is crucial for
a sustainable approach to polymer science®"¢83, The subsequent section will delve into the
nuanced complexities and innovative techniques within polyolefin recycling, specifically

mechanical recycling of polyolefins.

2.2 Recycling of polyolefin materials

Global recycling efforts, including polyolefin recovery, are driven by a variety of factors,
such as a more efficient use of natural resources, reducing the dependency on raw material
imports, reducing waste that ends up in the environment®*. The more efficient use of natural
resources furthermore reduces the carbon dioxide emissions related to the use of this materials.
The recycling efforts are therefore integral to the international drive for climate neutrality. The
European Union champions the circular economy within its broader strategy to reach net-zero
greenhouse gas emissions by 2050, aligning with the Paris Agreement and actualized through
the European Green Deal®8, The circular economy seeks to minimize CO, emissions by
promoting the reuse and recycling of polyolefins, crucial in global environmental protection

effortst.
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Early scientific studies, notably one by J. Murray Mitchell Jr., accurately forecasted
climate trends®”®8, including the rise in CO; levels and global temperatures. These insights
highlight the critical need for the clear and consistent application of scientific data in policy
formulation, underscoring sustainable material management's role. Given their environmental
footprint associated with large-scale use, polyolefins have come to the forefront of the
sustainability agenda. While their uniformity and chemical resistance suggest ideal
recyclability, their diverse compositions designed for specific uses add complexity to the
process®®. There are several recycling methods, including mechanical recycling and solvent-
assisted recycling, among different recycling schemes. Recycling technologies for polyolefins
are broadly categorized into primary (re-extrusion), secondary (mechanical), tertiary
(chemical), and quaternary (energy recovery) schemes, encompassing a wide range of
processes and methodologies tailored to the specific properties and applications of these

polymers®.

Mechanical recycling, the predominant method for polyolefin reprocessing, involves
grinding, melting, and re-pelletizing®*~*°. While energy-efficient, it often leads to polymer
degradation, limiting the end-product's applications. Advanced techniques and digitalization
have evolved mechanical recycling, enhancing precision and reducing contamination.
However, despite these advancements, mechanically recycled materials can suffer
compromised properties due to thermomechanical deterioration®®®” and waste heterogeneity®®.
The benefits and drawbacks of mechanical recycling are well-documented, highlighting both
its role in reducing emissions and the challenges it faces, such as property degradation and
economic feasibility. Solvent-assisted recycling emerges as an advanced alternative capable of
recovering plastics with near-virgin qualities, potentially suitable for high-end applications
such as food packaging and medical devices. Research indicates that this process can yield
plastics with purity and properties comparable to virgin materials, essential for a closed-loop
plastic system®>1%, The digital integration into recycling, known as "smart recycling" is poised
to transform the industry. Innovations such as sensors, smart bins (connected by the Internet of
Things (loT)) and artificial intelligence (Al) algorithms could further optimize recycling

processes, potentially reducing contamination rates significantly02-193,

The general environmental impact of plastics is context-dependent*®*. For example, the
use of plastic bags can result in lower environmental impacts than paper or cotton bags when

considering the full life cycle!®1%, However, the increase in plastic production has not been

9
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paralleled by advancements in waste management. By 2015, only a fraction of plastic waste
was recycled, with the rest contributing to landfill accumulation or incineration, indicating a

need for improved global waste management practices?’.

2.2.1 Mechanical recycling

It's been reported that mechanical recycling can conserve up to 60 MJ/kg of energy'®
when compared to producing virgin plastics and reduce CO2 emissions by as much as 20%.
Despite this, the market for mechanically recycled polyolefins is sometimes constrained by the
quality of the recyclate. The European Union has set ambitious recycling targets, pushing for
50% of all plastic packaging to be recycled by 2025, which is driving innovation in the sector.
Mechanical recycling employs a physical methodology to break polymer products down into
smaller pieces or flakes, without altering their basic molecular structure. This process unfolds

through several key stages, each critical to the integrity and success of recycling:

A. Pre-sorting: Starting with the collecting of recyclable materials, this stage
focuses on sorting by polymer type and color.

B. Shredding: After pre-sorting, plastics are shredded into flakes. This phase is
critical in lowering the size of the materials, making them easier to handle and
treat in later steps.

C. Sorting: After shredding, a further sophisticated sorting process occurs. This
stage employs innovative technology to further separate polymers.

D. Washing: After sorting, the plastics are washed to eliminate any leftover
contaminants such as dirt, food remnants, or labels. This cleaning phase is
critical to ensuring the quality of the recycled material.

E. Sorting: A last sorting step can assure the plastic material is pure and
homogeneous. This stage fine-tunes the sorting process by removing any
impurity or non-ideal materials missed in previous stages.

F. Extrusion: After cleaning and sorting, polymers are melted and extruded. This
phase converts the plastics into a new form, such as pellets or fibers, which can

then be used to manufacture new items.

10
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The first generation of mechanical recycling revealed inherent limitations, specifically
material quality, prompting the development of advanced mechanical recycling
techniques®1%-11, These advancements primarily concentrate on enhancing the efficiency of
key stages such as sorting, washing, purification and compounding in recycling processes. The
integration of digital technologies in these stages facilitates more accurate and efficient
operations. As a result, this leads to the production of recyclates and compounds characterized
by reduced smell, lighter colors, consistent quality and superior mechanical properties®®112113,
Figure 2.2.1-1 depicts examples of current research and development activities in mechanical
recycling compared to the state-of-the-art®°,

Common mechanical recycling process Advancements in mechanical recycling process

Pre-sorted

Pre-sorted

PN}

feedstock A feedstock

A &
Shredding
Shredding

¢

L)

ek 03

Figure 2.2.1-1 On the left, a step-by-step representation of the common mechanical recycling process is shown, while on the

Hot
washing

right, additional steps integrated into the conventional mechanical recycling process are depicted. Newly introduced steps are

highlighted in light blue, contrasting with the existing process steps depicted in dark blue.

* - Additional changes are in the compounding step.

Conventional sorting mechanisms like flotation and optical sorting may not suffice due
to the similar densities and chemical compositions of these polymers. For instance, PP caps
often end up with PE bottles, necessitating manual sorting or advanced automated systems that
use near-infrared (NIR) technology to differentiate materials based on their specific infrared
signature. However, advanced sorting can be costly. The industry is seeing innovations for
example AMP Robotics, which uses Al to identify and sort recyclables more accurately and at
a lower cost than traditional systems*'4. The shredding stage reduces the size of plastic waste

to prepare it for reprocessing. One of the main challenges here is the potential for material
11
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loss'®®. The current research focuses on minimizing this loss by optimizing shredder blade
designs and configurations. Companies like WEIMA have developed shredders with
customizable screens that control particle size, ensuring consistent quality in the output!®. The
washing stage aims to remove contaminants from the plastic waste. Contaminants often include
food residue, adhesives and paper labels, which can adversely affect the quality of the recycled
material. The industry has been exploring enzymatic detergents that can target and break down
specific contaminants more effectively than conventional washes, thereby improving the purity
of the recyclate. For example, a study has explored the use of fungi to degrade adhesives such
as those used in labels from PP waste!!’. During extrusion, plastic flakes are melted and formed
into pellets. This stage is critical as it can introduce thermal and mechanical stress, leading to
polymer degradation. Often melt filtration is employed to remove any remaining contaminants.
However, standard screens can clog, leading to downtime and increased costs. Technologies
like Ettlinger's continuous melt filters operate under high pressure and can handle a higher level
of contamination®'8, Another technology offered by Erema uses the laserfilter, which works by
filtering contaminated plastic melt through two laser-bored screen discs arranged in parallel. A
rotating scraper disc between these screens removes contaminants immediately and conveys
them to a discharge system!®. Thermal degradation is a persistent issue in mechanical
recycling. To combat this, additives like stabilizers and chain extenders are added?°.
Companies such as Riverdale Global specialize in additives that can enhance the performance
of recycled polyolefins, improving their resistance to degradation during processing. Among
the notable advancements in the recycling industry, the Danish company Plastix is making
significant contributions. Plastix specializes in recycling post-use maritime fibers, such as
fishing nets and ropes, transforming them into high-quality Green Plastics. This innovative
approach not only repurposes waste materials but also helps reduce the reliance on virgin
plastics by 58%, demonstrating a practical application of circular economy principles.
Currently, Plastix is actively engaged in the market, offering these recycled products to various

industries?!,

The research is ongoing to address the inherent limitations of mechanical recycling.
Studies are looking into improving the crystallinity of recycled polymers, which is a key
determinant of their mechanical properties. Organizations like the National Renewable Energy
Laboratory (NREL) in the United States are actively developing chemical recycling methods,
specifically, they catalytically depolymerize plastic packaging'??. This enables the

repositioning of well-characterized, post-consumer recycled materials into new market
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segments, extending beyond traditional low-grade applications such as flowerpots and waste
containers'?*12°. However, it is crucial to note that advanced characterization methods, while
providing detailed insights into polymer structure and composition, require significant
financial investments'?®, This often makes them unfeasible for cost-sensitive recycling
facilities that predominantly handle polyolefins. Consequently, these facilities typically resort
to more traditional, economically viable quality control methods. Although these methods are
less costly, they may not offer the comprehensive molecular insights of advanced techniques
but are considered sufficient for basic processing requirements. This is demonstrated in Table
2.2.2-1's SWOT analysis, which compares the cost and value of mechanical recycling. This
economic constraint significantly impacts the ability to accurately evaluate the degree of
crystallinity and the distribution of crystalline and amorphous phases in recycled polyolefin
blends 127, The degree of crystallinity is a critical factor influencing the thermal and mechanical
properties of polymers, especially in blends that include various types of polyethylene (PE) —
such as high-density polyethylene (HDPE), low-density polyethylene (LDPE), linear low-
density polyethylene (LLDPE), and medium-density polyethylene (MDPE) — as well as
polypropylene (PP), including nucleated PP variants 1%, These polymers exhibit distinct
crystalline behaviors due to differences in their molecular structures, which in turn affect the
blend’s overall properties. The varying crystallinity levels among these polymers can lead to

challenges in processing and inconsistency in the end-use properties of the recycled material.

In light of these considerations, future research should focus on strategies to enhance the
compatibility and interfacial adhesion within these diverse polyolefin blends?®. Developing
cost-effective and efficient compatibilization methods and recycling techniques is
essential®3#3130, Sych advancements would not only help in optimizing the mechanical and
thermal performance of these complex blends but also in expanding their range of applications,

overcoming the limitations imposed by economic and technical constraints'3132,

13



PhD Thesis

Magdalena Gora

Table 2.2.2-1 SWOT analysis of mechanical recycling of polyolefins benefits and drawbacks of mechanical

recycling®3.

Strengths

Weaknesses

Energy Efficiency: lower energy use than
producing new polyolefins.

Environmental Impact: contributes to waste
reduction and lower emissions.

Resource Conservation: less reliance on
virgin resources.

Economic Growth: potential for new job
creation within the recycling industry.
Scalability: adaptable existing infrastructure

for recycling processes.

Quality Degradation: recycled polyolefins
may have inferior properties.

Technical Limitations: difficulties in sorting
and processing can lead to inefficiency.
Economic Challenges: costs of sorting and
decontamination can be prohibitive.

Limited Lifespan: polyolefins can only be
recycled a finite number of times.

Market Acceptance: perceived lower quality
can affect demand.

Opportunities

Threats

Technological Innovation: advances could
improve recycling efficiency and output
quality.

Legislative Support: policies incentivizing
recycling can enhance market dynamics.
Consumer Trends: rising demand for
sustainable products can increase market
share.
Corporate Responsibility: company
commitments to sustainability can drive
recycling.

mechanical

Circular Economy  Focus:

recycling is essential to this economic model.

Raw Material Price Fluctuations: makes

recycled polyolefins less competitive.
Contamination: increased contamination
complicates recycling processes.

Disparity in Global Waste Management:
affects the consistency of recycled material
supply.

Alternative Materials: development of new
materials could decrease  polyolefin
recycling demand.
Public Perception: negative views on

recycled products could limit their use.

*chain scission and crosslinking are possible if reprocessing done under uncontrolled conditions
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2.3 Characterization techniques

Beyond providing a better understanding of the structure and behavior of polymers,
characterization has practical significance in processing, regulation and standardization of
polymerst®13_ Polyolefin characterization is a challenging operation that requires a multi-
modal analytical approach for understanding the material's complex molecular and microscopic

architectures'®®

. This is especially true for recycled polyolefins, where the material's past might
add complications. Concurrent with these theoretical advancements, there was a growing
impetus for developing analytical techniques capable of characterizing these complex
macromolecules®®’. This led to the emergence of thermal and solution fractionation methods,

each addressing different aspects of polymer behavior and structure.

Nuclear magnetic resonance (NMR) and fourier transform infrared spectroscopy (FTIR)
are pivotal for chemical compositional analysis'®®. While FTIR has seen recent advancements
extending its capabilities to quantitative analysis through the use of calibration curves
generated from model blends, NMR, traditionally known for its qualitative insights into
molecular structures, also offers quantitative applications*®. However, NMR typically relies
on direct spectral data analysis rather than external calibration curves. These methods are
generally not adapted to elucidating structure-property relationships, which are crucial for
understanding material performance'®. For NMR, a significant limitation is its cost-
effectiveness. NMR spectroscopy is often prohibitively expensive, making it less feasible for
routine analysis in many contexts. Furthermore, NMR tends to provide average results
regarding the chemical composition of materials. On the other hand, FTIR is more cost-
effective compared to NMR, making it accessible for a wider range of applications. However,
like NMR, FTIR also typically yields average information about the material's composition. It
fails to offer detailed insights into the distribution of chemical components within the material.
This limitation is crucial because the heterogeneity in material composition can significantly
influence its macroscopic properties and understanding this distribution is key to establishing
reliable structure-property relationships. In the domain of thermal analysis'*, the introduction
of differential scanning calorimetry (DSC) in the 1960s marked a significant milestone!*?, DSC
provided a method for precise thermal characterization of polymers, enabling the analysis of
melting and crystallization behaviors, which are crucial for understanding polymer
morphology and physical properties!“3. DSC serves as a complementary tool, providing critical

data on thermal transitions such as melting and crystallization temperatures. Its widespread

15



PhD Thesis

Magdalena Gora

availability makes it a staple in analytical laboratories!**. For a nuanced understanding of the
crystallization behavior, critical in determining the mechanical and thermal properties of
recycled materials, advanced thermal fractionation methods are employed'*®. Technigues such
as temperature rising elution fractionation (TREF) and crystallization analysis fractionation
(CRYSTAF) are specialized for polyolefin characterization, offering detailed insights into their
crystallizability and compositional distribution*4®. While highly informative, these methods are
often time-consuming and require the use of solvents and sample pre-treatment!#.
Alternatively, techniques like step crystallization (SC) and successive self-nucleation and
annealing (SSA) are employed for similar purposes but offer certain advantages'*®. Performed
using DSC on bulk samples, SC and SSA are solvent-free, which reduces both environmental
impact and cost'*®. SSA, in particular, is notable for its efficiency in fractionating molecules
through dynamic crystallization ramps, providing a faster alternative to the more elaborate
TREF and CRYSTAF methods®. Alongside chromatography advancements, gel permeation
chromatography (GPC) has become crucial in polymer analysis. Originally for molecular
weight and size separation, GPC now offers nuanced insights into polymer structures, including
molar mass distribution and chain branching. Its role is pivotal in characterizing recycled

materials, aiding sustainability efforts®>11%2,

In summary, the comprehensive characterization of polyolefins, especially recycled
variants, requires an integrated approach employing multiple analytical techniques. Each
method provides unique but partial insights, and their collective interpretation is indispensable
for advancing both academic research and industrial applications. The progression from
theoretical understanding to practical analytical techniques highlights the dynamic interplay
between conceptual advancements and technological innovations in polymer science. Thermal
and solution fractionation emerged not merely as analytical methodologies but as pivotal tools
that enabled a deeper understanding of the complexities inherent in polymer systems. This
introduction aims to delineate this scientific trajectory, tracing the evolution of these techniques
from their theoretical underpinnings to their practical applications in contemporary polymer

analysis.
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2.3.1 Thermal fractionation techniques based on crystallinity

Differential Scanning Calorimetry (DSC) technology effectively bridged the gap
between theoretical understanding of polymer behavior and practical applications in materials
engineering. DSC has since established itself as a critical tool in the arsenal of thermal analysis,
playing a dual role in both quality control and advanced research settings>31%4,

The core strength of DSC lies in its capacity to precisely quantify enthalpy changes
during phase transitions, such as crystallization and melting processes in polymers®®. This
capability is particularly crucial in the study of polyolefins, where DSC provides
comprehensive insights into their thermal behavior and morphological characteristics*. By
enabling a detailed analysis of phase transitions, DSC offers a window into the thermal history
of these materials, contributing significantly to our understanding of their structural evolution
and performance characteristics'®’. The continuous refinement of DSC methodologies and its
integration with other analytical techniques have further enhanced its role in elucidating the

complex nature of polymer systems.

Modern DSC techniques, including heat flux DSC and power compensation DSC, have
significantly advanced in their capabilities, allowing for the identification of both endothermic
and exothermic events during thermal cycling. The direct control of the rate of heating and
controlled cooling has been instrumental in measuring a range of physical and chemical
properties, such as melting transitions, crystallization temperatures and enthalpy of fusion and
crystallization %8, The continuous improvement and optimization of DSC, with the aid of
technological innovations, have made it one of the most common and versatile techniques in
material characterization. The introduction of modulated temperature DSC, has enabled to
study deeply the chemical reactions, glass transitions and melting, due to the possibility of
deconvolution of non-reversing and reversing heat flow and heat capacity'®®-!61, DSC has not
only sustained its historical significance but has also adapted to meet the demands of
contemporary polymer science, making it an essential instrument for the in-depth study of

polyolefins, especially in the context of recycling processes and material engineering*6?.

The increasing complexity of polyolefin grades, driven by advancements in reactor
technologies and polymer architecture, has necessitated a more detailed interpretation of

Differential Scanning Calorimetry (DSC) data. Polypropylene (PP), for instance, can exist in
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various grades, such as atactic, syndiotactic and isotactic, each with distinct thermal properties.
Atactic PP is amorphous and exhibits a glass transition temperature (Tg) rather than
crystallization (T¢) or melting temperatures (Tm). In contrast, syndiotactic and isotactic PP have
different melting points, 165°C and 130°C, respectively. Polyethylene (PE) introduces another
layer of complexity, characterized by distinct chain structures influenced by factors such as
comonomer type and content (branching) and chain length. This variability results in a diverse
range of densities and thermal properties with melting temperatures ranging from 106°C to
135°C®3, depending on the type of polyethylene. The interplay between these structural
variations and material characteristics underscores the intricate nature of polyolefin analysis,
highlighting the need for a comprehensive understanding of polymer architecture in

interpreting DSC data.

The challenge of characterizing mixed materials is exacerbated by overlapping thermal
transitions, especially in recycled blends®*. This complicates quality monitoring, which is
generally straightforward for neat materials. It is crucial to understand that melting temperature
is influenced by the lamellar thickness, in turn, a function of molecular weight and chemical

architecture, as described by the Thomson-Gibbs equation (1).

.
T, - Melting temperature of the particle or crystallite [K].
T, - Equilibrium melting temperature of the bulk material [K].
O, — Surface free energy or interfacial energy of the particle or crystallite[#].
l — Thickness of the crystallite or particle [m].
Pe — Density of the crystalline phase [C’?].
AH; - Heat of fusion per unit volume of the bulk material [é].

To address the complexities in characterizing polymers, particularly polyolefins, which
arise from the distribution of polymeric chains with overlapping melting points, the successive
self-nucleation and annealing (SSA) technique has been developed. The foundational concept
of self-nucleation (SN), integral to SSA, originated from Keller et al.*%®, who initially devised
it to aid in the preparation of single crystals from solution. This concept was expanded upon
by Fillon et al.'®®, who employed differential scanning calorimetry (DSC) to advance the study
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of self-nucleation. Building on this groundwork, the SSA technique was specifically designed
and implemented by Miiller et al. in 1997, This innovative technique combined sequential
self-nucleation and annealing steps applied to polymer specimens, a methodology distinct from
previous thermal fractionation protocols. Notably, the acronym 'SSA" was first introduced in
the publication by Muller et al. While earlier publications had reported designing thermal
fractionation protocols similar to SSA81% these did not incorporate the unique combination

of self-nucleation and annealing steps that are central to the SSA technique.

In SSA, molecular segregation is achieved through a series of dynamic and isothermal
steps. Initially, the sample undergoes a melting and cooling phase, followed by heating to a
specific temperature or seeding temperature (Ts) that allows for partial melting. Subsequent
crystallization leverages the self-nucleation of unmelted crystallites. This process is repeated
with decreasing Ts values, each followed by an isothermal annealing phase for the remaining
lamellae. The final heating run manifests the material's fractionation, a result of the preceding
thermal protocol. This methodology has proven effective in molecular segregation, particularly

in polyethylene®®-"2 and later in polypropylene!™>17

The PE chain regularity can be represented by the value of the methylene sequence length
(MSL), calculated from the melting point of the polyethylene grade. As melting temperatures
of ethylene copolymers decrease with the increase in branch content but are independent of the
branch length!’®17® it is convenient to consider this parameter. MSL could be calculated in
relation to the change in melting temperature of polyethylene grade according to empirical

relations such as the one reported in equation (2)*7%180.181,

MSL = —5= 2 (2)

e (m—0.3451) -1

Carmeli et al. were the first to apply SSA to complex recycled blends, successfully
quantifying the composition of specific phases®®. Recent advancements in SSA focus on the
utilization of fast heating and cooling rates to reduce measurement time. Pijpers et al. proposed
mass compensation to maintain data resolution when employing these rapid rates'®. Varga et
al. corroborated this by conducting experiments at constant rates, finding negligible differences
in results when altering the final heating rate!®®'# Lorenzo et al. extended this concept to
hydrogenated polybutadiene, confirming its viability'®'. However, the case study presented in
Chapter 4.1 explores the usage of the fast rates in complex systems, specifically focusing on
recycled polyolefin blends, thereby filling a gap in existing studies.
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The inherent rapid crystallization behavior of polyolefins, with PE crystallizing faster
than PP, yet both crystallizing rather fast in comparison to other polymers, allows for the use
of high heating and cooling rates in SSA. However, there is still a necessity to reduce the mass
of the sample to compensate for the increased rates, thereby reducing the overall thermal

fractionation time®818, This is further explained by the graph in Figure 2.3.1-1.

Indium at
10°C/minute
Normalized Data
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Onset not
influenced
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Figure 2.3.1-1 The principles of the loss of accuracy associated with a sample mass reduction is compensated by the increase

in accuracy associated with the application of a higher rate 62,
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2.3.2 Solution fractionation techniques based on crystallinity

The 1950s and 1960s were pivotal decades in polymer science, marked by a growing
awareness of the need for techniques capable of separating polymers based on crystalline
properties. This was driven by the understanding that crystallinity plays a crucial role in
determining a polymer's functional attributes. TREF emerged as a robust technique, allowing
for the study of polymers and significantly impacting both academic research and industrial
applications. The key theoretical concepts underpinning TREF include solubility and
crystallinity and fractionation process. TREF has since become a pivotal method for polyolefin
separation, with its development attributed to Wild, who built upon the seminal work of
Shirayama et al. and Desreux and Spiegels'®. This technique has significantly advanced the
field, offering a more precise and effective means of studying polymer crystallinity and
composition'®’. Wild TREF operates on the thermodynamic principles governing selective
precipitation and elution, utilizing a controlled temperature gradient to fractionate crystalline

polymer chains®,

Central to the TREF technique is the Flory—Huggins theory, which provides a
fundamental understanding of the thermodynamics of polymer solutions. This theory is
essential for understanding how polymers interact with solvents, a cornerstone of the TREF
process®®. It explains the behavior of polymer chains in solution, particularly how these
interactions influence the crystallization and dissolution of polymers, which are key to TREF's
fractionation capability®.

The Flory-Huggins equation expresses the relationship between the equilibrium
dissolution temperature of a polymer in a solvent and the melting temperature of the
homopolymer. The equation takes into account the heat of fusion per repeating unit, the molar
volumes of the homopolymer repeating unit and the diluent, and the polymer-solvent

interaction parameter’®*1%3, The equation (3) is as follows:

m = @) ()5 (1) v - ] ®
T — Melting temperature of the polymer in the presence of the solvent [K].
T - Equilibrium melting temperature of the pure polymer [K].
AH, - Heat of fusion per repeating unit of the polymer [ﬁ].
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I, and 1V} - Molar volumes of the polymer repeating unit and the solvent,

respectively [T:l—;] or [ﬁ].

v; and v, - Volume fractions of the polymer and the solvent,
respectively[—].

x — Degree of polymerization of the polymer [—].

X1 — Polymer-solvent interaction parameter, a measure of the

interaction between polymer chains and solvent molecules[—].

R - Universal gas constant [ﬁ].

Applying the Flory—Huggins theory to TREF involves understanding how variations in
polymer features, such as molecular weight, comonomer content and chain branching, affect
their solubility and crystallization behavior in a given solvent. This understanding is essential
for optimizing TREF conditions, such as solvent choice, temperature range, cooling and
heating rate, to achieve effective fractionation. The equation for the free energy of mixing in a
polymer solution assumes a uniform distribution of solvent and polymer segments!®, It
accounts for the depression in the equilibrium dissolution temperature of the homopolymer due

to the solvent's presence.

The TREF process involves two main cycles!®*19:

1. Dissolution and Cooling Cycle: the sample is initially dissolved in a thermodynamically
favorable solvent at high temperature. The solution is then subjected to a slow cooling
process without flow, allowing polymer fractionation based on decreasing crystallinity.

2. Elution Cycle: in this stage, fresh solvent is pumped through the column while
gradually raising the temperature. This results in the dissolution of polymer fractions

with increasing crystallinity (i.e., decreasing short-chain branching (SCB) content).

The solvent's role is pivotal, as it dissolves the polymer at elevated temperatures and
allows for crystallization upon cooling!®. Solvents that are used in this method need to meet
the criteria: thermal stability, solubility and IR compatibility**°. 1,2 4-Trichlorobenzene (TCB)
is considered the gold standard due to its thermal stability, allowing for its use in a wide
temperature range from 16°C to 214°C and its solvation properties. However, for materials that
crystallize at temperatures below 30°C, ortho-dichlorobenzene (0-DCB) may be preferred due
to its lower melting point of -18°C to -17°C and a boiling point of 178°C to 180°C,

accommodating substances that crystallize in colder solvents!®’. The chemical inertness of the
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solvent is imperative to prevent reactions that could alter polymer properties and distort TREF
results. Additionally, a high boiling point ensures process consistency and minimizes
evaporative loss, affecting solvent concentration'®1%, Infrared (IR) compatibility is also
crucial; the solvent should not absorb in the same IR regions as the polymer to avoid spectral
interference?®. Specifically, the IR used in TREF detects the concentration of the eluted
polyolefins by measuring the absorption of the IR signal®. Absorption is measured after the
signal goes through the filter tailored for the C-H bond absorption around 2900cm™.
Sustainability practices, such as solvent recycling, are increasingly being adopted in
laboratories to reduce environmental impact and costs, provided the solvent retains its essential

properties?®!,

Crystallization, the most crucial step in TREF, is significantly influenced by the cooling
rate; lower rates yield higher resolution?°2, While the choice of support materials, like glass
beads or stainless steel particles and solvents such as xylene, 0-DCB and TCB?%, play a role,
they do not significantly impact the fractionation process?%22%, Recent research, however, have
revealed how column packing particles affects separation processes?®. TREF's methodology
has been reviewed and improved upon by several researchers, establishing correlations
between elution temperature and SCB content.

TREF can be conducted on both analytical and preparative mode. Analytical TREF (a-
TREF) utilizes a stable concentration detector like an infrared detector to monitor polymer
concentration during the elution cycle?®, whereas preparative TREF (p-TREF) involves
collecting polymer fractions, at selected temperature ranges, for further analysis using
techniques like high-temperature size-exclusion chromatography (HT-SEC), NMR, or infrared

spectroscopy?’.

Polyolefins, due to their varied applications and properties, require precise analytical
techniques for their characterization. TREF stands out by providing detailed insights into their
chemical composition distribution (CCD), crucial for applications ranging from consumer
products to advanced materials engineering. The ability of TREF to fractionate polyolefins
based on crystallinity and molecular structure makes it an indispensable tool in polymer
science?®®. TREF is primarily used for characterizing linear low-density polyethylene (LLDPE)
and other complex polyolefins?®. It is instrumental in investigating microstructure-properties

relationships, such as branching and tacticity?*°. However, for highly isotactic or stereoregular
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structures, crystallization analysis fractionation (CRYSTAF) may offer better resolution?'12%2,
For comprehensive characterization of complex polyolefins, cross-fractionation
chromatography (CFC) provides three-dimensional distribution interrelating molar mass,
chemical composition and concentration, essential for understanding complex materials?t32%4,
In the context of increasing demand for recycled polyolefins, TREF's role is not just confined
to academic research but extends to industrial applications. Understanding its nuances is

essential for scientists and engineers working in material development and quality control?'®.

Despite its utility and significant advancement, TREF faces challenges related to
throughput and experiment duration, driving the development of alternative techniques like
CEF and SSA?'8, TREF's potential contribution to the circular economy in polymer science,
particularly for recycled polyolefin blends, remains a vital area for further research'®2'7, The
need for solvents in TREF also poses some environmental challenges as solvents like TCB
pose some environmental hazards®!8, Therefore, circulation of the used solvents TREF is highly
recommended. This research gap underscores the need to enhance TREF’s capabilities for
analyzing the chemical composition distribution of recycled polyolefin materials, crucial for

qualifying the feedstock providers and recycled polyolefin compounds design.

2.3.3 Chromatographic techniques

The technique discussed in the preceding sub-chapter for assessing molecular weight
distribution (MWD) is gel permeation chromatography (GPC). This method is fundamentally
driven by thermodynamic interactions, primarily entropy, and its significance in evaluating

macromolecular structures is well-documented in the literature?!®.

GPC's roots can be traced back to the early 20th century, but its application to polymers
gained prominence in the late 1950s, thanks to the seminal work of J.C. Moore at Dow
Chemical Company?2°-222_ Initially designed for poly(styrene) characterization, the technique
extended its applicability to polyolefins by the 1970s. Subsequent advancements in multi-
detector systems and computational models have considerably expanded GPC's analytical

SCope.

SEC, which stands for size-exclusion chromatography (or GPC), operates on a principle
of chromatography methods??3. All forms of chromatography, including SEC, are based on the

principle of separating components of a mixture based on differences in their interaction with
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a stationary phase and a mobile phase??*. However, in SEC, this separation is not based on
adsorption or chemical affinity, but rather on the size and shape of the molecules®?. This
unique approach allows SEC to effectively separate molecules based on their physical
dimensions, making it an essential technique in fields like biochemistry and polymer science??®.

In chromatography, solute molecules move within the column, alternating between the

mobile and stationary phases®?’

. This movement is driven by the need to maintain
thermodynamic balance, ensuring that solutes distribute across both phases??®. This state of
equilibrium is typically reached during chromatographic processes, a fact supported by both
flow-rate studies and static mixing experiments in size exclusion chromatography (SEC)?%.
The principle of thermodynamic equilibrium in solute distribution indicates that each solute
component maintains consistent chemical potential across both phases. In dilute solutions,
when equilibrium is attained, the solute distribution is linked to the difference in standard free

energy (AG°®) between phases, maintained at a constant temperature and pressure?®l. The

following equation (4) represents this relationship:

AG® = —RT InK (4)
AG,, - Gibbs free energy difference between the phases [kJ].
R — Gas constant [ < ].
mol ‘K
T - Temperature [K].

- Solute partition coefficient, and In signifies the natural logarithm [-].

AG® is further broken down into AH° (standard enthalpy difference) and TAS®
(temperature times standard entropy difference) between phases. So, it can be represented as

equation (5):

AG® = AH° — T AS® (5)
AG,, - Gibbs free energy difference between the phases [kJ].
AH,, - Change of the enthalpy [%].
T — Temperature [K].
AS,, - Change of the entropy [%].

In other liquid chromatography (LC) techniques, solute partitioning predominantly
occurs due to interactions between the solute and the stationary phase?®2. These interactions,

whether they involve absorption or adsorption, bring about significant enthalpy alterations,
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while the entropy changes are generally minimal and often negligible?*3. Consequently, by
applying the aforementioned equations and disregarding the AS® factor, one can deduce the

formula (6) for Kic as:

AH

Kic=e &t (6)

When retention is governed by entropic transformations, the size exclusion mode is

active, but when retention is governed by enthalpic interactions, the adsorption mode is active.

In the ideal case of GPC, where no enthalpic interaction i.e. (AH=0), Ksec is then represented
as equation (7):

ASO

Kspc = e R (7

The GPC process involves dissolving polymers in a solvent and passing the solution
through a column packed with porous beads?34. The beads serve as the stationary phase and are
typically made of an inert copolymer of polystyrene (usually crosslinked poly (styrene-
divinylbenzene) (PS-DVB) gels) where the porosity can vary?®®. When in solution, the
polymers serve as the mobile phase. Polymer chains curl up into balls in solution and the size
or hydrodynamic volume of the balls varies with the molecular weight of the polymer chain?®.
As the solution is injected into the column and passes through the beads the molecule enters
the pore, it becomes confined and hence unable to acquire all potential conformations, resulting
in a loss of conformational entropy?’. The larger molecules are either not entering pores at all
or are eluted first and hence have the shortest retention time in the column. The smallest chains
have more possibilities to enter the pores therefore are retained for longer in the column and
are eluted later®®, Detectors at the point of exit measure the concentration of the sample eluted
against time. This allows the segregation of the polymer samples according to their molecular
weight?3. At its core, GPC operates on thermodynamic principles, specifically the partitioning

of the solute between a mobile and a stationary phase?*°.

GPC has proven very effective in determining the molecular weight distribution®*!. The
process involves the separation of pure polymer samples into different molecular weights.
However conventional GPC systems do not provide direct information on crystallinity or other
chemical identity of the polymers. It is crucial to recognize that macromolecules with identical
hydrodynamic volumes can exhibit variations in chemical composition?#2243, Therefore, it is
possible for polymers of different chemical identities to be eluted together so long as they have

the same hydrodynamic volume, presented in equation (8), meaning the same size in solution.
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This proves ineffective in separating different forms of the same polyolefins within a sample

of recyclates.

Vg =n-M (8)
Vy - Hydrodynamic volume [mL].
n - Viscosity [m?L].
M - Molecular weight [ﬁ].

To address this, GPC analysis of polyolefins has been augmented by the integration of
multiple detectors. These include molar mass-sensitive detectors such as multi-angle light
scattering detectors?*424 online-viscosity detectors?*249, and chemical-sensitive detectors
like FTIR?%-% or NMR spectroscopy?>®2%¢, This multi-detector approach, coupled with the
precise molecular weight distribution data generated, provides invaluable insights into the
chemical structure variations across the molecular weight spectrum in ethylene and propylene-

based polymers®’.

2.3.4 Spectroscopic techniques

Spectroscopic techniques offer a comprehensive molecular understanding of polyolefins,
crucial for advancing the field of recycled polyolefin blends and their crystallization kinetics®°.
Fourier-transform infrared (FTIR) spectroscopy excels in identifying functional groups,
thereby providing insights into copolymer composition and the presence of side branches or
defects?®®. However, its sensitivity to non-polar functional groups like C-H and C-C is limited,

constraining its utility for quantifying low concentrations of structural defects in polyolefins®®®.

Raman Spectroscopy, sensitive to molecular vibration symmetry, offers valuable data on
crystallinity and orientation?®. It effectively measures factors influencing the thermal and
mechanical properties of polyolefins?®!. However, fluorescence interference can mask the

Raman signal in certain samples.

Nuclear magnetic resonance (NMR) is particularly effective for detailed molecular
structure elucidation, including stereochemistry and sequence distribution in copolymers?®,
Both *H and **C NMR are invaluable for understanding tacticity and comonomer distribution,

key parameters for crystallization behavior in polyolefins!®®. Despite its high-resolution
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capabilities, NMR requires extensive sample preparation and is less suited for high-throughput

analysis?®,

Emerging techniques like two-dimensional correlation spectroscopy (2D-COS) and
terahertz spectroscopy could further enrich polyolefin characterization?®*. Given the rapid
advancements in spectroscopic methodologies, a continuous update of this theoretical

framework is advised.

2.3.5 Morphological and structural analysis techniques

Scanning electron microscopy (SEM) and wide-angle X-ray scattering (WAXS) are
critical tools for the characterization of polyolefins, each playing a complementary role in
polymer science?®®. SEM has been a pivotal technique for morphological studies in polymer
analysis. It offers high-resolution imagery that reveals the surface topography and composition
of materials, including polyolefins®®®, Hagége et al.?®” demonstrated the method's usefulness in
characterizing the size and shape of catalyst and polyethylene prepolymer particles. Park et al.
268 furthered this by introducing a chemical etching technique for investigating the
microstructure of melt-crystallized polyethylene, particularly banded spherulites. Wilkes et
al.?®® and Tagawa et al.?’® both utilized SEM to study the fine structure of polymers, with
Wilkes focusing on spherulitic segmented polyurethanes and Tagawa on the fine lamellar
structure of polyethylene. These studies collectively highlight the significant leap in polymer
analysis made possible by SEM. However, it is important to note the potential challenges of
SEM analysis, such as radiation damage and the need for proper controls?’*. The advent of
modern SEM techniques, capable of 3D imaging and energy-dispersive X-ray spectroscopy
(EDS), has further enhanced our understanding of the surface characteristics and the
distribution of additives within polyolefins, thus providing insights into their macroscopic to

nanometric features®’2.

WAXS, in conjunction with SEM, has been pivotal in understanding the atomic
arrangements in the crystalline domains of polyolefins, and how these arrangements impact
their mechanical properties. It has provided crucial data on unit cell dimensions, crystallinity
degrees, and crystallite orientations, which are essential for comprehending the intrinsic
properties of polyolefins and their potential engineering for specific uses?’®. Furthermore,
WAXS has been used to monitor the structural and morphological developments during the
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crystallization of isotactic polypropylene, revealing the presence of oriented crystallites and

their dependence on molecular weight distribution 274,

The use of SEM and WAXS in the study of polyolefins has significantly advanced our
understanding of their microstructural features and macroscopic behavior. These techniques
have been particularly valuable in predicting material behavior based on structural data for
virgin materials®”®. In the realm of recycled polyolefins, they have revealed the complex
interplay between processing, degradation, and material properties’. For instance, advanced
WAXS has provided insights into the restructuring of crystalline phases during recycling,
which is crucial for developing recycling methods that preserve material properties®™.
Similarly, SEM has shed light on the morphology of recycled polyolefins, highlighting the
impact of impurities and blend miscibility on recycled product quality?’®. These findings
underscore the importance of these techniques in both understanding and improving the

properties of polyolefins.

Together, SEM and WAXS have catalyzed a comprehensive understanding of
polyolefins. The integration of these techniques with thermal and chromatographic methods
has established a multi-faceted approach to polymer characterization. SEM delivers the
morphological narrative, while WAXS deciphers the subtleties of the crystalline structure.
Their synergistic application offers a holistic vista of polyolefins, enriching our knowledge of
their processing, behavior and ultimate application in a diverse array of industries. This
harmonized approach continues to advance our understanding and opens pathways for the
ongoing refinement of both virgin and recycled polyolefin grades.

2.3.6 Hyphenated techniques

Hyphenated techniques in analytical chemistry refer to methods where two (or more)
different analytical techniques are combined in a single analysis?’"?’®, This combination is
usually done to enhance the capabilities of the analytical process, allowing a more detailed and

accurate analysis of complex samples.

In the field of polyolefin characterization, hyphenated techniques represent a significant
advancement, providing more comprehensive, accurate, and efficient analysis than traditional
methods. These techniques combine various analytical methods, each contributing its strengths

to overcome the limitations of standalone approaches. For instance, techniques like GPC-IR
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(gel permeation chromatography with infrared detection) and TREF (temperature rising elution
fractionation) have revolutionized the understanding of polyolefins?’%2°, by combining these
2 techniques, the analysis acquires a multidimensional perspective, significantly elevating the
information about the analyzed polymer sample?®!,

The GPC-IR technique combined with TREF is called cross-fractionation
chromatography (CFC) or TREFXGPC?2, This technique is an advanced analytical method
used in polyolefin science. It is designed to provide detailed characterization of polymers,
particularly in understanding their composition and structure?®. CFC is highly valued for its
ability to analyze complex polymer systems?34,

The inception of CFC was driven by the need for a more comprehensive analysis of
polymers?, Traditional chromatographic technique like size exclusion chromatography (SEC)
or crystallization based technique like temperature rising elution fractionation (TREF)
provided limited information, focusing either on molecular size or chemical composition
separately?%28’ CFC emerged as a solution to integrate these dimensions, offering a more

holistic view of polymer properties.

CFC operates on the principle of combining multiple fractionation techniques, usually
involving a sequential process. In a typical CFC setup?®:

— First dimension - Chemical Composition Analysis: the polymer sample is first
fractionated based on its chemical composition. Techniques like TREF (described in
Chapter 2.3.2) or crystallinity analysis are employed. This step separates the polymer
chains based on their chemical heterogeneity, such as the distribution of comonomers.

— Second dimension - Molecular Size Analysis: the fractions obtained from the first step
are then passed through a second dimension, typically using SEC/GPC (described in
Chapter 2.3.3). This stage separates the polymer chains based on their molecular weight
or size.

— Detection and Analysis: the final step involves detecting and analyzing the fractions
using detectors like infrared (IR), refractive index (RI), viscometry, or light scattering.
This provides comprehensive data on molecular weight distribution, composition

distribution, short-chain branching and other crucial polymer properties?®.
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Notable combinations like TREFXGPC offer simultaneous insights into chemical
composition distribution (CCD) and molecular weight distribution (MWD), addressing the

intricate microstructural complexities of contemporary polyolefin resins?%.

The genesis of these techniques was primarily to enhance the characterization of linear
low-density polyethylene (LLDPE). These hyphenated methods have been instrumental in
elucidating synthesis-structure relationships. For example, W. Yau employed a Hybrid 3D-
GPC-TREF instrument with three online detectors to characterize various polyolefins?#. Ortin
et al. further innovated by developing a fully automated cross-fractionation instrument (TREF-
GPC)?!, expanding the analytical capabilities for polyolefins, including the study of catalytic

systems in high-density polyethylene (HDPE) intended for pipes?®2.

These advancements have also facilitated the investigation of thermomechanical
degradation in polyolefin blends, such as polypropylene and polystyrene?®. For complex
syntheses or degradation products, integrating multiple methods for a comprehensive
understanding of molecular architecture?®®. Bungu and Pasch proposed constructing libraries

correlating molecular weight and branching across different polyolefin materials®%*.

In summary, the characterization of virgin polyolefins is an ensemble of multiple
analytical techniques. Each one contributes unique insights into the molecular or
morphological attributes of the material. The amalgamation of these techniques provides a
comprehensive understanding, particularly crucial for recycled polyolefins, which present

additional challenges due to impurities, additives, and heterogeneities.

2.4 Impact of processing on crystallization behavior

In the realm of polyolefin research, the processing of neat polypropylene (PP) and
polyethylene (PE), as well as their blends, is a critical aspect that directly influences their
crystallization behavior, and consequently, their final properties'®2. The processing of these
polymers, encompassing a range of techniques such as extrusion, injection molding, and blow
molding, plays a pivotal role in determining the microstructure and hence the mechanical and

thermal characteristics of the final product?®,

The crystallization of PP and PE during processing is not merely a function of their

inherent molecular structures but is also significantly modulated by the processing
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conditions?®. Variables such as temperature gradients, cooling rates and shear forces
encountered during processing can profoundly alter the crystalline morphology?®"?%. For
instance, faster cooling rates can lead to higher degrees of supercooling, resulting in finer
spherulitic structures, which in turn influence properties like toughness, clarity and barrier
performance. In the context of blends, the interaction between different polyolefin types during
processing further complicates the crystallization behavior, introducing additional variables
like blend composition, compatibility and the presence of any compatibilizers or nucleating

agent8299,300

The goal of this section is to explain how processing conditions influence the
crystallization behavior of PP, PE and their mixtures. Processing-induced crystallization has a
substantial impact on the feasibility and performance of recovered materials. Understanding
these relationships is critical for increasing the possible applications of recycled polyolefins,
which are usually blends of the aforementioned polymers

2.4.1 Insights into the crystallization of neat polypropylene and polyethylene

Polyethylene (PE) and polypropylene (PP) are polymers with diverse structural and
molecular weight characteristics, each imparting unique crystallization behaviors that

significantly influence their properties®®,

PE variants range from low-density (LDPE)3%, high-density (HDPE), to linear low-
density (LLDPE)®®. LDPE, with its highly branched structure, exhibits lower crystallinity and
melting temperatures compared to HDPE, which has a more linear structure with minimal
branching®®4. LLDPE, on the other hand, combines aspects of both LDPE and HDPE, providing
unique properties like enhanced tensile strength and puncture resistance®®. These structural
differences impact not only the crystallization and melting behavior but also the chemical
resistance of these materials®®. LDPE, with its lower crystallinity, is more susceptible to
chemical attack, while HDPE offers better chemical resistance due to its higher crystallinity
307 In processing, these variations necessitate different temperature and cooling rate controls
to achieve the desired crystalline structure, which in turn affects the mechanical properties such
as toughness, rigidity and transparency>%. The applications of these PE types are vast, ranging
from flexible films in packaging (LDPE), to rigid containers and piping systems (HDPE), and
films requiring a balance of flexibility and strength (LLDPE). The crystal structure of PE is the
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orthorhombic form®®. Polymers with bulky side chains and branches generally have lower
crystallinity compared to unbranched ones. Hence HDPE has higher crystallinity compared to
LDPE or LLDPE which are more branched®?. Branching length and distribution along the polymer
chain affect the crystallinity and these can be controlled during the polymerization process. Such

that polyethylenes can exist with varying degrees of crystallinity.

PP exists in various forms including atactic, syndiotactic and isotactic configurations,
each presenting distinct crystallization characteristics®!!. Isotactic PP, with its regular and
uniform chain structure, exhibits higher crystallinity and melting points, translating to greater
stiffness and heat resistance®?. In the case of PP, this characteristic is exemplified by the
existence of multiple crystalline forms, including a-, B-, y-phases and a mesomorphic phase®2,
Each of these phases represents a different arrangement of the PP chains, which all maintain a
three-fold helical conformation but differ in their packing within the crystal lattice®!*, while
atactic PP, with its random methyl placement with respect to the backbone chain’s plane, is

largely amorphous and has lower strength3!°,

In addition to homopolymers, there are heterophasic PP copolymers (HECOSs), essential
in applications requiring improved properties, such as automotive components. The glass
transition of PP around 0°C necessitated the development of toughened grades®!®. Initially,
these were produced as compounds with ethylene-propylene (EPR) or ethylene-propylene-
diene elastomers (EPDM)3'7318, However, more cost-effective solutions emerged with "block
copolymers” from multi-reactor plants, like the Novolen or Spheripol process. These
copolymers combine a crystalline PP matrix with embedded particles of EPR and PE, offering
enhanced impact resistance and low-temperature performance. The development of 2nd and
3rd generation ZN catalysts in the 1970s and 1980s enabled the reliable synthesis of HECOs
with high impact strength. HECO’s are also called “PP impact copolymers”.

In summary, the structural and molecular weight diversity of PE and PP has profound
implications on their crystallization, melting behavior and chemical resistance. These factors
need to be carefully considered during processing to tailor the mechanical properties of the
final product to specific industry requirements. Understanding these nuances is crucial for
optimizing the use of these materials, particularly in the context of recycling and creating

sustainable polyolefin products.
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2.4.2 Impact of nucleation on crystallization forms in neat PP and PE

Nucleation, the initial step in the crystallization of polymers like polypropylene (PP) and
polyethylene (PE)3!, sets the stage for the transition from a disordered melt to an ordered
crystalline structure, dictating the formation of crystallites that significantly influence the

polymer's properties®?°

. While homogeneous nucleation, occurring in ideal, impurity-free
systems, is less common in PP and PE due to high energy requirements, heterogeneous
nucleation, where impurities or added nucleating agents act as catalysts, predominates, thereby
reducing the energy barrier and facilitating crystallization. This process is intricately linked to
the molecular characteristics of PP and PE, such as molecular weight and branching, which
affect chain mobility and thus the rate and nature of nucleation, with higher molecular weights

or greater branching often impeding nucleation®2t,

The Gibbs free energy has been the main parameter used to quantify the nucleation and
growth stages in polymer crystallization. It implies a balance between decreasing the enthalpy
and trying to limit the entropy losses. This free energy of crystallization can be easily explained

by Gibbs thermodynamic equation (9)3%2:

AG = AH — TAS 9)
AG — Gibbs free energy [kJ].
AH - Change of the process enthalpy [%].
T — Temperature [K].
AS - Change of the process entropy [%].

In the crystallization of polyolefins, nucleation is a critical step that requires a particular
molecular chain arrangement to form a new phase. From a thermodynamic perspective, this
involves close packing of chain segments to distances characteristic of the crystalline unit cell,
aligning with crystal symmetry. During nucleation, the Gibbs free energy (AG) initially
increases due to the energy required to form a new interface between the crystalline and

amorphous phases.

As molecules get incorporated into the embryo, there is a reduction in Gibbs free energy,
driving the crystallization process forward. The overall energy balance during the formation of
a crystal involves both surface and bulk contributions, as represented by (10) :

AG =VAg + Y4 0; (10)

AG — Gibbs free energy [J].
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/4 —~ Volume [m?3].

Ag - Bulk free energy change per unit volume [#].
A; - Surface area [m?].

g; - Surface free energy per unit area [#].

Nucleation in polyolefins is influenced by both the molecular characteristics of the
polymers and the external processing conditions, such as cooling rate and shear. These factors
collectively determine how nucleation occurs®?; for example, rapid cooling tends to increase
the nucleation rate, leading to a higher number of smaller crystallites, while slower cooling
allows for the growth of larger crystallites and shear can align polymer chains, promoting
uniform crystalline structures®?. In this context, the introduction of nucleating agents into PP
and PE proves to be a pivotal control mechanism, providing additional nucleation sites and
thus refining the crystalline structure, with the choice and dispersion of these agents within the
polymer matrix being critical for achieving the desired mechanical and thermal properties.
Nagarajan et al.>®® and Mubarak et al.3*®® both highlighted the effectiveness of specific
nucleating agents in increasing crystallization temperature and the number of nuclei formed in
PP. Mubarak et al.*?® noted the impact of nucleating agents on the mechanical properties of PP,

with higher crystallinity and a-crystal content leading to increased stiffness and yield stress.

Transitioning from neat polymers to blended systems, the foundational understanding of
nucleation in PP and PE becomes vital®?’, as the blending of different polymers introduces
additional complexity to nucleation behavior, making the prediction and control of
crystallization more challenging but also more intriguing, paving the way for tailored material

properties through meticulous molecular and processing condition optimization®?®,

2.4.3 Crystallization in processing conditions of neat PP and PE

The crystallization of neat polypropylene (PP) and polyethylene (PE) under various
processing conditions is a key factor determining their final properties®?®. The primary
processing parameters that significantly influence the crystallization behavior of these

polymers are temperature, cooling rate and pressure3%,
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The crystallization of PP and PE is highly temperature-dependent®3!. The crystallization
temperature range for each polymer is determined by its specific molecular structure. During
processing, maintaining the temperature within the optimal crystallization range is crucial.
Temperatures that are too high can delay crystallization, leading to more amorphous regions
and less rigidity in the final product. Conversely, temperatures that are too low can lead to

uneven crystallization, affecting properties like clarity and impact strength®%,

The cooling rate is another critical factor in the crystallization process. Rapid cooling can
lead to a higher degree of supercooling, resulting in smaller spherulites and a less opaque
product with potentially higher impact strength but lower stiffness®*3. Slow cooling allows for
the formation of larger, more perfect spherulites, which can enhance stiffness and thermal
resistance but may reduce impact strength and transparency. The cooling rate must be carefully

controlled to achieve the desired balance of properties.

Pressure, particularly in processes like injection molding, can significantly influence the
crystallization behavior of PP and PE®*. The relationship between processing parameters and
the crystalline structure developed in PP and PE is complex and interdependent®®. For instance,
the combination of high temperature and slow cooling might be ideal for achieving a certain
degree of crystallinity in PP, but the same conditions might not be suitable for PE due to its
different molecular structure?®. Similarly, the optimal pressure settings for injection molding

might vary significantly between PP and PE33¢,

In summary, understanding the relationship between processing conditions and the
crystallization behavior of PP and PE is essential for tailoring their properties. This
understanding allows for the optimization of processing parameters to achieve the desired
mechanical, thermal and optical properties in the final product, which is especially crucial for

applications requiring specific performance characteristics.

2.4.4 Crystallization in binary and ternary blends of PP and PE

The crystallization behavior of binary and ternary blends of polypropylene (PP) and
polyethylene (PE) is a complex interplay of the individual components' characteristics,

influenced significantly by their interactions under various processing conditions®’.
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In binary blends of PP and PE, the interaction between these polymers is predominantly
dictated by their respective molecular structures and crystallization kinetics. PP and PE exhibit
different crystallization temperatures and spherulitic growth rates. When blended, these
differences can lead to either synergistic or antagonistic effects on the crystallization behavior.
For instance, in some blends, PE can act as a nucleating agent for PP, enhancing its
crystallization rate. Conversely, the presence of PP can induce the crystallization of PE®6:83338,
This interplay affects the final microstructure of the blend, influencing properties like tensile
strength, impact resistance and thermal stability. The processing conditions, such as cooling
rate and shear, further modulate these effects, making the prediction of the final properties

more complex3.

The complexity increases with ternary blends, where an additional polyolefin component
is introduced. These blends offer a broader spectrum of property manipulation but require a
more intricate understanding of the interactions among the constituents**%34, The
crystallization behavior in such systems is affected not only by the individual polymers'
characteristics but also by their relative proportions and compatibilization strategies. For
example, the addition of a third component, such as a linear low-density polyethylene
(LLDPE), into a PP/HDPE blend, can result in improved impact properties and processability.
However, it can also lead to a more heterogeneous nucleation environment, affecting the

overall crystallization kinetics and morphology®*2.

In both binary and ternary blends, the key lies in understanding how the different
components' crystallization behaviors interact under specific processing conditions. This
includes analyzing how factors like blend ratio, molecular weight distribution and the presence
of compatibilizers or nucleating agents influence the overall crystallization process®®. By
manipulating these variables, it is possible to tailor the mechanical and thermal properties of
the blends for specific applications, such as in packaging, automotive components, or consumer

goods.

Immiscibility and crystallization of PP/PE blends

The dynamics of crystallization within polyethylene (PE)/polypropylene (PP) blends are
profoundly influenced by the blend components' compatibility or lack thereof, a characteristic
governed by their inherent properties and the specific conditions under which the blending

process is executed. A study by Lovinger et al. offers insights into the blends' morphology and
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tensile properties, highlighting the pivotal role that the composition of the blend plays in
defining the mechanical and structural attributes of the resulting materials. The tendency of
these blends to fail at low levels of elongation can be traced back to their biphasic structure,
which is characterized by either interpenetrating networks or discrete islands of the minority
component embedded within the matrix. Notably, incorporating a minimum of 10% PE into
the blend leads to a significant reduction in the average size of PP spherulites, a phenomenon
that is believed to enhance the tensile modulus, particularly in blends composed of
approximately 80% PP. Furthermore, the introduction of specific nucleating agents into PP not
only further reduces the average spherulite size but also results in modest improvements in the
material's modulus. This sequence of adjustments and additions elucidates a complex interplay
between blend composition, structural morphology and mechanical performance, underscoring
the intricate balance required to optimize the properties of PE/PP blends®®. Furthering the
investigation into crystallization kinetics, Bartczak et al.%? and Wenig and Meyer**collectively
found that the growth rate of PP in PP/PE blends does not depend on the presence of the PE
phase, challenging previous assumptions®*® and highlighting the complexity of polymer blend
behavior. The role of PP in nucleating the crystallization of PE was proposed by Last**®, though
this was speculative without direct proof. Meanwhile, studies by Lotz and Wittmann and others
34734130 have observed epitaxial overgrowth and morphological changes under specific
conditions, indicating lattice matching and epitaxial crystallization despite the general
immiscibility of PP and PE. Rybnikar et al.*®! concluded that the enhancement of linear PE
crystallization rate was attributed to the nucleating action of crystallized PP phase, which was
excluded by Nishio et al.>®? and Kojima and Satake®®. Souza et al. investigated how the
processing temperature and HDPE concentration affect the interfacial tension in PP/HDPE
polymer mixtures, discovering a reverse relationship between interfacial tension and these
variables®. In a recent paper of Samuel et al., different methods of quantifying the melt
compatibility between polyolefins by surface/interfacial tensions are compared®*. It suggests
that the surface tension difference could be a useful parameter for evaluating and optimizing
the melt compatibility in the absence of compatibilizers. Surface/interfacial tensions are a
fundamental aspect that influences both liquid-liquid separation and crystallization-induced
phase separation. High interfacial tension can exacerbate phase separation by making it more
difficult for the polymers to mix. This is a distinct phenomenon primarily concerned with the
energetic balance at interfaces, which impacts the overall morphology and properties of the
blend, by determining the ease with which phases can separate or mix. Double morphologies
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were explain by liquid-liquid®® and crystallization-induced phase separation®*®. Liquid-liquid
separation and crystallization-induced phase separation are connected through their influence
on the morphology of the blend. However, liquid-liquid separation occurs in the molten state
due to immiscibility, while crystallization-induced phase separation occurs as a result of
different crystallization rates and temperatures. Crystallization-induced phase separation is
driven by differences in crystallization behavior rather than by the initial immiscibility. This
phenomenon is closely related to melt processing in that the thermal history and cooling rates
can significantly impact the extent and nature of phase separation. Both phenomena lead to
distinct phase domains but differ in their underlying causes and stages at which they occur. In
the former, during melt mixing, the components in the blend do not mix uniformly, but instead
form separate liquid domains before solidifying into crystals. PP and PE have different
conformational structures in the crystalline state, with PE forming a zig-zag planar
conformationand PP organizing in a helical conformation. This difference affects the
crystallization Kinetics, with PE crystallizing much faster due to its higher chain flexibility
compared to PP. The presence of branches in PE can hinder chain movement and delay the
self-organization process, affecting crystallization kinetics and final morphology. The content
and type of branches or comonomers significantly influences the crystallization behavior of
PE, with higher branch contents leading to easier phase separation in the melt and affecting the
heterogeneous morphology upon crystallization. In PP/PE blends, the crystallization of each
component can vary significantly compared to the neat components, depending on the blend's
morphology. For instance, crystallinity does not significantly vary in droplet-matrix
morphology, while in co-continuous systems, the crystallinity of each component might change
up to 20% due to the addition of the other component. The presence of PE in a PP blend reduces
the nucleation density, explained by the migration of nucleating heterogeneities from PP to PE
domains during melt mixing, driven by the difference in interfacial free energy of the impurity
between the two phases. Partial miscibility can occur upon cooling from the melt just with
special PE grades, but segregation during the crystallization process is common. Miscibility
among different types of PEs can lead to the co-crystallization phenomenon, where chains of
two PE types intermix at the macromolecular level, leading to the formation of joint crystals.
The extent of co-crystallization increases with the closeness of the crystallization rates of the
components and is influenced by the concentration of the branched component and the

crystallization conditions imposed>"—3%°,
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The current trend is to improve PP/PE miscibility by adding compatibilizers.
Compatibilizers essentially act as molecular bridges that improve the interaction between PP
and PE®*®, The compatibilization of polyolefin blends leads to lowering of the interfacial
tension in immiscible blends and formation of stable and desired morphology. Compatibilizers
are usually block and graft copolymers or nanofillers with affinity for both components forming
the blend™*?*¢1.362 Consequently, these species have a tendency to locate at the interface
between the two phases, visualized on Figure 2.4.4-13%, These chain segments of the block or
graft copolymers can be identical as those of the main polymers or they can be different,
provided that the blocks are well miscible with the corresponding phases. Furthermore, the
presence of compatibilizing agents in the blend suppresses the coalescence of the dispersed
phase and hence reduces the size of the domains®64%, If the compatibilizer molecules penetrate
the matrix and dispersion phase deeply enough to co-crystallize or become entangled with the
polymer chains of both phases, they improve solid-state adhesion®®. Good interfacial adhesion
improves the stress transfer from one phase to another and prevents the growth of cracks
initiated at the interface. Overall effective compatibilization leads to enhanced mechanical

properties, stability and processability of the blend.

a)

Figure 2.4.4-1 lllustration of PP/PE blend enhancement with compatibilizers: a) shows the phase separation in a PE matrix
with PP droplet without compatibilizers; b) depicts compatibilizers as molecular bridges between the PE matrix and PP

droplet.

The melt immiscibility and miscibility of PP/PE blends play a crucial role in determining
the blend's final properties. Understanding the complex interactions between PP and PE during
the blending and crystallization processes is essential for optimizing the properties of these
blends for specific applications. The behavior of PP/PE blends in the melt and during
crystallization is a fascinating area of study that combines aspects of thermodynamics, polymer

science and materials engineering to create materials with tailored properties.
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In conclusion, understanding the crystallization of binary and ternary blends of PP and
PE is vital for advancing the application of these blends, particularly in recycling scenarios,
where the ability to predict and control the properties of recycled materials is crucial for their

effective reuse.

2.4.5 Impact of nucleation and surface nucleation on crystallization in polyolefins

Surface nucleation plays a crucial role in determining the crystallization behavior in
polyolefins, such as PP and PE®’. The process of nucleation, especially at surfaces,
significantly influences the overall crystallization kinetics, morphology, and thus the final
properties of these materials.

The characteristics of a surface, such as its chemical composition, roughness and energy,
can profoundly influence the nucleation of polyolefins®®. Surfaces with higher energy or
roughness can induce heterogeneous nucleation more effectively than smoother, lower energy
surfaces. For example, the introduction of certain fillers or fibers can provide additional
nucleation sites, leading to a finer spherulitic structure in the polymer®®®. This change in

morphology can enhance properties like mechanical strength, stiffness and clarity.

Additives are often used in polyolefins to modify their crystallization behavior.
Nucleating agents®’, for instance, are added to increase the number of nucleation sites, thereby
promoting faster crystallization and resulting in a finer and more uniform crystalline
structure®™*. This is particularly useful in improving the optical clarity and heat resistance of

PP and PE. Common nucleating agents include organic salts, pigments, and certain minerals®’2.

The use of external nucleating agents is a strategic approach to control the crystallization
behavior of polyolefins®’3. These agents can be specifically chosen to tailor the nucleation
process, influencing factors like the crystallization temperature, rate of crystallization and the
size of the crystallites. For example, talc is often used in PP to improve its rigidity and thermal

properties by altering the crystallization process".

During processing, the interaction of these surface characteristics and additives with the
polymer melt plays a critical role®”>. Processing conditions like temperature, shear rate and
cooling rate can interact with the nucleation behavior, further influencing the crystallization

process®’®. For instance, a higher shear rate in the presence of nucleating agents can lead to a
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more pronounced nucleation throughout the polymer, enhancing the uniformity of the

crystalline structure3®,

In conclusion, surface nucleation is a key factor in dictating the crystallization forms in
polyolefins. By understanding and controlling the surface characteristics, the use of additives,
and the application of external nucleating agents, it is possible to tailor the crystallization
behavior of PP and PE during processing. This control is essential for achieving the desired
material properties, particularly in applications where specific mechanical, thermal and optical

properties are required.

2.4.6 Effect of processing conditions on crystallization of recycled polyolefins
blends

This chapter culminates in an intricate exploration of how processing conditions
distinctly impact the crystallization forms of recycled polyolefin blends®’’, a subject that lies
at the heart of this thesis, knitting together the insights gathered from the study of neat
polyolefins. Recycled polyolefin blends, comprising materials like recycled polyethylene and
polypropylene, present unique challenges in crystallization due to the variability in their
molecular structures®’®, a consequence of their previous life cycles and processing histories.
The temperature, a critical factor in the crystallization of neat polymers, assumes an even more
complex role in recycled blends; variations in thermal history and the presence of impurities
or additives in recycled materials can lead to a wide range of crystallization behaviors, often

resulting in less predictable crystalline structures®®.

Cooling rate, another pivotal processing condition, impacts these blends differently
compared to their neat counterparts; the presence of mixed molecular weights and
compositions in recycled blends can lead to diverse crystallization kinetics, affecting the
material's overall mechanical and thermal properties. Similarly, the pressure and shear rate
during processing, which can influence the orientation and size of crystallites in neat
polyolefins, must be carefully managed in recycled blends to account for the added complexity
of mixed polymers, with the goal of achieving a balance between material strength and
ductility®”®. The interplay of these processing conditions with the inherent heterogeneity of

recycled blends underscores the challenges in controlling and predicting their crystallization

42



PhD Thesis
Magdalena Gora
behavior, making the optimization of processing parameters a key focus for researchers and

industry practitioners alike.

This exploration of processing conditions and their effects on the crystallization of
recycled polyolefins not only aligns with the core focus of this thesis but also bridges the gap
between the fundamental understanding of neat polyolefin crystallization and the more nuanced
scenarios presented by recycled materials. By tying in the previous sections on neat polyolefin
crystallization, nucleation and the impact of processing conditions, this section offers a
comprehensive perspective on the complexities and opportunities inherent in recycling
polyolefin blends, highlighting the potential for advancing sustainable material practices in the

polymer industry.

In conclusion, the study of crystallization in recycled polyolefins, influenced by diverse
processing conditions, presents both a challenge and an opportunity, paving the way for more
sustainable and efficient use of these ubiquitous materials in various applications, a theme that
resonates throughout this thesis and represents a significant contribution to the field of polymer

science.

2.5 Summary

Polyolefins, from their inception to their modern applications, have been shaped by a
myriad of factors including chemical structure, processing techniques, and now, sustainability
concerns. The characterization techniques, both traditional and emerging, offer a window into
this complex world. Yet, there is still much to be explored, especially in the context of recycled

materials and their intricate behaviors.

Adaptation of sophisticated R&D methods developed for virgin grades to study recycled
materials is ongoing, there are intrinsic challenges due to the nature of recycled polyolefins.
These include issues related to contamination, material heterogeneity, and the need for
modifications in analytical techniques. This necessitates a re-evaluation and potentially the
development of new methodologies or adaptations of existing ones to accurately characterize
and analyze recycled polyolefins. This area represents a fertile ground for further research and

innovation, particularly in advancing recycling and circular economy initiatives.
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The roadmap is clear; there is a compelling need for more sophisticated characterization
tools and advanced processing techniques, especially for recycled polyolefins. The ever-
increasing demand for these materials, both in virgin and recycled forms, mandates a
continuous and rigorous academic pursuit. It is this incessant quest for knowledge that will

catalyze future advancements in polyolefin science and technology.
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3 Fast successive self-nucleation and annealing (SSA) thermal
fractionation protocol for the characterization of polyolefin

blends from mechanical recycling

In the realm of polyolefin recycling, the industry faces significant challenges in
efficiently analyzing and characterizing recycled blends, which is crucial for optimizing
recycling processes and improving the quality of recycled materials. Traditional methods often
fall short in providing detailed insights, particularly regarding the crystallization behavior of
these complex blends. Chapter 3 of the thesis introduces a valuable approach using fast
successive self-nucleation and annealing (SSA) protocol performed on differential scanning
calorimetry (DSC) to fill this gap. This method allows a more detailed and rapid analysis of
the melting of PP and PE (specifically HDPE) lamellae in recycled polyolefin blends. The
method is based on comparison of the neat materials to recycled polyolefins. By leveraging the
fast SSA technique, the analysis time is significantly reduced compared to traditional SSA,

facilitating quicker turnaround times for material characterization in industrial settings.

3.1 Introduction

Plastic materials are part of our daily life and our economy. The EU commissions strategy
aims to transform the way plastic products are designed, produced, used and recycled in the
EU. The main recycling strategies are primary mechanical recycling, secondary mechanical
recycling, tertiary or feedstock recycling, and quaternary recycling 38282 Not all materials can
follow the same method of repurposing or recycling. Therefore, separating into different types
is one of the key steps to recycle material for new products or components. Mixed materials

cannot be reused and reprocessed easily, due to their structural differences.

In the mixed polyolefins (MPO) stream, we have mainly recycled polypropylene and
polyethylene, which are incompatible in the melt phase, which leads to phase separation and

inferior mechanical properties compared to neat materials 380383385,

Mixed polyolefins obtained by mechanical recycling consist of various grades, mainly
LDPE, HDPE, PP %8387 Knowing the precise chemical composition of individual batches is

essential for processing and compounding. Differential scanning calorimetry (DSC) provides
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crucial material information, in particular melting and crystallization temperatures, which are
valuable for processing. The chemical composition of semi-crystalline post-consumer recycled
polyolefin blends can also be evaluated from DSC, on the basis of the melting enthalpy of the
different phases 468

The existence of branching in the polymer chain, the size of the chain, interactions
between the chains, the presence of crystallization promoters (nucleating agents) and other
factors all influence crystallization3®3%, Industrially applied standard methods to analyze the
chemical composition distribution of polyolefins are temperature rising elution fractionation
(TREF)!0194.391 * crystallization analysis fractionation (CRYSTAF)!® and crystallization
elution fractionation (CEF)*®2, These techniques are based on changes of polymer
concentration in solution during temperature reduction via precipitation (CRYSTAF) or after
redissolution of the precipitated polymer during increasing the temperature (TREF, CEF)36:3%,
In these standard methods the dissolution step of the sample is typically time-consuming, uses
hazardous solvents, and it is often necessary to pre-treat the sample (e.g., filtration of the
recycled blend)®. Alternatives based on DSC of bulk samples, on the other hand, have several
positive features that speak for them. Examples of these methods are Step crystallization (SC)
and successive self-nucleation and annealing (SSA). These methods do not use solvents and
are therefore cheaper, safer and typically quicker. The difference between SC and SSA is that,
in the case of SSA, after each high-temperature treatment with an isothermal holding time of 5
min, non-isothermal crystallization ramps to room temperature are performed, which
undercools the material and accelerates crystallization, speeding up the entire molecular
fractionation process compared to SC*®. Both methods can be used to characterize the
crystallizable sequence length in the polymer chain (homopolymer or copolymer) and polymer
blends, but there is better segregation and enhanced resolution with the SSA protocol®’.

Thermal fractionation using the SSA procedure differentiates the material into fractions
that are formed as a result of polymer chain defects (branches, tacticity). This sensitivity to the
low content of chain defects allows the study of polymer blend miscibility and co-
crystallization, cross-linking, ageing, biodegradation, copolymerization, comonomer structure,
and SCB distribution®.

The molecular segregation in SSA is accomplished by several non-isothermal and
isothermal stages. The sample is heated to a temperature (Ts) that assures partial melting after

an initial melting and cooling phase 2. With lowering Ts, these partial melting processes are
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repeated and in particular followed by an isothermal phase during which the unmelted lamella
anneals and some of the molten chains can isothermally crystallize according to their
crystallizable chain length. The last heating run will disclose the thermal fractionation of the
materials as a result of the previously applied thermal protocol®2. As established for PE-
copolymers, the approach results in remarkably effective molecular segregation3%3%, Later it
was also applied to other materials like polypropylene 17397, As for application to the
determination of complex compositions of recycled blends, it was first done by Carmeli et al.>®.
In that study, the authors were able to quantitatively determine the amount of HDPE in the PE-

phase and the entire amount of the PP phase.

Few publications have suggested the application of fast heating/cooling rates, which can
result in shorter measurement time. This principle was suggested by the work of Pijpers et
al.'®2, Varga et al. thermally fractionated by step crystallization low-density polyethylene and
high-density polyethylene at a constant rate, but the last heating run was conducted at a
different heating rate (20 and 40°C/min), without finding any significant differences in the
obtained results'®184 The concept of using fast rates during the SSA protocol was used by
Lorenzo et al., who investigated the application of fast scanning rates on hydrogenated
polybutadiene®®’. Currently, there are no studies about the use of fast heating and cooling rates
in complex systems like recycled polyolefin blends. The fast crystallization behaviour of
polyolefins allows carrying out measurements on their blends at high heating/cooling rates.
Applying fast scanning rates needs a mass reduction of the sample, to preserve the peak
resolution and avoid superheating effects as much as possible. High scanning rates in the SSA

protocol can substantially reduce the thermal fractionation time.

In this work, we investigate the applicability of faster SSA thermal protocols to the
analysis of the chemical composition of recycled polyolefin blends. After exploring the self-
nucleation behavior of selected blends at different rates to determine the optimal analysis
conditions, we introduce a shortened SSA protocol which, while comprising a single
fractionation step for the PE and PP phase, still allows the separation of the LDPE and non-
crystallizable components from HDPE. Both the standard and the new SSA protocols are
applied at different scanning rates, demonstrating no substantial difference in the obtained
phase composition among the measurement methods. Finally, the recycled blends are analyzed
with the fastest SSA protocol and the outcome, in terms of compositions, are compared with

those of TREF, revealing excellent agreement in practically all cases.
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3.2 Experimental

3.2.1 Materials

Eight materials were obtained from Borealis Polyolefine GmbH (see Table 3.2.1-1).
Five materials are coming from post-consumer recycling sources, and are obtained from
mechanical recycling. Materials marked with “m” are polyolefin mixed recyclates, while those
containing “pp” in the name are polypropylene dominated recyclates. The approximate
composition in percentage is also indicated in the sample code name, e.g., m-PE65PP35
indicates a mixed polyolefin recyclate with approximately 65% of high-density polyethylene

and 35 % of polypropylene.

The other three materials are neat virgin grades of high-density polyethylene,
heterophasic copolymer of polypropylene and polypropylene homopolymer, which were used
as reference materials. Table 3.2.1-1 lists the essential physical parameters of the employed

polymers. The thermal properties of the adopted materials are reported, in Table 3.3.1-1.

Table 3.2.1-1 List of the used materials in the investigation.

Post-consumer Recycled Blends Melt Flow Rate (230 °C/2.16 kg)
m-PE65PP35 5.5g/10min
m-PEGOPP40 5.59/10min
m-PE40PP60 5.59/10min
pp-PE30PP70 12.5g/10 min
pp-PE20PP80 20.09/10 min

Neat Polymers (Virgin Materials) Melt Flow Rate (230 °C/2.16 kg)

HDPE 0.39/10 min*
Heterophasic copolymer PP 3.0¢9/10 min
Homopolymer PP 6.59/10 min

* Melt Flow Rate (190 °C/2.16 kg)
3.2.2 Method of preparation

For some of the blends, a small amount of pellets (about 40 grams) was re-blended in a
batch mixer (Brabender plastograph), to achieve a good homogeneity of the blend. Mixing was
performed at 200°C for 10 min at 60 rpm.
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3.2.3 Methods of investigation
Methodology

Equipment

The successive self-nucleation and annealing (SSA) protocol, as well as standard melting
and crystallization runs, were applied using a TA Instruments Differential Scanning
Calorimeter 250. Measurements were carried out at heating and cooling rates of 10 °C/min, 20
°C/min and 30 °C/min. The temperature limits of the linear ramps were 20 °C and 200 °C.
In order to compare the blend composition results obtained by the SSA protocols with a
different quantification method, temperature rising elution fractionation (TREF) was used as
an industrial standard. Measurements were performed using the Polymer Char device Crysaf-
TREF 200+.

Sample preparation

Samples for the DSC measurement were firstly compression molded to obtain a thin film
from the pellets. From that thin film, a small disk was made, with a 4-millimeters hole punch,
to get a flat sample for the analysis. This sample size matches perfectly with the pan, which
was used in the investigation, a Tzero pan, for having good contact with the sensor inside the
device. To get a proper weight, needed for the mass compensation experiment, the sample was
then cut to the required size (corresponding to weights of approximately 1, 2 and 3 mg).
Samples for TREF were used as received after sample preparation (2.2). In particular, to avoid
injecting possible gels and/or polymers which do not dissolve in TCB at 160°C, like PET and
PA, the weighed sample was packed into a stainless steel mesh MW 0,077/D 0,05mmm. About
50 mg of the polymer sample have been dissolved in 40 mL 1,2,4-trichlorobenzene (TCB),
stabilized with 250 mg/L 2,6-di-tert-butyl-4-methyl-phenol (BHT), for 2 h at 160°C.

Measurement procedures

Standard runs

Standard DSC measurements were carried out at a heating and cooling rate of 10°C/min
from 20°C to 200°C. Determination of melting and crystallization temperatures and enthalpies
were measured from the second heating and cooling curves.

Ts,1deal SElECtION

The previous thermal history was removed by heating the sample to 200°C. Then, the
material was cooled down to 20°C with a chosen rate, to create a standard crystalline state.

After cooling, the material was heated to a temperature Ts where the isothermal treatment was
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applied for 5 minutes. This isothermal treatment can cause: (a) complete melting, if Ts is much
higher than the melting point (Tm) (Domain | or complete melting Domain); (b) melting of most
of the crystals but leaving small crystal fragments or ordered regions in the melt that act as self-
nuclei (Domain 11 or self-nucleation Domain); (c) partial melting that will cause annealing of
unmolten crystals during the 5 min of thermal treatment at Ts (Domain 111 or self-nucleation
and annealing Domain). Then the material was cooled at a constant rate to 20°C. After that
step, the material was finally heated to 200°C again. A final heating run will display any
changes in the melting behavior of the material caused by the self-nucleation treatment. If the
sample is in Domain Il only minor changes are usually observed in the melting endotherm with
respect to a sample in Domain I. However, if the sample is in Domain Ill, an additional high
temperature melting peak will appear, due to the melting of the annealed crystals at Ts. Hence,
this heating step is necessary to detect if the sample is in Domain Ill or not. Also, changes
during the cooling run from the Ts will be observed. When the polymer changes its
crystallization temperature (T¢) to a higher value, the material underwent self-nucleation during
isothermal treatment at Ts. More nucleation centers increase the Tc, which is the desired effect.
Tsidear 1S then found by knowing the boundary between Domain Il (self-nucleation and
annealing) and Domain Il (exclusive self-nucleation). The ideal self-nucleation temperature
(Tsideat) i the lowest temperature within Domain 1l and it is defined as the temperature that
produces the highest number of self-nuclei in the sample without causing any annealing.

Domain Il is subdivided into two subdomains. Domain Ila occurs when the Ts temperature
is high enough to melt all crystals in the sample (i.e., no latent heat of melting can be detected
in Domain lla but low enough to leave certain ordered regions in the melt that can act as self-
nuclei upon following cooling. Domain Ilb is defined by a Ts temperature that is high enough
to nearly melt the entire sample but low enough to leave small crystal fragments unmolten, that
can represent self-seeds (but are not annealed), as shown in Figure 3.2.3—1 3%:3%,

For the recycled polyolefins blends containing polypropylene and polyethylene, the self-
nucleation can be conducted as described above, without changes in the protocol, because the
temperature treatment applied to PP, while slightly affecting the crystallization temperature of
PE, does not meaningfully change the fractionation outcome of the low melting polymer °.
The opposite, i.e., no effect of PE thermal treatment on PP fractionation, is also true, as
demonstrated by Carmeli et al. (see Figure 5, ref >). The applied temperature during the self-
nucleation protocol, for the polypropylene (Ts,idea 163.0°C) corresponds to having polyethylene
always in Domain I. On the contrary, when self-nucleation is applied to polyethylene (Ts,ideal
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=127.0°C) the polypropylene phase will be in Domain Ill. This concept is graphically
represented in Figure 3.2.3-1, which reports representative temperature ranges for self-
nucleation of the two phases with the respective self-nucleation Domains.

The steps of defining Ts,qeal Needs to be conducted and repeated for every blend and
cooling/heating condition used in this study. In fact, different ratios of the phases in the blend,
as well as the used heating/cooling rates might change the values of the melting and
crystallization temperature, and therefore Tsdear @S Well. The Tsgear for polypropylene and
polyethylene defined in this stage, for the different compositions and cooling/heating rates, are

then later used in the SSA protocol, see below.

Domain | ;—:% Melt state : Domain |

T, = 166°C ) L = Domain I

Domain lib I T, =163°C P~ Domain |

=2 ree

4 vd
Domain Il 1’1[ f T, = 155.5°C ) ¢ Domain|
v
¢ (
Domain il U f T,=131°C A ‘ Domain |
U
(
Domain Il U f T, =130°C f g Domain |
M
Domain il UI T, =127°C ’ Domain Il
i
Domain Il Uj T, =122°C Domain Il
M

Figure 3.2.3-1 Graphical representation of the PP/PE blend under certain temperatures and related Domains of the two

components. The presented temperatures are examples of typical values of a real blend.

SSA multi-fraction protocol (“coupled SSA protocol”)
The sample was heated 30°C above the melting temperature to remove thermal history and
then cooled down to room temperature under controlled cooling at the chosen rate. From this

temperature, the sample was heated to the Ts,ideal (description of the Tsdear Selection above), and

51



PhD Thesis

Magdalena Gora

kept at this temperature for 5 min. As the next step, the temperature was lowered to room
temperature to obtain the standard crystalline state. Following this step, the material was heated
to Ts1™", which was 7.5°C lower than the Ts e for the polypropylene fraction. The 7.5°C
fractionation window was chosen on the basis of a previous optimization *°. Then again, the
sample was cooled down to room temperature. The fractionation window was lowered 4 times
from the Tsdear, Which allowed the production of 4 fractions from the PP phase. As for the
polyethylene phase, the material is heated to the Tsdeal Of the polyethylene chosen before, and
kept at this temperature for 5 min. From this temperature, it is cooled down to room
temperature. The next step requires heating the sample to a temperature of 5°C lower than TS
ideal for the polyethylene fraction (Ts1"F), based on previous studies 3. Later, the sample is
cooled down to room temperature. The steps including lowering the temperature of 5°C and
then cooling from that temperature to 20°C were repeated 8 times, which allowed the
production of 8 fractions for the polyethylene phase. The last heating step, with the same rate
as all the previous steps, goes to 200°C. In this measurement step, the melting points from the
fractions produced during the applied protocol are observed. In this fractionation protocol, the

material was fractionated into 12 thermal fractions.

SSA single-fraction protocol

The single fraction methodology follows the same measuring principles as the multi-
fraction protocol previously mentioned. The difference is in the number of temperature steps.
The single-fraction protocol creates only one fraction from each of the two materials under
consideration, namely high-density polyethylene and polypropylene. This single fraction is
obtained after thermal treatment at Tsigear and Tsi for both materials. Furthermore, the
fractionation window remains the same with respect to the multi-fraction protocol.
The protocol only uses a single fractionation step (i.e., isothermal treatment at Ts1) for each
component of the blend (apart from the self-nucleation step at Ts,ideal, Which does not produce
fractionation, only self-nucleation of the sample), as it has been demonstrated that the highest
temperature fraction of the PE phase is unaffected by co-crystallization phenomena with LDPE
%, Figure 3.2.3-2 shows the comparison between the abbreviated single fraction SSA thermal
procedure and full treatment.
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Figure 3.2.3-2 a) Fractionation program implemented and designed by Carmeli et al., which uses 14 cycles to obtain 8
fractions for polyethylene part and 4 fractions for the polypropylene phase [38]. b) Fractionation program designed for the
calculation of the main types of the polyolefins: HDPE and PP, which uses 4 cycles of temperature treatments and results in
2 fractions, one for the polypropylene part and the second one for high-density polyethylene.

TREF measurement protocol

The a-TREF analysis was carried out using Crystef-TREF 200+ PolymerChar instrument,
equipped with an infrared concentration detector. An aliquot of the prepared solution was
injected onto the TREF column and stabilized for 30 minutes at 110°C. After the stabilization
the temperature was lowered to 35°C after stabilization using a constant cooling rate of 0.1
°C/min. A flow rate of 0.5 mL/min at 35°C for 10 minutes was used to collect the soluble
fraction, followed by a temperature ramp from 35°C to 140°C at a continuous heating rate of
0.5°C/min and flow rate of 0.5 ml/min. The concentration of the eluted fraction and the

corresponding signal is determined with the detector and plotted as a function of temperature.

Data analysis

Data from the standard run

For the polypropylene, the crystallization and melting enthalpy were calculated from the
baseline, which was chosen from the onset of the polyethylene phase melting till 180°C. On
the other hand, for the polyethylene, the crystallization and melting temperature and enthalpy
were calculated from the baseline starting from 40°C till the beginning of the polypropylene
phase. In the neat materials, the baseline was fixed from 40°C to 180°C, except for neat

polypropylene where the baseline ended at 200°C.
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Area calculation

The heat flow rate values were divided by the heating/cooling rate to calculate the apparent
heat capacity values. These normalized data points were imported into the OriginLab software.
In the Origin Lab software, the data from the single fraction protocol was analyzed in the
following way:

a) data was imported to the peak analyzer application,

b) baseline values were set to be 40°C to 180°C,

c) two highest peaks were selected manually,

d) boundaries for the area integration for polyethylene were set to be at the minima before and
after the peak for polyethylene, and for polypropylene, constant temperature boundaries of 136-
180°C were set.

The same methodology has been implemented for the characterization of all materials. The
content of a given polymer in the recycled fraction was calculated using a proportion with
respect to the area under the melting peak, with the maximum area constituted by the reference
materials, i.e., virgin polymer. For polypropylene, the reference value was calculated as the
average of heterophasic and homopolymer polypropylene melting peak area, given the
different possible types of polypropylenes in real recycled grades. For the high-density

polyethylene phase, a grade for film extrusion was used as reference material.

a-TREF analysis

From TREF analyses the normalized concentration plot (dW/dT) together with the
cumulative concentration signal normalized to 100 along the temperature were retrieved. The
different polymer types were assigned according to their elution temperature in a-TREF. The
polymer fraction eluting between 35 and 90°C, which mainly comprises low-density
polyethylene and PE fraction with a higher content of short chain branches but also low molar
mass PE and PP, is defined as LDPE/LLDPE fraction. The fraction eluting between 90°C and
103°C, which mainly contains homo-PE chains and PE chains with low branching content, is
named high-density polyethylene fraction where the fraction eluting above 103°C is defined as
polypropylene fraction and the fraction below 35°C as soluble fraction. For materials with
higher polypropylene content (pp-PE30PP70 and pp-PE20PP80), the temperature range was
changed for the polypropylene fraction from 100°C to 130°C and for the high-density
polyethylene fraction between 90 and 100°C because the elution of the polypropylene starts at

lower temperatures. All the other fractions and their temperature ranges remain unchanged.
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3.3 Results and discussion

3.3.1 Standard runs

When taken from different pellets, the Differential Scanning Calorimetry measurement
showed differences in the enthalpy of fusion for the samples m-PE65PP35, m-PE40PP60, and

pp-PE30PP70. Therefore, those blends were homogenized. After melting and blending in a

batch internal mixer, 3 tests on the DSC were performed for each homogenized blend. Figure

S1 (Appendix A) presents DSC results of blends before and after homogenization. The

differences observed among the curves in Figure S1 a, b, ¢ (Appendix A) plots are largely

reduced after homogenization (Figure S1 d, e, f in Appendix A ). The other two materials were

homogeneous as supplied and did not need re-mixing.

Table 3.3.1-1 List of the used materials in the investigation with temperatures of crystallization and melting of the different
phases. Measurements of non-fractionated materials were performed at 30°C/min.

Tec AH: Tm AHm T.PP AH; Tm AHnm
Material PE PE PE PE ] PP PP PP

[°Cl [l [°Cl  [Jg] | [l  [°Cl [l

Homopolymer PP - - - - 1242 1135 165.0 1133
Heterophasic

copolymer PP - - - - 1247 1041 1656 106.8

HDPE 1131 1778 127.6 1822 - - - -

m-PE65PP35 112.8 67.8 125.3 70.7 118.9 32.3 158.9 36.1

m-PE60PP40 114.0 73.8 126.4 72.9 119.4 34.5 159.2 38.8

m-PE40PP60 102.0 50.3 126.2 47.0 118.4 48.2 1589 54.1

pp-PE30PP70 - - 125.1 16.8 118.1 87.1 160.2 71.9

pp-PE20PP80 - - 125.5 26.7 120.2 96.4 160.5 76.8

3.3.2 Self-nucleation and Ts qea Selection

As an example, the DSC heating and cooling curves for m-PE65PP35, following

isothermal treatments at Ts for 5 min are shown in Figure 3.3.2-1.
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Figure 3.3.2-1 Tsidear Selection for m-PE65PP35 a) DSC cooling scans at 30°C/min after 5 min at the indicated Ts for
polypropylene in recycled polyolefin blend b) subsequent heating scans (at 10 °C/min) after cooling runs shown in a). ¢) DSC
cooling scans at 30°C/min after 5 min at the indicated Ts for polyethylene in recycled polyolefin blend d) subsequent heating
scans (at 30 °C/min) after cooling runs shown in c¢) Colors of the lines in the graphs indicating material under certain domains:
red lines - Domain I, blue lines- Domain Il, green lines - Domain I11. The occurrence of an annealing peak in the PE and PP
phase is highlighted as a separate inset next to the corresponding curve. The curves are color-coded to indicate the different
SN Domains: red for Domain I, blue for Domain Il, and green for Domain I11.

In Figure 3.3.2-1a) cooling from 200°C, resulted in a crystallization temperature of the
polypropylene phase at 119.0°C. Other experiments, where the isothermal treatment at Ts lays
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between 165°C and 163°C, resulted in a significant increase in the crystallization temperatures,
from 119.2°C to 130.7°C. Treatment at different Ts values did not change the melting peak
significantly (Figure 3.3.2—1b), but slight changes in the shape of the peak were observed for
Ts in Domain Il. However, when Ts is equal to 162°C, the subsequent heating run revealed an
additional melting peak around 175.7°C. As such, Tsdea Can be defined as the lowest Ts value
within Domain 11, which for this specific case is 163°C.

Figure 3.3.2-1c) shows that the polypropylene crystallization peak does not appear
when the material is crystallized from 130.0°C downwards, while it is still present if the cooling
run starts from 200°C. No change in the crystallization temperature of the PE phase (113.4°C)
was observed when experiments were done at Ts values between 130.0 and 127.5°C. However,
Tc increased slightly after treatment at Ts =127.0°C from T, =113.4 to T, 113.6°C. Because the
difference of 0.2°C is modest and within the measurement error range, Domain Il in this mixed
polyolefin system for the polyethylene phase is assumed to be absent.

In high-density polyethylene copolymers, Carmeli et al. found a narrow Domain Il for
high-density polyethylene 4%, In other studies, high-density polyethylene homopolymer and
polyethylene blocks inside copolymers were shown to possess just Domain | and Domain I11
401402 The authors attributed Domain’s II complete absence to the high-density polyethylene
extraordinarily high number of active heterogeneities, which prevent self-nucleation from
causing any further increases in nucleation density. For Ts= 126.0°C there was a significant
change in the T¢ value which raised to 115.2°C. Therefore, the Ts, ideat Was chosen as 127.0°C.
This is the lowest temperature which does not cause annealing of the polymer lamellae.

In Figure 3.3.2-1d) the heating run after crystallization from 200.0°C results in a
melting temperature at 125.4°C. The runs after treatment at selected Ts experiments did not
show a significant trend in the melting point. However, after treatment at 126.0°C, an additional
peak was obtained around 132.0°C. Therefore, Tsdeal fOr the PE phase is identified as 127.0
°C.

Defining Tsiges Might be a difficult task when the majority of the phase is
polypropylene, whose tail might overlap with the melting temperature range of HDPE. In this
case, the annealing peak appears on top of the low-temperature tail of polypropylene (see
Figure S2 in Appendix A).

3.3.3 Influence of the scanning rate
Each adopted heating and cooling rate in the thermal protocol resulted in a different

Ts,1deal, S€€ Figure 3.3.3—1. The polypropylene phase Ts ideal shifts from 166.0°C at 10 °C/min
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at, to 163.0°C at 30 °C/min. For the polyethylene phase, the change is only minor, i.e., from
127.5°C at 10 °C /min to 127.0°C at 30°C/min. The obtained results for all the analyzed blends
are in Figure S3 (Appendix A). The variation of Tsdear With cooling rate is associated to the
corresponding variation of the crystalline standard state, as a consequence of the changes in
crystallization temperature at different rates of cooling. Considering that the dependence of
polypropylene and polyethylene crystallization kinetics on undercooling and the self-
nucleation behavior of the two polymers are different, the observed different trend of Tsideal
with cooling rate is understandable. In particular it must be reminded that PP has much less
active nucleating heterogeneities than PE, so the crystallization kinetics is more sensitive to
cooling rate. Moreover, in PP you can increase the crystallization temperature with self-
nucleation much more than in the PE case, because of the lower density of active nuclei. So
the small amount of change in crystallization temperature with self-nucleation for PE is
reflected in the lower change in Ts geal.
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Figure 3.3.3-1 Ts,ideal Values selected for the PE and PP fractions present in the recycled blend for m-PE65PP35, as a function
of the change in the heating/cooling rate.
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3.3.4 Comparison between the two SSA protocols employed

a) m-PE65PP35
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Figure 3.3.4-1 a) Comparison of the outcome of the two SSA fractionation protocols for m-PE65PP35: the DSC curve in red
corresponds to the single-fraction and the one in black to the multi-fraction protocol. b) Comparison of single-fraction
protocols under different heating/cooling rates, the rates and sample masses are indicated in the inner legend.
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In Figure 3.3.4-1a) the black DSC trace represents data from the multi-fraction protocol
(coupled SSA protocol). The result of the measurement shows 8 well-defined melting peaks
between 90.0°C and 132.0°C corresponding to the 8 thermal fractions produced by SSA on the
PE phase. The melting peaks appear every 5°C as expected (i.e., a fractionation window of 5
°C was employed for the PE phase), and they have different heights and areas, according to the
population of the respective crystallizable units in the fraction. Branches interrupt the linear
crystallizable sequences in the chains leading to the formation of thinner lamellae that melt at
lower temperatures. The higher the branch content, the lower the melting point of the
corresponding fraction. Each fraction can be quantified by the area under each peak, or the
corresponding melting enthalpy. Concerning polypropylene, there are four peaks between
136.0°C and 172.0°C that represent the four thermal fractions produced by the SSA protocol.
The first two peaks at lower temperatures are not well pronounced, but the following ones at
158.5°C and 168.5°C stand out.

In Figure 3.3.4-1a) the red DSC curve represents the result of the single-fraction SSA
protocol. The measurement shows a single broad peak in the lower temperature range between
80.0°C and 125.0°C, and a second sharp one at around 125.0°C-132.0°C. The sharp peak is
produced by the thermal fractionation performed at Ts1 for PE. The second, low-temperature
broad peak corresponds to the melting of the unfractionated part of the PE phase. These two
peaks probably correspond to the LDPE fraction (possibly co-crystallizing with HDPE) and to
the neat HDPE, at low and high temperatures, respectively.

In the case of the PP phase, the single SSA fractionation protocol produces the sharp
melting fraction in the range 160.0°C-172.0°C. The unfractionated part of the PP phase melts
in the tail of the main fractionated peak located in between 136.0 and 160.0 °C.

Figure 3.3.4-1b) reports the results obtained after applying the SSA single fraction
protocol at different cooling and heating rates. It can be seen that the overall appearance of the
SSA fractionation curves keeps similar, despite the changes in the scanning rate. The melting
peaks are slightly shifted to lower temperatures with a faster heating rate, indicating that the
crystals might possess less time to reorganize themselves into thicker lamellae during the
heating phase. This effect could also possibly be due to a lower crystallization temperature of
the polymers in the cooling step. On the other hand, the area calculation results are not affected
by the shift of the melting peak since the reference material was subjected to the same

temperature program using same heating/cooling rate. Moreover, the resolution of the peaks
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seems relatively unaffected using higher heating rates, as well as the relative area, which

appears similar between the different runs, at a first qualitative inspection 4%,

a) PP Content - m-PE65PP35 b) HDPE Content - m-PE65PP35

393 381 385 376 36.6 36.5

10°C/min |20“Cfmin |30"C,’min 10°C/min |20"Cfmin |30“Cfmin 10°C/min | 20°C/min |30°C/min |10°C/min |20°C/min |30°C/min
Multi-fraction Single-fraction Multi-fraction Single-fraction

Figure 3.3.4-2 m-PE65PP35 a) content of the polypropylene and b) polyethylene calculated from different measurement rates
and protocols (values of the bars are presented in % and the groups under the bars are related to the protocol used for the
measurement, example: multi-fraction protocol at 10°C/min — 39.3% of polypropylene).

To confirm the qualitative indication regarding the area of the fractionation peaks,
proportional to the content of PP and HDPE phases, the results obtained from calculating the
areas under the peaks were pooled and compared together, among different SSA protocols and
rates (Figure 3.3.4-2). The results from the multi-fraction SSA protocol were compared at
different cooling and heating rates with the results from the single-fraction SSA protocol also
at different rates.

For the selected blend, considered as an example, the calculated content is substantially
independent of both the type of protocol selected and the heating/cooling rate adopted. This
result validates the method and anticipates that meaningful timesaving can be gained by

performing all the analyses with the single-fraction protocol and a rate of 30 °C/min.
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Results from the single-fraction SSA protocol
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Figure 3.3.4-3 Fractionation output run results for the investigated materials. The content of PP decreases from top to bottom,
while that of PE correspondingly increases in the same direction.

In Figure 3.3.4-3, the results of the single-fraction SSA protocol applied at 30°C/min
are presented. The data are arranged with decreasing content of PP in the blends from top to
bottom. The PE fraction correspondingly increases (notice the increase in melting peak areas
of the PE phase in the temperature range of 80.0-135.0°C) in the same direction. It can be seen
that only the materials with the highest PE fraction develop a third peak at low temperature
upon fractionation, attributed to low-density polyethylene. Material with high PP content
possesses a low-temperature melting tail of the polypropylene peak that partially overlaps with
HDPE melting peak. For one material, pp-PE30PP70, besides this low melting tail, a distinct
third fraction is found in between HDPE and PP, possibly generated upon the annealing at
Tsidear Of HDPE. This third fraction can be tentatively be ascribed to low-tacticity/high

comonomer content PP chains 4%,
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The single-fraction SSA protocol was run 3 times on one of the blends at 30°C/min
heating/cooling rate to calculate the repeatability of the area integration. The outcome is a
precision of 1.3 % for the PP phase and 0.6 % for the HDPE phase. The data used for this

calculation are shown in Figure S4 (Appendix A).

Comparison with TREF

Table 3.3.4-1 Results of the composition calculations from the single-fraction protocol (at 30 °C/min heating/cooling rate).
All values are displayed as percentages.

LDPE + LDPE

PP PP HDPE HDPE Soluble
_ others a- )
Material SSA a-TREF SSA a-TREF fraction a-
[%0] [%0] [%0] [%0] SSA - TREF TREF [%]
0 0 0 0 0
[%0] [%0]
m-PE65PP35 36.5 35.9 26.8 27.1 36.7 29.7 7.3
m-PE6OPP40 39.9 37.7 30.0 28.8 30.1 26.1 7.7
m-PE40PP60 58.0 55.1 16.0 19.8 29.0 16.3 8.7
pp-PE30PP70 71.8 80.8 34 5.3 24.8 3.8 10.1
pp-PE20PP80 83.5 82.4 5.7 7.6 10.8 0.0 10.0

All the results of the compositional analysis for the PP and HDPE contents obtained by
the fastest SSA protocol (i.e., the single-fraction SSA protocol performed at 30 °C/min
scanning rates) are summarized in Table 3.3.4-1, where they are compared with analytical
TREF derived compositions on the same blends. The content of “LDPE+others” from SSA is
simply derived by the complement to 100%, taking into account the percentages of PP and
HDPE. In general, a very good agreement between the two techniques is found. To better
visualize the discrepancies, the differences between TREF and SSA results are plotted as a
histogram in Figure 3.3.4-4.

The differences in the obtained results between SSA and a-TREF are particularly small
for m-PE65PP35 and are comprised within 4 % for all the blends, with one exception. In fact,
an error of 10.9 % was obtained for pp-PE30PP70, in the content of polypropylene, which in
turn caused a high error in the content of "LDPE + soluble™ as well.
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Figure 3.3.4-4 Difference between the TREF and SSA compositions. Each triplet of bars corresponds to a particular
investigated material as indicated on the x-axis.

The reason behind the large discrepancy of pp-PE30PP70 might be found in the small
peak between HDPE and PP fractionation peaks in the SSA results, see Figure 3.3.4-3. This
peak cannot be detected in the standard run, which means that it arises during the lower
temperature annealing steps of the SSA protocol. As previously described, the peak can be
tentatively attributed to random propylene-ethylene copolymers, either crystallizing alone or
co-crystallizing with the low-melting fraction of i-PP homopolymer %%, Figure S5 (Appendix
A) presents the result of the a-TREF measurement on the pp-PE30PP70 blend. Shorter chains
of the low isotacticity polypropylene can elute at 60.0-80.0°C, and therefore there can be an
underestimation from the a-TREF results of the polypropylene content “2. A slight
overestimation of the high-density polyethylene can also be produced by chains from the
polypropylene, which might elute at the temperature of 90.0°C together with the high-density
polyethylene fraction. In general, co-elution is a problem of a-TREF, which is influenced by
the experimental conditions 202291406 For most studied blends (except m-PE60OPP40), the
results of HDPE from a-TREF are estimating a higher content than from SSA. Where the
polypropylene results from a-TREF present lower content concerning that obtained from the
SSA protocol. Both effects of lower PP content and higher HDPE content can be explained
partially by the co-elution of low molar mass PP with the HDPE and LDPE fraction in TREF.

It is apparent that there is not a unique way of defining the blend composition, but each
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technique, i.e., TREF and SSA, has its drawbacks and strengths. Nevertheless, even
considering a general agreement within 10% as a worst-case scenario indicates that the faster
single-fraction SSA protocol proposed in this work is a successful alternative to a-TREF,
leading to faster results in less time and without the use of solvents.

3.4 Conclusions

Higher rates of heating/cooling during SSA thermal fractionation can be applied to
commercial recycled polyolefin blends, provided that a mass compensation principle is
adopted. Lowering the mass reduces the possibility of thermal inertia.
It is beyond the scope of the study to calculate the LDPE content in post-consumer blends since
HDPE and LDPE can undergo partial co-crystallization in this system. This problem arises as
well in the fractionation performed with other crystallization-based techniques, such as TREF,
CRYSTAF and CEF.

In conclusion, the faster single-fraction SSA protocol proposed in this work is an easy
and inexpensive method to be applied to recycled materials to characterize their crystallization
properties and the chemical content of individual polymers in a blend. This study proved that
the measurement results do not lose their quality if faster scanning rates (as applied in
conventional DSC equipment) are used. Using faster cooling/heating rates allows conducting
more measurements in the given time. In fact, the SSA protocol can be tailored according to
the required outcome. A full fractionation using the rate of 10°C/min takes about 420 min,
while the production of a single fraction for the two phases at the rate of 30 °C/min lasts about
75 min. SSA can be used to determine the composition of recycled materials faster than a-

TREF, while the precision is comparable.
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4 Accurate determination of polyethylene and polypropylene
content in polyolefin blends and recyclates by cross-

fractionation chromatography

Chapter 4 presents an advancement in the temperature rising elution fractionation
coupled with gel permeation chromatography (TREFXGPC) technique. It introduces
improvements in the quantification of both virgin and recycled PP/PE blends compositions, by
estimating polymer-specific IR-detector response factors and correcting for the molecular
weight-dependent amount of PP eluting in the TREF temperature range characteristic of PE.
This refinement significantly reduces the error in composition determination from 8% to 2%,
offering more accurate quantitative assessment capabilities for recycled blends. Moreover, the
enhanced TREFXGPC method not only reliably determines the composition of PCR PP/PE
blends but also elucidates their bivariate molecular weight and chemical composition
distribution (MWD-CCD), which is essential for understanding their full microstructure. This

knowledge is a necessity for their use in more demanding applications.

4.1 Introduction

Recyclates based on polyolefins obtained from post-consumer waste (PCW) or
municipal solid waste (MSW) are attracting growing attention from both academia and
industry®293383-38 Dye to legislation, there has been an upswing in recycling efforts
worldwide*'!, driven by initiatives like the European Union's ambitious recycling
targets®412413 the evolving recycling policies in the United States*'4, and the United Nations'
advocacy for sustainable practices among its member nations*’>. This has favored the
development to increase the application of recycled polyolefin (rec-PO) and compounds

containing rec-PO into prime applications such as packaging or pipes*¢-42.,

In applications like packaging and pipes, where mechanical properties play a critical
role, the characterization of these materials becomes of paramount importance. It is crucial to
note that even during the initial material sourcing for rec-PO, a certain degree of consistency
is essential. Representative samples must accurately reflect the chemical composition of the

material. However, contamination remains a persistent concern®293:387.422-424 "Eor example, in
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the pursuit of pure polypropylene (PP), traces of polyethylene (PE) may persist "84%° and vice
versa 95,425,426.

The importance of characterizing the structure extends beyond recyclates and applies
to virgin polyolefins as well 355577185427 Eractionation and separation techniques, commonly
used in polymer chemistry, are an ideal choice for characterizing the microstructure of
polyolefins. These techniques delve deep into the molecular composition of polyolefins,
offering profound insights into their properties. A precise understanding of molecular structure
can drive advancements in designing high-performance materials, optimizing processing
methods, and promoting sustainable practices 42429 Furthermore, characterizing recycled
polyolefin materials becomes even more challenging in the age of growing sustainability
demands, necessitating advanced analytical methods to unravel their complex molecular

heterogeneities.

Size exclusion chromatography (SEC), also known as high-temperature gel permeation
chromatography (HT-GPC or GPC), is an analytical technique developed by J.C. Moore in the
1960s. SEC separates polymers based on their molecular weight 229222 However, it is essential
to note that macromolecules of the same size (hydrodynamic volume) may differ in chemical
composition but co-elute in SEC. Therefore, the GPC of polyolefins has been enhanced by
integrating various detectors, including molar mass-sensitive detectors such as multi-angle
light scattering detectors 244245 online-viscosity detectors 24624 and chemical-sensitive
detectors like FTIR 252 or NMR spectroscopy 2°>%6, This combination of SEC separation
with molecular and chemical sensitive detectors offers valuable insights into the variations in
chemical structures across the molecular weight spectrum of ethylene and propylene-based

polymers.

Temperature rising elution fractionation (TREF), has emerged as a powerful method
for separating polyolefins based on their chemical composition. Unlike molecular weight
distribution (MWD) based separation in GPC, TREF focuses on chemical composition
distribution (CCD), providing insights into chemical composition. To increase TREF's
capabilities, it has been combined with additional detectors similar to those commonly used in
GPC 291430431 Tnese detectors enhance the depth of information, allowing for insights into
average molar mass, intrinsic viscosity, and chemical composition along the elution

temperature axis 246428432433
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The development of these techniques was initially motivated by the need for improved
characterization methods, particularly in the context of linear low-density polyethylene
(LLDPE). Hyphenated methods have been frequently utilized to investigate synthesis-related
properties, providing simultaneous data on chemical composition distribution in relation to
molecular weight and vice versa. The increasing microstructural complexity of modern
polyolefin resins has driven the adoption of more advanced techniques, involving multiple
detectors and combining different separation methods. Pioneers in the field, such as Nakano
and Goto 3, have paved the way for these hyphenated methods.

Yau et al. introduced the characterization of various polyolefins using a Hybrid 3D-
GPC-TREF instrument equipped with three online detectors 26, Ortin et al. developed a fully
automated cross-fractionation instrument (TREFXGPC) to determine the bivariate distribution
of polyolefins 1. This innovation significantly expanded the capabilities of studying
polyolefin materials, including the ability to investigate the impact of catalytic systems in the
synthesis e.g., of high-density polyethylene (HDPE) intended for pipes 2% and the investigation
of thermomechanical degradation of polypropylene within polypropylene/ polystyrene blends
293 'When examining molecular structures resulting from complex synthesis or degradation
products, it is fair to use integrated analytical methods, as reported in previous studies 2. This
strategy necessitates the use of a variety of analytical techniques in order to gain a thorough
understanding of molecular architecture. Another approach proposed by Bungu and Pasch 2%
suggests constructing libraries of different polyolefin materials and their correlations between
molecular weight and branching.

These examples highlight that in contemporary polymer research, understanding the
molecular structure of polyolefins goes beyond simply considering molecular weight and
chemical composition. Factors such as branching, stereochemistry, and tacticity significantly
influence the material’s properties and behavior3>209247.294435-437  Adyanced analytical
instrumentation has enabled researchers to delve deeper into these structural features, shedding

light on previously unexplored relationships.

Moreover, in the context of recycling and circular economy initiatives, characterizing
the molecular structure of recycled polyolefin materials becomes crucial for ensuring the
quality and suitability of these materials for various applications 67711343 Apart from the
chemical structure of the main components, PE and PP, the amount and structure of impurities

are crucial determinants. Pasch et al. demonstrated the capability to determine the amount of
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different polyolefin types in mixed PP and PE blends containing HDPE, low-density
polyethylene (LDPE), and PP mixtures by crystallization analysis fractionation (CRYSTAF)
439 However, it is important to note that there were discrepancies of around 10% between
experimental and nominal values. Monrabal et al. found that TREF offers better resolution for
highly regular isotactic PP/ PE blends, while CRYSTAF is more suitable for PE blends with
ethylene-propylene copolymers (EPC) or less regular resins #°. Juan et al. investigated PE
contaminated with 1-16 wt % PP and observed a relationship between differential scanning
calorimetry (DSC) and TREF results ’®. Hashemnejad recently used crystallization elution
fractionation (CEF) to analyze the compositions of blends of LLDPE and LDPE. His

modification was efficient even for post-consumer recycled (PCR) LLDPE/LDPE .

None of the reported analytical methods provided satisfactory precision in determining
PE and PP content or were developed for broader composition ranges. This study's primary
aim is to discern the disparities between TREFXGPC outcomes and compounded (nominal)
values of PP and PE. The methodology involved melt-mixing for blends, DSC for melting and
crystallization temperatures, and TREFXGPC for concentrations and molecular weights.
Blends of PE and PP with diverse concentrations, as well as different isotactic homo-
polypropylenes characterized by varying molecular weight, were examined utilising cross-
fractionation chromatography (CFC). This method improved analytical precision by taking the

molecular weight of PP and polymer-specific detector response into account.

The developed approach was then validated with 3 different PE/PP virgin model blends
and 3 commercially available PO-based recyclates.

4.2 Experimental

Materials. Seventeen blends (Table S 1) were created by blending neat virgin
polyethylene (PE) and polypropylene (PP) at different concentrations using a twin-screw
extruder to investigate variations between concentration values obtained from TREF and the
provided values (obtained from processing). Concerning the polymers used in the 17 blends
for composition investigation, the PE has a density of 945 kg/m?, a weight-average molecular
weight (M) 206.0 kg/mol and dispersity (D) 19.8, while the PP is a homo PP with a M,,=342.0
kg/mol and D= 8.4. The blend compositions were verified through nuclear magnetic resonance

(NMR) spectroscopy, as indicated in Table S 2.

To assess the effectiveness of the method, both validation blends and post-consumer

recycled (PCR) were employed in the evaluation. First, three validation blends, designated as
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V1-PP/PE, V2-PP/PE and V3-PP/PE, were prepared using a solution blending technique. PP
with My of 470.0, 342.0, and 124.0 kg/mol, along with the respective D 8.3, 8.4 and 5.2, were
utilized for V1-PP/PE, V2-PP/PE, and V3-PP/PE. In V1-PP/PE and V3-PP/PE, polyethylene
(PE) with My=158.5 kg/mol and D=16.0 was utilized, while PE with My=206.0 kg/mol and
D=19.8 was incorporated into V2-PP/PE. Subsequently, the method’s applicability was tested
by evaluating three PCR.

To examine molar mass dependencies, 13 PP samples with varying molecular weights
ranging from 31 to 412 kg/mol were utilised, see Table S 3. Furthermore, detector factor
validation was carried out using ethylene-propylene copolymers (EPC) and the NIST standard
of PE (EPC-10), as detailed in Table S 4.

TREFXGPC. Cross-fractionation chromatography (CFC or TREFXGPC) was carried
out using a CFC instrument (PolymerChar, Valencia, Spain) 2°!. The concentration was
measured using an infrared detector (IR5 from PolymerChar, Valencia, Spain). 8 mg of the
polymer sample was dissolved in 8 mL of 1,2,4-trichlorobenzene (TCB) at 150°C, and
stabilized with 250 mg/L of 2,6-bis(1,1-dimethylethyl)-4-methylphenol. Once the material had
been thoroughly dissolved, an aliquot was placed into the TREF column and stabilized at 95
°C for several minutes. For the first dimension TREF the sample was analyzed using the

analytical parameters listed in Table 4.2-1.

Table 4.2-1 Experimental parameters for CFC analysis of PE and PP standards and blends. The table shows the
dissolution temperature, dissolution time, stabilization temperature, stabilization time, cooling rate, and elution
steps used for the CFC method.

Dissolution Dissolution ~ Stabilisation  Stabilization  Cooling Elution

Temperature Time [min] Temperature Time [min] rate steps
°C 0 °C/min
[C] Cl [C/min]
150 150 95 45 0.2 27
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A procedure of discontinuous elution was implemented, following the temperature

increments outlined in Figure 4.2-1.

dissolution
150

100 |

Temperature [°C]
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crystallization elution of 27 fractions
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Figure 4.2-1 Schematic representation of the TREFXGPC method's temperature-time profile. The plot illustrates
the sequential stages of dissolution (initiating at 150°C), crystallization, and subsequent elution of 27 distinct
fractions.

In the second dimension (GPC) 3 PL Olexis columns 1x Olexis Guard columns from
Agilent (Church Stretton, UK) were used as stationary phase. 1,2,4-trichlorobenzene (TCB) at
150 °C and a constant flow rate of 1 mL/min was used as the eluent. It was stabilized with 250
mg/L 2,6-Di tert-butyl-4-methyl-phenol. The column set was calibrated with 15 narrow MWD
polystyrene (PS) standards in the range of 0.5 kg/mol to 11,500 kg/mol. Mark-Houwink
constants for PS and PP used are as given in the literature ***. The PP equivalent molecular
weight distribution and the corresponding molecular weight averages Mn, My, My, and M; are
employed in this study for all CFC tests, regardless of the polymer composition.

DSC. Melting (Tm) and crystallization (Tc) temperatures were measured using a
differential scanning calorimeter, Discovery series DSC2500, TA Instruments, according to
ISO 11357/3. The measurements were carried out at a heating and cooling rate of 10 °C/min
from 20 °C to 225 °C. The transitions were deduced from the second heating and cooling

curves; the values of T; and T, are included in Table S 1.

Melt-mixing. The PE and PP materials were blended at various concentrations using a
ZSK 18 Megal AB twin-screw extruder (Coperion GmbH, Germany) operating at 220 °C. The
blend compositions were verified by NMR spectroscopy (Table S 2).

NMR. Quantitative *C{*H} NMR spectra were acquired using a Bruker Avance Neo
400 NMR spectrometer, operating at 400.15 MHz for *H and 100.62 MHz for 3C. A 1°C -
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optimised 10 mm extended temperature probe head was used to record all spectra at 125 °C
while employing nitrogen gas for all pneumatics. Material (approx. 200 mg) dissolved in 1,2-
tetrachloroethane-d> (TCE-d2, approx. 3 ml) alongside 3 mg of BHT (2,6-di-tert-butyl-4-
methylphenol) and chromium-(Il1)-acetylacetonate resulted in a 60 mM relaxation agent
solution*®. Comonomer content in propene/ethylene copolymers was quantified according to
Wang et al.*2, To ensure a homogeneous solution, the NMR tube was heated in a rotatory oven
for at least 1 hour following initial sample preparation in a heat block. The tube was spun at 10
Hz after being inserted into the magnet. This configuration was chosen primarily for the high
resolution and quantitative requirements required for reliable ethylene content estimation.
Without Nuclear Overhauser Effect (NOE), standard single-pulse excitation was used with an
optimized tip angle, 1 s recycle delay, and a bi-level WALTZ16 decoupling technique as
described in Zhou et al.**® and Busico et al.*** . Per spectrum, 6144 (6k) transients were
collected. Spectra processing and integration yielded quantitative measures, with chemical
shifts referenced to the central methylene group of the ethylene block at 30.00 ppm. This
method enabled consistent referencing across various samples. Ethylene incorporation,

identifiable via characteristic signals 4>, was calculated as:

_E
" (P+E)

fE

Here, fE represents the fraction of ethylene relative to all monomers. The comonomer
fraction calculation, adapted from W-J. Wang and S. Zhu**?, considered multiple signals across
the spectral range. Integral regions were adjusted for broad comonomer content applicability.
Mole percent comonomer incorporation was derived as:

E[mol%] = 100 - fE

4.3 Results and data analysis
GPC and DSC analysis of PE and PP blends

Prior to cross-fractionation chromatography (CFC) analysis, the 17 PE and PP blends
were investigated with DSC and GPC-IR with an IR5 detector to gather fundamental

information.

The molecular weight distribution (MWD) was determined from individual GPC (GPC-
IR 5) analyses of all analytical TREF fractions obtained by CFC. The bulk MWD is calculated
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from the bulk dw/dlogM at each specific molecular weight M;, which is described in equation
(10) below:

140 . .
dw/dlogM,,; = 235 Wi dw/dlogMu; (10)

X35 Wi

where M; is the molar mass of the polymer at a specific elution temperature [g/mol], w; the
weight fraction of the polymer at a specific elution temperature and i the index of the elution
steps from 35 to 140 °C. It should be noted that 35°C was the lowest elution temperature and
140°C the highest one applied in the CFC analysis. Similarly, the total quantity of CHs/1000
carbons across the molecular weight spectrum was determined utilizing the same approach
employed for MWD analysis (GPC-IR5).

The resulting MWD data (GPC-IR5) for selected individual blends are depicted in
Figure 4.3-1. Notably, discrepancies in MWD and peak shape (Figure 4.3—1a) were noted in
the GPC profiles as the composition of the blend was altered. Notably, a significant distinction
is observed in the dispersity of these materials. The selected PE displays broad dispersity,
whereas PP exhibits a narrower distribution, resulting in a more uniform profile. These
differences are evident in Figure 4.3-1 a, where a shift in peak shape can be seen. PE has a
weight average molar mass of 245 kg/mol PP equivalent, while PP has a weight average molar

mass of 374 kg/mol.

Relying solely on GPC or GPC-IR data to differentiate between PE and PP based on
hydrodynamic volume can be complex due to the co-elution of PE and PP molecules of the
same size. However, the distribution of chemical composition along the molecular weight
spectrum is clear from the methyl units per 1000 total carbons (CH3/1000TC) profiles (Figure
4.3-1b). The presence of both PE and PP in the blends is confirmed by CH3/1000TC values
ranging from 0 to 333. For neat grades, PE has a value near 18, while PP's value is
approximately 330. These differences highlight the utility of combined GPC and CH3/1000TC
profiles for analyzing polyolefin blends. Still, it is challenging to discern from GPC-IR data
whether a value of 200 CH3/1000TC comes from a copolymer or a blend of PE and PP
homopolymers, as shown in Figure 4.3-1b. The components of the specific PE/PP blends
investigated in this study are well-defined, allowing a 200 value to be assigned to the
simultaneous elution of PP and PE fractions. However, when dealing with unknown
compositions, such as certain recycled polyolefins, determining the source of this value

becomes difficult.
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Figure 4.3-1 GPC and CH3/1000TC profiles of selected PP and PE blends and neat grades. (a) GPC profiles show the
variations in MWD and peak shape. (b) CHs/1000TC profiles show the chemical composition distribution along the
molecular weight.

Employing another fundamental technique, DSC, the differentiation of polymer blends
based on their sizably different melting temperatures is effectively achieved. In examining
PE/PP blends, it is noted that their melting points are 127.5°C and 161.1°C, respectively, as
depicted in Figure 4.3-2. The recorded melting enthalpy curve for these blends displays
characteristic dual peaks, clearly indicating the distinct separation in the melting peaks.
Although the low content of PP and PE makes minor quantities challenging to discern, small
traces of PP or PE remain identifiable against the neat (unmixed) material profiles, showcasing
the sensitivity of thermal analysis. The intensities (enthalpy) change in accordance with the
component content within the blends while the positions of the peaks remain unchanged, thus
enabling an estimation of the PE and PP content. By utilizing the enthalpy of the neat specific
polymer, it is possible to calculate the blend's composition accurately. The calculated content
aligns well with the compounded composition, albeit with the lowest accuracy observed at
PP/PE-61.4/38.6 and PP/PE-21.3/78.7 compositions, resulting in error bars of approximately
5-6%, as shown in Figure S1(Appendix B) . Nonetheless, differential scanning calorimetry
(DSC) techniques remain a favored choice among researchers, for determining PP and PE
content using calibration master curves “6"8, employing temperature-modulated DSC*, fast
scanning calorimetry (FSC) #?7, or adhering to well-defined protocols to ensure the extraction

of precise quantitative data accurate quantitative data 5185214447,
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Figure 4.3-2 Melting behavior of neat PP, PE and selected blends indicating distinct thermal profiles of the two components.

TREF analysis of PE and PP blends

DSC provides insights into the content and melting properties of the studied material.
On the other hand, GPC with infrared detection (GPC-IR) could be further investigated to gain
insights not only on MWD but also on chemical content based on the CH3/1000TC ratio.
Fractionation techniques serve as tools to obtain chemical composition distribution and
content. Among these methods, techniques for chemical composition distribution (CCD) based
on crystallization of the polyolefins from polymer solution like TREF, CRYSTAF, and
crystallization elution fractionation (CEF) have emerged as powerful tools for polyolefin

separation.

TREF, an old but robust technique, has a good separation efficiency for semi-crystalline
PE and Pp 36190.198440448 The TREF results for selected PP/PE blends, neat PP, and PE are
illustrated in Figure 4.3-3. This figure highlights distinct elution peaks for PP and PE, aligning
with expectations from the literature. PP primarily elutes between 115-130°C and PE between
85-100°C. The soluble fraction is detected within the 30-35°C temperature range. However,
its quantity is influenced by the specific blend of PP or PE being analyzed. In this study, the

amount of the soluble fraction was found to correlate with the PP or PE content in the blend,
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but this relationship was observed to be specific to the PE and PP variants that were examined.
It must be emphasized that such behavior is not universally exhibited across all PE and PP
types. For example, when the proportion of PP in the blend was increased, a decrease in the
soluble fraction was observed, reflecting the inherent soluble fractions of 2.9% in the PP that
was studied and 4.8% in the chosen PE. The designated quantification ranges of 35-103°C for
PE and 103-140°C for PP enhance the measurement precision. In Figure 4.3-3, these elution

temperature regions for PE and PP are represented using two distinct shades of blue.

A comprehensive overview of the results is presented in Figure 4.3-3, complemented
by Figure 4.3-4 which displays a bar chart highlighting disparities between TREF-derived
results and nominal blend composition values. Notably, when PP accounts for 61.4% of the
blend, making PE the minority component, the overestimation of PE peaks remains stable at
4.9-7.3%. When PE is the main component, the content differences are small, ranging from 0.5
to 3.9%. Given the prominence of this trend and the acknowledged reliability of TREF as a
technique within the field of polyolefin characterization, a more comprehensive investigation

was carried out.
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Figure 4.3-3 TREF profiles for selected blends of polypropylene (PP) and polyethylene (PE), as well as for neat grades of
each polymer.
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Figure 4.3-4 Bar chart representation of values of the concentration obtained from TREF measurement vs compounded values
of PP/PE blends. The y-axis categorizes 17 different blends, designated by their respective PP and PE contents. The x-axis
displays the percentage differences. The bars are color-coded, with polyethylene (PE) shown in light blue and polypropylene
(PP) in blue.
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The examination of the blends' MWD, illustrated in Figure 4.3—1, indicates the presence
of a significant amount of low molecular weight fractions below 10 kg/mol. These fractions
arise from standard industrial polymerization practices known for yielding diverse chain length
distributions due to several active sites on the Ziegler-Natta catalyst 193449451 and/or from
multimodal polymerization processes, where different polymer types are produced in different
reactors #2%430, Beyond the chemical structure, or more precisely, the longest chain sequences
included in the crystals, it is now well documented that the quantity and molecular weight of
the low molecular weight fraction below 10 kg/mol for PE 1% or 50 kg/mol for PP has an impact
on the elution behavior in TREF %4, To achieve exact elution at a selected temperature, a single
chain length and precise chemical structures for all chains are required, an assumption that
differs from the reality of polymers emerging from polymerization operations. Therefore, it is
crucial to know the temperature region where co-elution of low molecular weight PP and PE

IS occurring.
Compensation for PP elution in the PE temperature range

In order to solve the issue of PP elution within the PE temperature range, it is necessary
to define the region of co-elution of these two polymers. The matrix technique, as described by
Bhati et al. **°, was used to define the region where both polymers coelute. As seen in Figure
4.3-5, the co-elution region is marked in grey, where the profiles of the neat materials overlap.
This co-elution domain occurs within the PE elution temperature range, potentially leading to
an overestimation of PE content and an underestimation of PP content. Specifically, the PP
utilised in this study exhibited an elution of 4.2+0.3 wt% within the PE temperature range. For
known neat grades of PP, the elution within the PE range can be isolated for separate
measurement, thereby enabling adjustments to the quantity of PP eluting in the PE range within
mixed blends. However, when unknown grades such as recycled materials are concerned,

alternative strategies become necessary.
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Figure 4.3-5 Contour plot of neat PP (blue area) and PE (light blue area), the overlay of the matrix of PP and PE reveals co-
elution regions, indicated as grey area. The plot uses elution temperature (°C), as the y-axis and the logarithm of the molecular
weight (g/mol), on the x-axis.

It is worth noting that addressing the PP fraction eluting within the PE regions is simpler
compared to compensating for the elution of the PE component in the low molecular weight
PP region. This complexity arises from the broader variety of comonomers, a wider distribution
in molecular weights, and the intricate chemical structures that polyethylene (PE) can possess.
In contrast, polypropylene exhibits a more uniform microstructure and chemical composition

distribution, thereby simplifying the compensation process.

A correlation curve was therefore developed by measuring various grades of
homopolymer PP and utilizing their viscosity average molecular weight (My). The goal of this
correlation is to establish a connection between the My of a specific PP and the quantity of PP
fraction present in the PE region. From the GPC part of TREFXGPC, the corresponding values
for number-average molecular weight (Mn), weight-average molecular weight (My), viscosity
average molecular weight (My), z-average molecular weight (M;), and peak molecular weight
(Mp) were obtained for each fraction. These individual values allowed the determination of

corresponding molecular weight averages for the PP region.

A previous study set 103°C as a threshold, ensuring no PE fraction eluted above this
temperature in the analyzed PE samples with a density range of 962-902 kg/m? 3%, This was
further supported by the overlay of PP and PE elution contours in Figure 4.3-5. Only the
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fractions eluting above 103°C consist solely of PP and are used to evaluate the molecular
weight dependence. In this case, My is employed to establish a connection between molecular
weight and the PP fraction eluting in the PE temperature range. Equation (11) is utilized to
calculate M, from GPC data, serving as a valuable indicator, especially for smaller molecules
exerting a higher influence on this average molecular weight compared to the My, value.

1

© N M@ ]a
N; — number of molecules
M; — molecular weight [g/mol]
a - Mark-Houwink exponent

The established power-law correlation between the viscosity-average molecular weight
(My) of polypropylene (PP) and the amount of PP eluting in the PE range enabled the
adjustment of the PP content. An exponential decrease in elution within the PE range was
observed with an increase in My. This correlation, represented by equation (12), was derived
through the least square regression of the data (see Figure 4.3-6). The data includes the PP
fraction eluting in the PE temperature range and My of PP calculated from polymer fractions
eluting above 103°C. This analysis strongly suggests that My is suitable to be used as a
predictive tool for quantifying the level of PP elution in the PE range, thereby enhancing the
accuracy of TREFXGPC results for the content calculation of the homopolymers in the blends.

y = 9260.1x7%977 (12)
y - amount of the PP eluting in the PE range [wt%]
X - My of the fractions which elute above 103°C [g/mol]

The coefficient of determination (R?) for this regression was found to be 0.97.
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Figure 4.3-6 Scatter plot demonstrating an exponential correlation between viscosity-average molecular weight (Mv) of PP
and the amount of PP eluting in the PE temperature range. A trend line fitting the data points is also included.

Unravelling detector factors for accurate composition calculation

Furthermore, beyond merely compensating for molecular weight discrepancies, it is
imperative to account for the divergent responses of the IR5 infrared detector for PE and PP.
This necessitates the introduction and exploration of the intricacies of the detector factor, a
pivotal element in analytical chemistry that elucidates the interaction between a specific

substance and the detector.

In accordance with the fundamental principle underlying analytical processes, the Beer-
Lambert law, it was discovered that the absorbance of a solution is directly proportional to its
concentration and the path length of the light, as expressed mathematically*°®:

A=¢-c-l 4)

where A is the absorbance, ¢ is the molar absorptivity, c is the concentration of the solute, and
I is the path length of the light.

This principle is indispensable in infrared (IR) spectroscopy, wherein the interaction of
molecules with IR radiation is quantified. In the context of this study, such understanding was
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deemed essential when interpreting responses from the IR5 detector, as varying molar

absorptivities of PP and PE led to distinct absorbance values even at similar concentrations.

The relationship between concentration and absorption was investigated further, as
shown in Figure 4.3—7, indicating a linear relationship between both parameters. Still, different
slopes were found, indicating that PE had higher absorptivity with the employed filter set,
whereas PP had lower absorptivity. This observation corroborated the findings of Frijns-Bruls
et al.*>”, wherein the newer generation of optical filters utilised in IR5 MCT detectors yielded
more consistent results for the detection of PE, PP, polyethylene-1-butene (PB), and poly-1-
hexene (PH). However, diverging signal values for PE compared to PP, PB, and PH were
reported when older series filters were employed. Notably, the newer filters exhibited a 20%
wider spectrum bandwidth, and they initiated transmission at higher wavelengths compared to
their predecessors, resulting in different peak area values when older filters were utilized.
Specifically, at equivalent concentrations, a larger peak area for PE compared to that for PP,

PB, and PH was observed.
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Figure 4.3-7 Peak area as a function of concentration for PE (light blue) and PP (blue).
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The software that was used in this work quantifies detector factor values, making
computations easier. The detector factor quantified the link between the electrical signal from
the detector, the time recorded, and the mass of the sample, revealing how many millivolts of
signal were collected for a given amount of sample in a particular time interval. Given the
similarities between PP and PE, both being based on saturated hydrocarbons, investigations
into differences in detector response were conducted, focusing on refractive index 3”45 and
infrared detectors from the composition point of view >4, It is essential to understand that
the data from TREF and GPC had been corrected using the detector coefficient, which ensures

the data's accuracy and reflects the polymer's properties at a specific concentration.

When analyzing a substance with two distinct components, like PP and PE, with
different detector coefficients, errors in their proportions can arise. Due to the area-normalized
spectrum, PE's relative absorption increases while PP's decreases, leading to potential data

misinterpretation.

Detection coefficients for PP and PE, determined as detector factors that are directly
proportional to the absorptivity of the concentration signal of the IR5 detector for the respective
polymer, along with their mixtures, were systematically evaluated. Furthermore, to validate the
results acquired, ethylene-propylene copolymers (EPC) encompassing a range of ethylene
content from 0 to 70% by weight were measured. These coefficients played a pivotal role in
ensuring the accuracy of concentration calculations. The detector factor was used to comply
with the requirements for quantitative IR analysis, which state that individual responses to

concentration must be linear 2%,

Figure 4.3-8 shows a clear influence of polypropylene content, or CHz/1000TC (Figure
S 2 in Appendix B), on detector factor values. It was observed that the detector factor is directly
proportional to the number of methyl groups, indicating that an increase in propylene content
results in a decrease in the detector factor. Individual PP and PE evaluation gave average results

mV s mV s

of 73.7+2.2 for PE and 67.3+2.0

mg mg

for PP. Equations (13) and (14) were then used to

define detector factor compensations.

ATREF PP .gmat

CTREF PP — PP (13)
ATREF PE  gmat
CTREFPE  _ — (14)
dPP detector factor for polypropylene [%]
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dPE  _ detector factor for polyethylene [_n,l,i/;]
dmat  _ detector factor for the material which was measured [7:1:;]
ATREF PP _ amount of PP [wt%]
TREF PE _ amount PE [wt%]
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Figure 4.3-8 Scatter plot demonstrating a correlation between detector factor (d™) and PP content in model blends. The
blends with a higher PP content exhibit lower detector factors. The x-axis represents the PP content in model blends in
percentages, indicating the proportion of PP in the blend with PE. The y-axis presents the detector factor (d™).

Considering the detector factor and compensations for PP elution within the PE
temperature range ensures accurate results. A comparison of CFC values for 17 compounded
blends, after applying these corrections, showed reduced discrepancies with a maximum
deviation of 2.5% in concentration (Figure 4.3-9). In Figure S4 (Appendix B) the results

including the detector factor correction alone are reported.

To summarize, a novel CFC approach emerged for characterising PE/PP blends. The
process involves three key steps: incorporating detector response factor corrections,

determining high molecular weight PP fractions eluting above 103°C, and estimating the PP
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fractions eluting below 103°C using calculated My of the TREF fraction. This integrated
approach maximises the utility of bivariate MWDXCCD information for reliable PE and PP
determination in polyolefin blends, accounting for the low molecular weight fraction in PP.
Therefore, using our method, a more precise molar mass and chemical composition of the PE

fraction within PP/PE blends was obtained.
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Figure 4.3-9 Bar chart comparing TREF (CFC) values after applied detector factor and PP elution in the PE temperature
range compensations vs compounded values. The y-axis categorizes 17 different blends, designated by their respective PP and
PE contents. The x-axis displays the percentage differences. The bars are color-coded, with polyethylene (PE) shown in light
blue and polypropylene (PP) in blue.
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Validation of the method with unknown blends and recyclates

The validation of the developed method was conducted through the examination of
three blends: V1-PP/PE, comprising the same PE as in the primary blend albeit with a higher
molecular weight PP component; VV2-PP/PE, employing the same PP as in the primary blend,
but with a different PE exhibiting lower density; and VV3-PP/PE, encompassing the same PE as
in the primary blend, with the PP component possessing a lower molecular weight relative to
the primary blend, as listed in Table S5 (Appendix B). The outcomes, specifically the
calculated concentrations of PP and PE, obtained from applying our method to these blends
were compared to the compounded values. In the case of these validation blends, Figure 4.3—
10a illustrates the significant discrepancies between the CFC values and the compounded
values of three validation blends before applying any corrections. In Figure 4.3-10b, the
disparities were significantly reduced after the detector factor correction and the PP elution in
PE range adjustment were applied, demonstrating the efficiency of these corrections. The
difference was within the same range as for the 17 model compounded blends (Figure 4.3-9),
indicating that the approach is robust enough to analyze unidentified blends with the specified

corrections.
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Figure 4.3-10 Bar chart comparing TREF (CFC) values a) before and b) after corrections in three validation blends. The x-axis
lists the blends, while the y-axis shows the percentage difference between pre- and post-correction values. The bars, in shades of
blue, represent polyethylene (PE) in light blue and polypropylene (PP) in blue.

In addition to the validation PE/PP, the accuracy of the newly developed CFC method
for determining the composition of two-component blends of PE and PP was evaluated using
three post-consumer recycled blends (PCR), as detailed in Table S6 (Appendix B). The results
were compared to the NMR values. As illustrated in Figure 4.3-11a, significant differences
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between the CFC values and the NMR values from the three PCR blends were obtained, in all
cases between 7.0-8.2% overestimation of the PP amount in the PCR blends. This discrepancy
between calculated and actual values before performing the correction may be attributed mostly
to PP's lower molecular weight, with a minor effect from the detector factor which differs for
PP and PE.

TREF (CFC) values - NMR values [wt%]

o PP PE b = pp PE
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Figure 4.3-11 Bar chart comparing TREF (CFC) values a) before and b) after corrections in three PCR blends. The x-axis lists
the blends, while the y-axis shows the percentage difference between pre- and post-correction values. The bars, in shades of blue,
represent polyethylene (PE) in light blue and polypropylene (PP) in blue.

After implementing the necessary corrections, the discrepancies consistently stayed
below 2.5% for all materials, namely PCR blends (Figure 4.3-11b), the validation PE/PP
blends (Figure 4.3-10b) and the model 17 PE/PP blends (Figure 4.3-9). These results
demonstrate that a substantial improvement in the accuracy of the CFC method for both types
of PE/PP blends as well as for PCR samples was achieved by applying molar mass and detector

corrections.

Furthermore, the measurement uncertainty for polypropylene (PP) was assessed,
considering the molecular weight distribution (MWD) values of the fraction eluting in the
temperature range of 103-130°C and the content of polypropylene eluting in the PE range (35-
103°C). This evaluation was performed by conducting six repeated measurements of PP-12.
The results indicate that the average molecular weight (M) for the temperature range of 103-
130°C is 323.1+8.1 kg/mol at a 99.9% confidence level. For the elution of PP in the PE range
(35-103°C), the value is 4.5£0.6 wt% at a 99.9% confidence level. The measurement

uncertainty, represented by the standard deviation, is significantly lower than the observed 2
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major factors of impact, i.e., PP/PE co-elution and detector response difference between PE
and PP.

To further enhance the method's accuracy, it is essential to incorporate measurements of
additional PP with varying MWD, along with their respective M, values, to also account for
different dispersity in the PP, which would also be beneficial for the PCR analysis. By doing
so, a more comprehensive understanding of the impact of My can be achieved, resulting in

more accurate forecasts that closely align with the compounded values.
4.4 Discussion

TREFXGPC offers a more comprehensive characterization of polyolefin blends
compared to methods like DSC or GPC alone. The proposed correlation between the My of PP
and the amount of PP eluting in the PE range is novel and can be used as a predictive tool for
quantifying the composition of PP/PE blends.

However, this study has some limitations that should be considered. First, the
correlation between My and PP elution was derived from a limited number of PP samples with
different molecular weights. More measurements with a wider range of PP samples are needed
to further validate and refine the correlation. It would also be beneficial to investigate a

parameter that mirrors the MWD, such as 11\\44_; or % to better predict the low Mw PP fraction

that elutes in the PE range. Second, the method may not be applicable to ethylene-propylene

copolymers or blends with more complex chemical structures than isotactic PP and PE.

The correlation developed based on PP MWD will be effective for blends with homo-
PP or heterophasic ethylene-propylene copolymers (HECO-PP) having a homo-PP matrix.
However, it should be noted that this method will not be applicable to random-heterophasic
copolymers (RAHECO-PPs) and random copolymer polypropylene (RACO-PP). While some
literature 113409425438460.461 jnjcates the prevalence of RACO-PP in PP-based recyclates due
to packaging applications, the materials most amenable to recycling within the PP family are
homo-PP and HECO-PP with a homo PP matrix 424462463 By analyzing the amount of
CHa3/1000TC along the molecular weight for the PE fractions at around 100°C it is also possible
to confirm that the PO based recyclates, used in this study, contain no or only in a minor amount
crystalline EP copolymers, which would also co-elute in the PE region. Additionally, one could
conduct a simple DSC test; a decrease of Trm would serve as a good indication of the ethylene
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(C2) incorporation in PP. This DSC test might act as a preliminary check to determine whether

to proceed with the detailed analysis described above.

Further studies are required to test the method on different types of polyolefin blends.
Based on these observations, future research can explore the following directions: (1)
measuring more PP samples with different molecular weights and dispersities to improve the
accuracy of the My-PP elution correlation by including a broadness parameter (2) testing the
method on ethylene-propylene copolymers or other types of polyolefin blends to deepen the
understanding of its potential and limitations; (3) investigating the effects of degradation and
reprocessing on the molecular structure and properties of polyolefin blends using TREFXGPC

and other techniques.
4.5 Conclusions

A correlation linking the molecular weight of PP to the quantity of polymer eluting
within the PE temperature range was established. Furthermore, it was concluded that variations
in absorption factors between PP and PE, especially when using a broad band filter tuned to
the absorption region 2800-3000 cm™ for concentration signal analysis, could introduce a
margin of influence on the results, amounting to 2%. In conclusion, implementing the detector
response factor and compensating for PP elution in the PE range yielded results closely aligned

with nominal blend values.

Additionally, this study reveals that the molecular weight and structure of PP influence
its elution behavior in the PE range. These findings have implications for understanding the
molecular composition and properties of polyolefin blends, especially those from mechanical
recycling. Future research should focus on refining the My-PP elution correlation and testing
the method on various polyolefin blends and copolymers. These improvements of a more
precise PP and PE content determination, with the additional information which can be
obtained from CFC like CCD and MWD of both components PE and PP of PCR, should be the

focus of future work, as very detailed information of PCR can be obtained with this approach.
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5 Surface-enhanced nucleation in immiscible polypropylene and

polyethylene blends

The study of surface-enhanced nucleation in immiscible polypropylene (PP) and
polyethylene (PE) blends, with a focus on the chain regularity of PE, offers significant
implications for the recycling of polyolefins. Traditionally, the recycling industry has faced
challenges in processing mixed polyolefin streams due to differences in the components’
crystallization and melting behaviors. Chapter 5 introduces a novel approach to understanding
how the molecular structure of PE influences its nucleation behavior when blended with PP, a
common scenario in recycled polyolefin streams. The results demonstrated a threshold value
of chain regularity required for effective surface nucleation of PE on PP. Polymers with a
density above approximately 920 kg/m? and melting temperatures over 115 °C were found to
nucleate efficiently onto the PP substrate. It is postulated that high amounts of branches or
comonomers in PE chains impede the epitaxial matching between PE and PP, affecting the

nucleation behavior.

5.1 Introduction

Nucleation is a fundamental step of crystallization, consisting of the aggregation of
molecules to form supercritical size clusters, whose further growth into a macroscopic crystal
is spontaneous 44465 In semicrystalline polymers, controlling nucleation is of great
importance, for instance, to tune mechanical and optical properties “°®. Typically, polymer
nucleation occurs on the surface of a heterogeneous substance due to the lower energy barrier
in comparison with homogenous nucleation. Of particular interest is the nucleation of one
polymer to another, which becomes extremely efficient if the two polymers exhibit some
degree of lattice matching between their crystalline structures. This latter case is known as
epitaxy. Systematic investigations about epitaxy in the polymer field have been reported by

Lotz and Yan 348467468

A well-studied example is the nucleation of high-density polyethylene (PE) on isotactic
polypropylene surfaces (PP) 347:349.469470 |t \was shown for model systems in oriented thin films

and blends that PE chains crystallize with an angle of 50° with respect to the PP chain axis.
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This can be explained due to the alignment of the zig-zag PE chain along the rows of PP methyl
groups having 0.5 nm intermolecular distances between the chain-row matches 4%

Yan and Petermann studied the effect of polyethylenes of various chain regularity and,
therefore different PE densities on epitaxial nucleation onto an oriented PP substrate 3*°. They
analyzed the behaviour of high-density polyethylene (HDPE), linear low-density polyethylene
(LLDPE) low-density polyethylene (LDPE). They found that all three PEs show epitaxial
crystallization on PP according to the known crystallographic relationship for HDPE.
However, the thickness of the epitaxially crystallized layer decreased from 250 nm to 30 nm
as the polymer density lowered. This reduced thickness resulted from a competition between
oriented and spherulitic growth in the film, although the authors did not suggest it, this effect

could be explained by a slower epitaxial nucleation for more irregular polymers.

To study polymer-on-polymer nucleation kinetics, our group has devised a strategy
applicable to binary polymer blends with two semicrystalline components and a droplet-in-
matrix morphology*®®47*, The overall crystallization kinetics is dominated by nucleation in
blends with a minor component dispersed as droplets in an immiscible matrix®®472474 The
method is based on differential scanning calorimetry (DSC) and consists in determining the
relationship between the crystallization temperatures of the matrix and the dispersed phase
when the matrix's T is varied through a self-nucleation thermal protocol'®®. The increase of
matrix T¢ due to self-nucleation enhances the dispersed phase Tc. This effect is attributed to the
thicker crystalline lamellae of the matrix polymer, which provide a more favourable nucleation
substrate to the droplet phase. The technique has been applied to various double semicrystalline
polymer blends*®®471475 " including HDPE/PP*®, for which the epitaxial nucleation mechanism

is active.

So far, the study is limited to the case of high-density polyethylene, and little is known
about the applicability of such a method to PEs with different chain architecture (comonomer
type and content and branching). Much information is available on the effect of blending
different types of PE with polypropylene, especially from the point of view of the adhesion
between the phases in blends and laminates*’®4'8, It is known that better welding is obtained
with metallocene PEs rather than with Ziegler-Natta type polymers due to the segregation of
low molar mass and defective chains to the interface in the latter case*’®. Improved adhesion
was obtained when interfacial entanglements were formed (for lower density metallocene

PEs)*’” or when crystallization across the interface occurred*’®.
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Despite the body of literature on interfacial morphology in blends of different PE types
with PP, a specific study on nucleation kinetics at the interface has yet to be performed. The
aim of the present study is thus to extend our versatile DSC method to the investigation of
surface nucleation of PE on PP in immiscible blends with droplets-in-matrix morphology,

exploring polyethylenes with different chain regularity and composition 4.

5.2 Materials and Methods

An isotactic polypropylene produced with Ziegler-Natta catalyst technology with a
molecular weight of 342.0 kg/mol was used as a matrix polymer for all investigated blends.
The blends were prepared in a ratio of 80:20 polypropylene phase to polyethylene phase. The
minor phase of each blend was composed of a different grade of polyethylene, including four
Ziegler-Natta polyethylene (ZNPE) grades with varying density and molecular weight, three
metallocene catalyst (mPE) grades with different comonomer types, and one low-density
polyethylene (LDPE) from radical polymerization. The properties of all the used grades,
measured as described below, are gathered in Table 5.2-1, together with the code names of the
used PEs. In the sample name, the type of PE was followed by a number that represents the

density of the material.

Table 5.2-1 List of the used materials in the investigation with material designation code, density and results from DSC and
GPC measurements.

Material Density? Comono Comono Tm[°C] Tc[°C] x Mw[kg/mol] P

designation  [kg/m3®] mer type mer [9%]
content
[wt 9%0]

PP 905 - - 161.1 1124 52% 342.0 8.4
ZNPE962 962 C4 0.7 132.7 1194 83% 67.8 3.8
ZNPE954 954 C4 1.1 128.7 116.2  74% 90.2 104
ZNPE9%45 945 C4 2.1 128.1 1155 68% 158.5 16.0
ZNPE935 935 C4 4.8 127.3 114.8 57% 206.0 19.8

mPE927 927 Co6 4.6 119.5 106.5 46% 7.7 3.8
LDPE922 922 - - 112.7 97.8 45% 101.5 6.7
mPE918 918 C4/C6 0.6/7.5 121.9 107.0 41% 91.6 3.7
mPE902 902 C8 17.0 94.5 77.5 27% 52.8 3.5

2 Datasheet

C4 = 1-butene

C6 = 1-hexene

C8= 1-octene
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GPC. The molecular weight (Mw) was determined by Gel Permeation Chromatography
(GPC) measurements using a GPC-IR chromatograph from PolymerChar (Valencia, Spain),
equipped with an IR5 detector. The analysis was carried out at 160 °C and using three PLgel
Olexis columns, each 300 x 7.5 mm (Agilent, Church Stretton, UK) as stationary phase. 1,2,4-
Trichlorobenzene (TCB) was used as eluent with a flow rate of 1 mL/min. The column set was
calibrated with narrow distributed polystyrene standards ranging from 500 to 11.5-106 g/mol.
The PS equivalent molecular weight was converted into PE equivalent by using Mark Houwink

constants 479,

a-TREF. The chemical composition distribution (CCD) was analyzed using a Crystaf-
TREF 200+ PolymerChar instrument with an infrared concentration detector. 80 mg of sample
was dissolved in 35 mL of trichlorobenzene (TCB), stabilized with 250 mg/L 2,6-bis(1,1-
dimethylethyl)-4-methylphenol, at 160°C. 0.3 mL of the solution was injected into the TREF
column. The column oven was cooled to 110 °C and held at 110 °C for 30 min for stabilization
purposes. After stabilisation, the column oven was cooled to 35°C under a constant cooling
rate (0.1 °C/min). The polymer was subsequently eluted from the column with 1,2,4-
trichlorobenzene at a flow rate of 0,5 mL/min at 35 °C for a period of 10 min followed by a
temperature increase from 35 °C to 135 °C at a constant heating rate of 0.5 °C/min with a flow
rate of 0,5mL/min. The concentration of the eluted fraction was determined by the detector and
plotted as a function of temperature. TREF plots can be found in Figure S1 (Appendix C) of
the supporting information and the extracted contents for the various fractions are collected in
Table S1 (Appendix C).

Self-nucleation thermal protocol (DSC). To investigate the crystallization of the PE
phase in relation to the change in the crystalline state of PP, the blends underwent a specific
thermal protocol with a heating/cooling rate of 10°C/min %47 The polypropylene crystalline
structure was altered through this thermal treatment, conducted on a Differential Scanning
Calorimeter at various self-nucleation temperatures (Ts), as its crystallization temperature can
be elevated through self-nucleation. The thermal protocol used to study the self-nucleation of
the polypropylene matrix (Figure 5.2—1) was adapted from Fillon et al. 16638480 a5 follows:

1. to erase thermal history, the sample was heated to 225 °C and held there for 5 minutes;

2. the sample was cooled to 20°C at 10 °C/min to produce a standard crystalline state;
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3. a heating scan at 10 °C/min was performed to a temperature denoted as Ts or self-
nucleation temperature. Depending on the applied Ts, the different self-nucleation
Domains of the material are revealed;
4. the sample was held at Ts for 5 minutes;
5. acooling scan at 10 °C/min from Ts to 20 °C was performed,;
6. a final heating scan at 10 °C/min from 20°C to 225°C was carried out to investigate the
melting behaviour of both phases.
An analogous protocol, with additional lower Tstemperatures, was applied to all the neat
PE grades.
250 1 T T T ] |
225
200
175
150
125
100
75

50
25

Temperature [°C]

!l[l[l[[[[l[l[lll

1 1 1 Il 1 Il 1
5 15 25 35 45 55 65 75
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Figure5.2— 1 Thermal protocol for performing PP matrix self-nucleation and crystallization of the dispersed phase.

Standard thermal protocol (DSC). Melting (Tm) and crystallization (Tc) temperatures
were measured using a Differential Scanning Calorimeter (DSC) Discovery series TA
Instruments, according to 1SO 11357/3. The measurements were carried out at a heating and
cooling rate of 10 °C/min from 20 °C to 225 °C. The transitions were deduced from the second
heating and cooling curves; the values of T¢ and Tmare included in Table 5.2-1 and Table 5.3—
1. The DSC curves are presented in Figure 5.3-1 a) and b) for the neat PE grades and Figure
5.3-1 c) and d) for the blends and neat PP.

Melt-mixing. Pellets from each selected PE grade were dry blended with polypropylene
pellets in a weight ratio of PP/PE 80:20, and the resulting pellets mixtures were poured into the
mixing chamber of a Brabender W50. Melt mixing was performed at a set temperature of 200°C
for 7 minutes at 100 rpm. The blends’ composition code and basic thermal properties, measured

by the DSC, are listed in Table 5.3-1 and presented in Figure 5.3-1 c) and d).

SEM. Scanning electron microscopy (SEM) was used to visualize the general morphology

of the blends and the interface between PP and PE. At first, the samples were conditioned in
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the DSC, applying annealing at the selected Ts and cooling to room temperature (i.e., steps 1
to 5in Figure 5.2-1). The selected samples were cut via cryo-microtoming at -100°C on a Leica
EM UC7 and then etched for 10 minutes in a 1% KMnO4 in 85% H,SO;4 solution. After, the
samples were washed with distilled water, stirred for 10 minutes in a 30% H>0O> solution,
washed again, and finally rinsed with acetone. Before scanning electron microscope (SEM)
analysis, the specimens were covered with a Pt layer using a Quorum Q150T S plus. SEM
observations were performed on a Quanta 200F scanning electron microscope apparatus
operating at an accelerating voltage of 5 kV.

WAXS. Wide angle X-ray scattering was employed to investigate the crystalline structure
of the used materials and the created blend thereof. Prior to X-ray measurement, the samples
were conditioned using DSC. They were subjected to heating at a controlled heating rate to
225°C and subsequently cooled to 0°C. X-ray diffraction measurements were conducted using
a Bruker AXS D8 Discover diffractometer equipped with a two-dimensional GADDS detector
and a Ni-filtered CuKa X-ray source. Each sample underwent three measurements with a scan
duration of 300 s each, and the results were averaged. The angular range of the measurements

(20) was set between 10° and 32.5°, with a step size of 0.02°.

Figure S5 (Appendix C) presents WAXS analysis of iPP, PE grades, and blends created
thereof. The results in Figure S5 a) (Appendix C) show that the PE grades with higher
crystallinity and well-ordered structures exhibit sharper and more intense diffraction peaks.
Peaks with lower intensities or/and broader profiles may indicate reduced crystallinity and a
higher presence of amorphous regions within the material. These peaks correspond to the
reflections from different crystallographic planes such as the (110) at 21.2° and (200) at 23.5°.
The results of PP in Figure S5 b) (Appendix C) the last curve (pink) show that PP crystallized
in the usual a-form, as reflection at 26 = 14.0°, 17°, 18.5°, 21.2°, 22°, 25.5°, 28.5°
corresponding to the (110), (040), (130), (111), (131) and (041), (060), (220) planes. A small
peak at 16° suggests that some crystals are crystallized in B-form, which comes from the plane
(300), then the signal from the plane (301) is not visible because at 21.2° there is a strong signal

from the plane (111) of the a-form.

For the 80:20 PP:PE blends (Figure S5 b) in Appendix C) with different PEs, it can be
observed that both PP and PE crystallites contribute to the formation of the characteristic peaks.

The PP peaks are dominant due to the higher concentration of PP, but the PE peaks are also
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clearly distinguishable, especially for PE grades with a higher degree of crystallinity. In
contrast, for low crystalline grades, the contribution from the PE to the XRD pattern is minor.
This is because the lower degree of crystallinity in the PE means there are fewer ordered
structures that can diffract the X-rays in a specific direction, which leads to a weaker or less
distinct peak in the XRD pattern. This clearly illustrates the effect of the crystallinity of the PE
on the overall structure of the blend. These results are consistent with those obtained from the

DSC measurements, as depicted in Figure 5.3-1.

5.3 Results and discussion

The present study examines the crystallization effect in blends of polypropylene and
different types of polyethylene. To better understand the properties of the PE grades before
melt-mixing with PP, we first conduct a basic analysis of each neat material. The self-
nucleation properties of the PP matrix are then discussed, followed by an examination of the
behaviour of the PE grades as the minor phase in the blend. Finally, the study aims to establish
a correlation between the PE crystallization temperature after the thermal treatment and its
molecular characteristics, namely the T, and the methylene sequence length.

In this study, we utilized different grades of PE within a wide range of densities (from 902
to 962 kg/m?3), also featuring diverse molecular architecture of the polymer chains. This is
reflected by a distinct crystallization behaviour of the polymers that can be seen in Figures 5.3—
la and 2b, where the DSC cooling and subsequent heating curves of the various PE are
reported. The crystallization and melting temperatures continuously drop 40 °C when
decreasing the PE density from 962 to 902 kg/m3. An exception to the observed trend is the
behaviour of mPE918, which shows crystallization and melting temperatures higher than those
of the LDPE with higher nominal density. The reason behind this observation will be discussed
below.

Regarding the molecular features, ZNPE962 is characterized by a low weight-average
molecular weight and extremely low comonomer content (Tm = 132.7°C, Mw= 67.8 kg/mol, D=
3.8) and therefore has higher crystallinity. The ZNPE962, ZNPE954, ZNPE945, and ZNPE935
are produced using the same catalyst technology, but the level of comonomer incorporation
and the My, differs. The radical polymerized grade LDPE922 has a high molecular weight and
broad dispersity. The rest of the investigated grades are produced by single-site catalyst with a
similar dispersity of ~ 3.7. Typical polymer chains produced under steady-state conditions by

single-site catalysts (mMPE927, mPE902) also possess an even comonomer concentration over
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the molecular weight distribution and random comonomer incorporation. A different situation
holds for grade mPE918, whose TREF trace is reported in Figure S1 (Appendix C). Two chain
populations characterized by a different comonomer concentration and hence elution

temperature are visible.
The estimation of crystallinity was based on equation 15, where AH;ff IS a melting

enthalpy of 100% crystalline polymer and AH,,,is the experimental melting enthalpy. AH:,ff for
polypropylene is taken as 207 J/g 81482 and for polyethylene 293 J/g #3484 poth generally

accepted values.

AHp,
N

Xc = 100 (15)

Prepared blends with a ratio PP:PE equal to 80:20 were tested with the DSC, and the results
are shown in Figures 5.3-1c and 2d. The standard cooling and heating runs revealed a single
transition during cooling for most of the blends, indicating coincident crystallization of the PP
and PE phases, while just two blends present two separated crystallization peaks for the two
phases (PP/LDPE922 and PP/mPE902). Polypropylene and polyethylene are known to display
mutual nucleation effects 6485487 Nevertheless, Figure 5.3—-1c shows that crystallization of
the PP phase in the blends must occur at a higher temperature than for neat PP. The higher
crystallization temperature of the PP phase in the blends can be explained by either a mild
nucleating effect of the molten PE droplet for the PE grades whose density is below 935 kg/m?3
% or by nucleation onto the already formed PE crystals, especially for PEs with a density from
962 to 935 kg/m?. Another possible explanation is the transfer of nucleating impurities from
the PE to the PP phase during melt mixing, although the opposite transfer is more commonly
observed 24848 |t should be noted that for the blends for which the PE crystallization
temperature could be measured during standard cooling, higher T¢ values in comparison with
neat polymers were detected. For example, mPE902 crystallization goes from 77.5°C in the
neat polymer to 80.3°C in the blend and LDPE from 97.8°C to 98.8°C. This increase could

indicate either nucleation of the PE phase at the interface with PP, the occurrence of which will
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be discussed in detail further on, or the transfer of nucleating impurities from the matrix to the
dispersed phase?®®.

As expected, the melting scans revealed the presence of two components (Figure 5.3-1d).
When comparing the melting temperature values of the PP and PE phases in the blend with
respect to the neat polymers, it is observed that the values tend to be slightly lower in the blend,

which can be attributed to the effect of processing or different crystallization conditions*%%49L,
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Figure 5.3-1 DSC cooling (a) and heating (b) scans of neat PE grades and blends (c and d) at scan rates of 10°C/min. The
neat PE materials are arranged in order of increasing density from bottom to top and neat PP is added to the blends plot for
comparison purposes.
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In addition to these DSC results, we conducted the further analysis using Wide Angle
X-ray Scattering (WAXS) to delve deeper into the crystalline structure of the blends and neat
materials. These WAXS measurements, detailed in the supporting information (Figure S5 in
Appendix C ), offer complementary insights that reinforce our primary findings. In brief, these
results align with the DSC data and contribute additional depth to our understanding of the
crystalline behaviour of these blends.

Table 5.3-1 Thermal properties of blended materials obtained by DSC for each phase. The weight ratio in every blend is the

same (80:20 PP:PE). The code of the blend therefore just indicates the difference in the type of PE.

Blend code TmPE[°’C] TcPE[C] TmPP[°C] TcPP[°C]
PP/ZNPE962 126.9 1175 160.9 1175
PP/ZNPE954 128.3 116.5 160.4 116.5
PP/ZNPE945 127.2 116.8 160.1 116.8
PP/ZNPE935 126.4 115.8 160.1 115.8
PP/mPE927 121.1 116.7 163.7 116.7
PP/LDPE922 110.2 98.8 160.2 113.9

PP/mPE918 121.5 114.4 160.5 114.4

PP/mPE902 94.7 80.3 160.9 114.7

SEM images (Figure 5.3-2) reveal that all blends display a sea-island morphology, with
droplets of PE dispersed in the PP matrix. The PE droplet's size and size distribution (see
Supporting Information, Figure S2 and Table S2 in Appendix C) vary only slightly. Still, it is
important to note that the observed sizes are based on 2D images and may not accurately reflect
the true size distribution of the 3D droplets. Even a monodisperse distribution of 3D particles
would show a quite large distribution of sizes in a 2D image, with the largest diameter being
the "true" diameter of the spheres. The differences in PE to PP viscosity ratio for the particular
PE grades may contribute to the observed variation in droplet size. For instance, ZNPE935
generates a higher number of smaller droplets, while ZNPE945 yields a significant fraction of
larger droplets. It is also worth noting that Figure 5.3-2h) shows a region of the sample where
the mPE902 material has been removed during the etching process. In this area, there are no
visible PE droplets, and the diameter of the etched hole has been considered equal to the size
of the PE droplets.

The measurement of PE droplet sizes displayed in Table S2 (Appendix C) was performed
according to Arnal et al. 4% and Chandrasekhar et al. 3. It can be considered that the average

diameter of the droplets in the blends is between approximately 1 and 2 um. This suggests that
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the dimension of the various droplets with different PE types, being almost constant, will not

affect the interpretation of the subsequent crystallization results.
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Figure 5.3-2 Scanning electron microscopy images of a) PP/ZNPE962 b) PP/ZNPE954 c) PP/ZNPE945 d) PP/ZNPE935 €)
PP/mPE27 f) PP/LDPE922 g) PP/mPE918 h) PP/mPE902.
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Next, we investigated the interfacial nucleation of PE droplets on the self-nucleated PP
matrix. As mentioned in the method section, the different self-nucleation Domains, depending
on the applied Ts, are identified as follows: Domain I, at high enough Ts, is characterized by no
effect on the material's recrystallization due to the complete erasure of any memory of the
previous crystalline order; Domain Il, at intermediate Ts, occurs when an enhanced
crystallization temperature is recorded due to the presence of residual self-nuclei; Domain I,
at lower Ts, is found when unmolten crystals are left in the original sample and the lamellae
thicken as an effect of the heat treatment. It was shown for PP/PE blends that applying Ts in
Domain Il and 11l causes an increase in the recrystallized PP lamellar thickness, which
promotes epitaxial nucleation of PE droplets “®°. In particular, PP lamellae become thicker with
the decrease of the self-nucleation temperature from 170°C to 161°C. At the Ts 161°C, the
lamellar thickness of PP reached a maximum value, and consequently, the PE phase had the
best nucleation substrate. However, depending on the PE type, a different nucleating effect of

the PP matrix could be observed.
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Figure 5.3-3 DSC scans of a) cooling and b) heating after thermal treatment at the indicated Ts for the blend PP/LDPE922-
80/20. Domain 1 is represented in red color, Domain Il in blue and Domain 111 in green. Vertical dashed lines are added as a
guide to the eye, to highlight the lack of changes in the crystallization temperature of the PE phase.
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Figure 5.3-4 DSC scans of a) cooling and b) heating after thermal treatment at the indicated Ts for the blend PP/ZNPE935.
Domain I is represented in red color, Domain Il in blue and Domain Il in green. Vertical dashed lines are added as a guide to
the eye, to highlight the changes in the crystallization temperature of the PE phase.

The cooling and heating scans corresponding to steps 5 and 6 in the applied self-nucleation

thermal protocol (see Figure 5.2-1) are shown in Figure 5.3-3a and 5.3-3b, respectively, for a
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blend of PP with low-density polyethylene (LDPE922). The Ts range is selected to illustrate
the temperature variations in the PP's crystallization and melting temperatures and to
understand how the PE phase crystallization is influenced by the matrix self-nucleation. The
self-nucleation domains of PP are identified by different curves' colors, i.e., Domain | red,
Domain Il blue and Domain Il green. Figure 5.3-3a shows that while the crystallization
temperature of PP has an obvious shift towards higher temperatures with decreasing Ts in
Domain Il and 111, the peak from the PE minor phase remains approximately constant, at around
100 °C. Thus, enhanced surface nucleation does not seem particularly active for LDPE922,
even when thicker PP lamellae (as judged by the higher melting point, Figure 5.3-3b) are

available at the interface with the molten PE phase.

Analogously, Figures 5.3—4a and 5.3—-4b report cooling and heating curves from various Ts
for the PP/ZNPE935 blend. In this case, contrary to the previous example, the increase in PP
crystallization temperature with decreasing Ts is accompanied by a significant increase in the
crystallization temperature of the PE phase as well. As previously reported by our group, this
behaviour indicates surface nucleation of PE on the PP matrix, which becomes more and more
favourable with the thickening of the PP lamellae 4%°. This surface nucleation mechanism is
explained by the known epitaxial matching of PE crystals on PP substrates 34749,

The recorded changes of PE phase crystallization temperature as a function of Ts for the
two systems selected as examples (PP/LDPE922 and PP/ZNPE935) are reported in Figures
5.3-5a and 5.3-5b, respectively. They are compared with the behaviour of the neat PE material
and with the variation of the PP matrix crystallization temperature. In Figure 5.3-5a, it can be
seen that the increase of PE crystallization temperature (T¢) from Ts in PP Domain | (i.e., 225
°C) to Domain Il (i.e., 161 °C) is practically negligible, although the shift in PP T¢ is
remarkable. On the other hand, the data for the blended PE present a characteristic trend
displaying a minimum of T¢ with Ts in the self-nucleation range of PP. The same trend is
observed for all the materials that do not show meaningful surface nucleation effects, namely
PP/mPE927, PP/mPE902 (see Supporting Information Figures S4d and S4f, respectively in
Appendix C). We note that the magnitude of the decrease in crystallization temperature is
minimal (within 1 °C), nevertheless, the data are consistent and reproducible. The reason
behind this result is currently unknown. However, it could be tentatively attributed to the
generation of a particular state of the PP surface induced by self-nucleation, which is

unfavourable for the nucleation of low-chain regularity PE (resulting in an anti-nucleation
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effect). The role of the interface here is deduced since the same dip in T¢ values is not recorded

for the neat PE material in the given Ts temperature range.

A different situation is depicted for high-chain regularity PEs (e.g., Figure 5.3-5Db). In this
case, the T. of the dispersed ZNPE935 phase increases by about 3 °C for Ts temperatures within
PP Domain Il and I, in correspondence with the increase in T¢ of PP. On the other hand, the
neat material does not show such variation in the same Ts temperature range, and the
crystallization temperature starts to increase only at much lower temperatures, when the self-
nucleation Domain 11 or 111 of the neat PE is encountered. This clearly indicates an interfacial
interaction between PP and ZNPE935 by means of the known epitaxial nucleation mechanism,

as already demonstrated for a similar PP/ZNPE blend in a previous work 4%,
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Figure 5.3-5 Crystallization temperature (T¢) values of PE phase in the blend (black symbols, left y-axis) and PP phase (grey
symbols, right y-axis) and of neat PE (red symbols) as a function of Ts for a) PP/LDPE922; b) PP/ZNPE935; The different

self-nucleation Domains of PP are also indicated.

Figure 5.3-6 reports the correlation between the dispersed phase's crystallization
temperatures and the matrix with varying Ts in the PP self-nucleation domains for all the
investigated blends. It can be observed that a linear relationship exists between the two Tcs for
all the systems considered. However, the slope of the fitting lines is dependent on the PE chain
regularity. In particular, the steepest slopes are obtained for the ZNPE with the higher densities,

while the mPE and LDPEs are characterized by very low slopes. The data might be interpreted
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as a measure of the sensitivity of PE phase nucleation kinetics (as crystallization in the minor
droplet phase is dominated by nucleation >°472-44) to a change in the matrix T.. More precisely,
being the T related to the undercooling and thus inversely related to the lamellar thickness, the
link provided in Figure 5.3-6 tells us how sensitive the crystallization of PE is to a change in
PP lamellar thickness. In this respect, the largest effect on PE crystallization temperature is
reported for ZNPE, while mPE and LDPE show almost no variation of their T with the change
of PP's Tc. Therefore, mPE and LDPE are less sensitive to the PP surface. It is noteworthy that
mPE918, despite the relatively low density, shows a mild surface nucleation effect. Therefore,

density itself is apparently not the only controlling aspect for surface nucleation.

We underline that the found scale of surface nucleation activity, i.e., high-density PE >
linear low-density PE > low-density PE, is the same reported by Yan and Petermann in thin-
films experiments. In their case, the epitaxially grown crystalline layer thickness decreases with
a decrease in the PE density **°. To explain this behaviour, two hypotheses can be put forward.
On the one hand, the results point to the existence of a certain minimum chain regularity to
allow surface nucleation of PE on PP, notwithstanding the lamellar thickness of the substrate.
When there are too many chain defects (comonomer and/or branches), their presence hinders
the templating of PE chains onto the PP substrate, thus disfavouring the nuclei formation. This
latter case is analogous to the findings of Petermann and Yan on thin films of HDPE, LLDPE,
and LDPE onto oriented PP 3%°, A decrease in the epitaxial layer thickness was observed with
decreasing PE density and interpreted as a competition between epitaxial nucleation and bulk
(spherulitic) crystallization. Similarly, in our immiscible blends, nucleation at the surface might
still be possible for the low-density materials. Still, the nucleation rate might be much slower
with respect to that of HDPE, so eventually, it becomes comparable to or slower than the
nucleation rate in the bulk of the PE droplets. On the other hand, Chaffin et al. reported that
low chain regularity PEs could form entanglements easier with PP at the interface, 4° and that
such topological constraints hinder epitaxial nucleation of the PE phase. Both hypotheses might

play a role in our observations.

The overall surface nucleation effect of the different PE types can be obtained by
considering the maximum increase in non-isothermal crystallization temperature between the
melt cooled from the first Ts at which the crystallization temperature of the two phases does
not overlap, i.e., 170 °C (edge of PP Domain I1) and from PP Domain Ill, i.e., 161 °C.
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The increase in crystallization temperature difference, calculated as outlined above, is
plotted as a function of the peak melting temperature in Figure 5.3-7a. Tm values and the
surface nucleation effect of PE onto PP have a clear correlation. In particular, no enhanced
nucleation effect is observed for Tr values lower than about 115 °C. When the Tn, is larger than
120 °C, the increase in the T, of the PE phase starts to be larger than 1 °C, and afterwards it
increases approximately linearly with the melting temperature. Generally speaking, the higher
the Tm value, the longer the uninterrupted crystallizable PE chain sequence is. Figure 5.3-7a
suggests that a certain level of PE chain regularity is required to enable efficient surface-
induced nucleation of PE onto PP in immiscible blends. The behaviour of mPE918 is
noteworthy, as it displays a low density but melting temperature higher than grades with similar
densities. This data is thus corroborating the fact that melting temperature is governing surface-

nucleation of PE onto PP, rather than the sole density.
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Figure 5.3-6 Tc values of the PE as a function of Tc values of PP in the different blends. The lines are linear fitting of the data.
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Figure 5.3-7 Maximum increase in crystallization temperature recorded as a consequence of PP matrix self-nucleation for
the different blends as a function of a) peak melting temperature and b) methylene sequence length of the various PE grades.
The measurement error was estimated by repeating the measurement 6 times and employing the Student's t-distribution at a
confidence level of 0.99 to calculate the error associated with a small number of repetitions.

The PE chain regularity can be represented by the value of the methylene sequence length

(MSL), calculated from the melting point of the polyethylene grade. As melting temperatures

of ethylene copolymers decrease with the increase in branch content but are independent of the
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branch length 1817 it is convenient to consider this parameter. MSL could be calculated in
relation to the change in melting temperature of the polyethylene grade according to empirical

relations such as the one reported in equation 16 172180181,

MSL = — gy (16)

e(Tm[K]—0.3451)_1

The relation between the maximum increase of crystallization temperature of the PE phase
and MSL could be appreciated again in Figure 5.3-7b. No enhanced nucleation effect is
observed for MSL values lower than about 100. After a threshold value of 200, the increase in
Tc reaches a plateau. It should be noted that the reported MSL values, being related to the peak
melting temperature, only represent the most probable MSL among the polymer chains and not
the average or the maximum. It is also clear that, since it is based on an empirical relation
derived for long alkanes (equation 16), the calculated MSL could deviate from the real values,
as determined for instance via NMR. Nevertheless, the conclusions on chain regularity effect
on surface nucleation of PE onto PP that can be grasped from Figure 5.3—7b can be considered

as semi-quantitative.

In order to demonstrate that nucleation of PE droplets occurred at the interface with the PP
matrix and to different extents for the PE grades of varying regularity, SEM analysis on
thermally treated and etched samples was conducted. The results are shown in Figures 5.3-8
and 5.3-9. Figure 5.3-8 shows the detail of a single ZNPE935 droplet embedded in the PP
matrix, crystallized starting from a Ts temperature in PP Domain | (Figure 5.3-8a) or Domain
Il (Figure 5.3-8b). In both cases, there is a relevant fraction of PE lamellar stacks which
originate from the droplet interface. However, in the case of the lower seeding temperature
(5.3-8b), the nucleation density at the droplet surface is higher, leading to the generation of a
transcrystalline morphology. This indicates the promoted surface nucleation in the case of high-
density ZNPE. The results are analogous to previous observations on a similar system,
constituted by a blend of the same PP matrix and a Ziegler-Natta PE with a slightly higher
density (945 kg/m?3)*%,

111



PhD Thesis
Magdalena Gora

Figure 5.3-9 SEM images of the PP/LDPE922 blend after cooling from selected Ts first images (a) Ts 225°C b) 167°C, c)
161°C.

To investigate the peculiar minimum in T¢ versus Ts for PP/LDPE922 blends, samples were
pre-treated in the DSC to obtain PP in Domain I, Domain Il and Domain I11 at 225 °C, 167 °C
and 161°C, respectively. The droplets of LDPE appear to be darker than the PP matrix. In
Figure 5.3-9a, a relatively smooth interface between the two phases can be appreciated, while
the main nucleation sites of the LDPE are difficult to be detected since the lamellar stacks seem
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to originate from both the bulk and the interface of the droplet. In Figure 5.3-9b, the phase
boundary becomes rougher due to the higher amount of spherulites that were created during
self-nucleation of the PP matrix. On the other hand, at Ts= 161 °C (Figure 5.3-9c), a smoother
interface is again obtained because the PP matrix is just partially molten and annealed during
the thermal treatment. Therefore, the observed minimum in T¢ with Ts can be tentatively
attributed to a change in the roughness state of the PP/PE surface. Similar changes can be
highlighted in another system displaying the same minimum, i.e., PP/mPE902, see Figure S3f
and S4 (Appendix C), where the very low-density PE phase has been etched away before the
SEM measurement. We note that if the surface roughness plays a role in the observed decrease
of the overall crystallization kinetics at intermediate Tss, it must mean that nucleation occurs at
the interface, at least to some extent, and also for the materials with lower chain regularity.
However, the fact that the T is not increased when changing the lamellar thickness of the PP
substrate points towards the fact that the surface nucleation mechanism is not dominant in these

PEs, and it must be competing with nucleation in the bulk of the droplet.

In fact, by comparing Figure 5.3-8b and Figure 5.3-9c, it can be seen that a transcrystalline
layer at the interface is clearly apparent for the ZNPE sample annealed at 161 °C, while it is
practically absent for the LDPE sample. This is in agreement with the measurement by
Petermann and Yan, which observed a large decrease of the PE epitaxial layer thickness onto
PP substrates when passing from HDPE to LDPE>®.

5.4 Conclusions

We previously reported that surface nucleation of polyethylene droplets at the interface
with polypropylene matrix is promoted by the self-nucleation of the PP matrix in PP/PE blends.
In this work, we investigated the effect of the PE phase chain regularity on the mechanism of
epitaxial crystallization onto the self-nucleated PP matrix. We found that the surface nucleation
of PE droplets on self-nucleated PP matrices, strongly depends on chain regularity. Thus the
increase in crystallization temperature observed for PE droplets (that correlates with an
increase in nucleation effect) was maximum for HDPE samples, much less for metallocene-

catalyzed LLDPE, and negligible for highly branched and comonomer-rich polymers.

The results were interpreted by considering polymer chain regularity, i.e., the average
methylene sequence length (MSL), as a key parameter. It was noted that when the PE
crystallizable sequence length is below ~ 100, corresponding to a melting temperature lower
than approximately 115 °C, the epitaxial matching between the aligned PE chains and the rows
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of PP methyl groups can not be efficiently attained, and the surface nucleation rate dramatically

slows down. The increase in interfacial entanglement between PE and PP with decreasing PE

regularity could also possibly hinder epitaxial crystallization among the two polymers.

Electron microscopy observations corroborate the DSC results, as a distinct interfacial
morphology could be detected in HDPE and LDPE samples, with the latter lacking a clear

transcrystalline layer, which is instead observed for the former polymer pair.
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6 CONCLUSIONS & RECOMMENDATIONS

6.1 Conclusions

This thesis contains a collection of studies that have increased understanding of
polyolefin blends in the context of recycling. While higher heating/cooling rates in the SSA
thermal fractionation process can be applied to recycled polyolefin blends, restrictions exist
due to co-crystallization processes in LDPE and HDPE, impacting the accuracy of content
computation in post-consumer blends, as revealed in Chapter 31. The focus of Chapter 4 is on
the relationship between PP low molecular weight and its elution behavior within the PE
temperature range, which is critical in defining the accurate composition of polyolefin blends.
The study emphasizes the need to include the detector response parameters to achieve accurate
composition analysis, hence having the full microstructure distribution of the mixed blends and
composition. The surface nucleation in PP and PE blends is discussed in Chapter 5, with an
emphasis on the effect of PE chain regularity on epitaxial crystallization. These chapters
collectively add significant expertise to the topic of polymer recycling, providing new insights

and answers to industry difficulties.

The investigations given in this thesis in the field of polyolefin science and recycling
technology provide insights into successive self-nucleation and annealing (SSA) thermal
fractionation process, surface nucleation phenomena in PP and PE blends, and co-elution of
PE with low molecular weight PP behavior. These findings are significant because they have
substantial implications for R&D laboratories in terms of validating the feedstock suppliers of
commercial mechanical recycled polyolefins and select recycled material for higher-demand
application. This thesis not only addresses specific issues in polyolefin fractionation and
nucleation, but it also lays the path for more precise composition determination and
understanding of crystallization during processing, specifically static interactions between

blend’s components.

The study demonstrates that higher heating/cooling rates in the SSA thermal
fractionation process can be effectively applied to commercial recycled polyolefin blends, with
the prerequisite of adopting a mass compensation principle to mitigate thermal inertia issues.
The methodology, however, does not extend to calculating the content of low-density
polyethylene (LDPE) and linear low-density polyethylene (LLDPE) in post-consumer blends

115



PhD Thesis

Magdalena Gora

due to the partial co-crystallization phenomena observed between high-density polyethylene
(HDPE) and LDPE, LLDPE. This issue is also present in other crystallization-based
fractionation techniques like Temperature Rising Elution Fractionation (TREF),
Crystallization Analysis Fractionation (CRYSTAF), and Crystallization Elution Fractionation
(CEF).

Additionally, the surface nucleation phenomena in immiscible polypropylene (PP) and
polyethylene (PE) blends are studied in this thesis. Central to our findings is the role of
polyethylene chain regularity indictating the mechanism of epitaxial crystallization onto a self-
nucleated PP matrix. This investigation reveal that the surface nucleation of PE droplets in self-
nucleated PP matrices is intricately dependent on the chain regularity of the PE component. It
was observed that the increase in crystallization temperature, an indication for the nucleation
effect, varied notably across different PE types. The increase was most pronounced in high-
density polyethylene (HDPE) samples. Conversely, the effect was considerably less in
metallocene-catalyzed linear low-density polyethylene (LLDPE) and almost negligible in
polymers that were highly branched or rich in comonomer, LDPE and LLDPE with high octene
content. A pivotal aspect of our analysis focused on the average methylene sequence length
(MSL) as a critical parameter in determining the nucleation behavior. It was established that
when the PE crystallizable sequence length is below approximately 100 — correlating to a
melting temperature under 115 °C — the epitaxial matching between the aligned PE chains
and the PP methyl groups rows becomes inefficient. This mismatch leads to a dramatic decrease
in the surface nucleation rate. Furthermore, our research suggests that increasing interfacial
entanglement between PE and PP, particularly with decreasing PE regularity, could impede the
epitaxial crystallization between these polymers. These conclusions are supported by electron
microscopy observations, which corroborate the Differential Scanning Calorimetry (DSC)
results. The HDPE samples displayed a pronounced interfacial morphology, characterized by
a distinct phase boundary. However, this region where two phases are in contact, appeared less
prominent in samples where PP underwent self-nucleation with the same PE. Conversely, both
the low-density polyethylene (LDPE) and linear low-density polyethylene (LLDPE) samples
exhibited a more subdued phase boundary, regardless of whether PP was in a self-nucleated
state or in its standard state. This observation underscores the significant impact of polymer

chain regularity on the phenomena of surface nucleation.
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Moreover, there has successfully established a correlation between the molecular
weight of polypropylene (PP) and its elution behavior within the polyethylene (PE) temperature
range in TREF. This finding is crucial in the context of accurately determining the composition
of polyolefin blends, particularly in mechanical recycling processes. On top of this, the aspect
of the last study was the identification of variations in absorption factors between PP and PE.
These variations, especially significant when using a broadband filter tuned to the absorption
region of 2800-3000 cm™* for concentration signal analysis, were found to potentially introduce
a 2% margin of influence on the results. Implementing the detector response factor and
compensating for PP elution in the PE range has proven to be effective, yielding results that
closely align with the nominal blend values. The development is particularly relevant for the
recycling enterprise, where material composition precision is critical to quality and

understanding the microstructure of the blend might lead to an application of mix into products.

6.2 Recommendations for future work

Characterization of polyolefins, while fundamentally aimed at monitoring processes

and understanding microstructures, presents several areas for future exploration.

A primary area of investigation is the refinement of quantitative analysis for low-
density polyethylene (LDPE) in post-consumer blends. The challenge lies in accurately
quantifying LDPE, particularly due to its co-crystallization with high-density polyethylene
(HDPE). Refining the successive self-nucleation and annealing (SSA) technique and
integrating it with infrared spectroscopy (IR), modulated differential scanning calorimetry
(MDSC), or atomic force microscopy (AFM) could help developing a robust method for LDPE

quantification, crucial for R&D departments with appropriate resources.

Expanding the SSA protocol's application to a broader range of recycled polymers is
another critical research direction. This expansion could significantly improve recycling
processes and material characterization, establishing SSA as a key tool in polymer recycling.
Research into the long-term stability and ageing of materials processed via the SSA protocol
is also interesting field to focus on. This will provide insights into material performance and
durability, informing practical applications and ensuring reliability. Comparative studies with

other crystallization-based fractionation techniques, like temperature rising elution
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Fractionation (TREF), crystallization analysis fractionation (CRYSTAF), and crystallization
elution fractionation (CEF), are vital. Integrating design of experiment or chemometrics for
data analysis in the SSA protocol could enhance the gained information. This approach

promises novel insights in recycled polymer blend characterization.

It is proposed that the impact of various polypropylene (PP) matrices with different
polyethylene (PE) chain regularities on the nucleation and crystallization in immiscible
polymer blends can be explored. An improved understanding of the behavior of these blends
is anticipated from this research. The use of advanced characterization techniques such as
atomic force microscopy (AFM), X-ray diffraction (XRD), and fourier transform infrared
(FTIR) spectroscopy for the analysis of PP/PE blends is recommended. Comprehensive
insights into the molecular structures and interfacial dynamics within the blends are expected
to be yielded by these techniques.

Future TREFXGPC research should immediately focus on expanding the spectrum of
polypropylene (PP) samples. By measuring more PP samples with varying molecular weights
and dispersities, researchers can refine and enhance the accuracy of the My-PP elution
correlation. This expansion is not just a quantitative increase but necessitates the inclusion of
a broadness parameter, a vital factor that could significantly impact the correlation's
applicability across different PP types. Such a study would not only validate the current
findings but also extend its applicability, providing a more comprehensive understanding of PP

behaviors in various contexts.

In parallel, there is a compelling need to test the established method on other types of
polyolefin blends, particularly ethylene-propylene copolymers. This exploration is crucial for
understanding the method's versatility and limitations. Since the current methodology is shown
to be less effective for random polypropylene heterophasic copolymers (RAHECO-PPs) and
random polypropylene copolymers (RACO-PP), exploring its application on these and other
polyolefin blends can provide insights into potential modifications or alternative approaches.
Such studies would greatly benefit the recycling industry, especially considering the prevalence

of RACO-PP in PP-based recyclates due to packaging applications.
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Additionally, the effects of degradation and reprocessing on the molecular structure and
properties of polyolefin blends present another promising research avenue. Using techniques
like temperature rising elution fractionation with gel permeation chromatography
(TREFXGPC) and SSA, future studies can delve into how recycling processes impact the
molecular integrity and subsequent usability of PP blends. This area of research is particularly
pertinent given the increasing demand for sustainable and efficient recycling methods in the

plastics industry.

In conclusion, these proposed future works aim to build upon the current research
foundations, addressing both scientific and practical aspects of polyolefin recycling and blend
characterization. These studies hold the promise of expanding our understanding of polymer
blends, paving the way for novel applications and innovations in polymer science and

engineering.
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Appendix A: Supporting information to Chapter 3
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Figure S1 Blends employed in this work, which needed to be homogenized; scans rate: 20°C/min DSC cooling scans from the
melt and a subsequent DSC heating scan, before homogenization: a) m-PE65PP35 b) m-PE40PP60 c) pp-PE30PP70 after
homogenization: d) m-PE65PP35 e) m-PE40PP60 f) pp-PE30PP70.
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Figure S2 Ts ideal selection form m-PE40PP60 a) DSC cooling scans at 10°C/min after 5 min at the indicated Ts for
polypropylene in recycled polyolefin blend b) subsequent heating scans (at 10 °C/min) after cooling runs shown in a). ¢) DSC
cooling scans at 10°C/min after 5 min at the indicated Ts for polyethylene in recycled polyolefin blend d) subsequent heating
scans (at 10 °C/min) after cooling runs shown in c¢) Colors of the lines in the graphs indicating material under certain domains:
red lines - Domain I, blue lines- Domain Il, green lines - Domain I11. The occurrence of an annealing peak in the PE and PP
phase is highlighted as a separate inset next to the corresponding curve.
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Figure S3 Different Ts,ideal VS rate used during the measurement starting front the upper-left m-PE60PP40 (a), top-right m-
PE40PP60 (b), bottom-left pp-PE30PP70 (c) and bottom-right pp-PE20PP80 (d).
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Figure S4 Three runs of m-PE65PP35 at 30 °C/min for the error calculation.
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Figure S5 TREF analysis of pp-PE30PP70 for composition calculations as an industrial standard method.
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Appendix B: Supporting information to Chapter 4

Table S1 Gathered data of the 17 blends and neat PP and PE, which shows the basic thermal properties, measured by
DSC.

TmPP TmPE AHmMPP AHmM PE

Name Tc[°C] PP [wt%] PE [wt%]
[°C] [°C] [/l  [I/d]

PE - 127.5 - 173.3 115.7 - 100.0
PP/PE - 1.7/98.3 161.1 127.8 1.0 171.0 115.6 0.9 99.1
PP/PE - 2.2/97.8 161.2 127.9 1.7 171.1 115.6 1.6 98.4
PP/PE - 3.2/96.8 1615 127.8 2.2 171.9 115.7 2.0 98.0
PP/PE - 4.2/95.8 161.7 127.7 3.1 168.4 115.6 2.9 97.1
PP/PE -5.2/94.8 161.6 127.7 3.1 166.0 115.6 3.0 97.0
PP/PE - 6.2/93.8 161.9 128.3 4.7 158.5 115.2 4.6 95.4
PP/PE - 11.2/88.8 161.9 128.1 8.2 147.9 1155 8.3 91.7
PP/PE - 21.3/78.7 160.7 128.2 15.6 1335 114.7/116.4 16.0 84.0
PP/PE - 61.4/38.6 160.9 127.6 44.7 57.8 116.6 55.7 44.3
PP/PE - 81.4/18.6 160.9 126.9 61.4 24.0 116.2 80.6 19.4
PP/PE-91.5/85 1619 126.6 72.2 8.4 116.1 93.4 6.6
PP/PE - 96.5/3.5 161.2 126.3 73.7 2.9 115.9 97.6 24
PP/PE -97.5/2.5 160.4 126.6 74.0 1.6 115.2 98.7 1.3
PP/PE - 98.5/1.5 160.6 126.7 78.3 0.9 114.7 99.3 0.7
PP/PE - 99.5/0.5 161.0 128.7 79.8 0.3 114.9 99.7 0.3
PP/PE -99.3/0.7 1615 126.6 78.8 0.6 114.4 99.5 0.5
PP/PE - 99.8/0.2 162.1 126.4 79.1 0.2 115.7 99.9 0.1

PP 161.1 - 106.6 - 112.9 100.0
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Figure S1 Bar chart illustrating differences between DSC values and compounded PP and PE content across 17 blends. The y-axis
enumerates the 17 different blends, labelled by their respective PP and PE percentages, such as PP/PE - 1.7/98.3. The x-axis quantifies
the percentage differences. The bars are distinguished by color, with polyethylene (PE) in light blue and polypropylene (PP) in blue.
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Table S2 Data obtained from the series of the measurement of the 17 blends from processing, NMR, TREF before compensation and accordingly, values after detector factor and PP elution in the
PE temperature range compensation.

TREF(CFC)
TREF(CFC)

Processing NMR TREF(CFC) ) d Matcorrection + PP in
d M3t correction _
PE range correction

Name PP [wt%] PE [wt%] PP [wt%] PE [wt%] PP [wt%] PE[wt%] PP [wt%)] PE [wt%] PP [wt%] PE [wt%]
PP/PE - 1.7/98.3 1.7 98.3 1.8 98.2 0.7 99.3 0.7 99.3 0.7 99.3
PP/PE - 2.2/97.8 2.2 97.8 2.4 97.6 1.7 98.3 1.9 98.1 2.0 98.0
PP/PE - 3.2/96.8 3.2 96.8 3.1 96.9 2.4 97.6 2.7 97.3 2.8 97.2
PP/PE - 4.2/95.8 4.2 95.8 4.5 95.5 2.9 97.1 33 96.7 3.4 96.6
PP/PE - 5.2/94.8 5.2 94.8 4.9 95.1 35 96.5 3.8 96.2 4.0 96.0
PP/PE - 6.2/93.8 6.2 93.8 6.0 94.0 4.6 95.4 5.0 95.0 5.2 94.8
PP/PE - 11.2/88.8 11.2 88.8 11.0 89.0 7.8 92.2 8.5 91.5 8.8 91.2
PP/PE - 21.3/78.7 21.3 78.7 21.6 78.4 17.4 82.6 18.8 81.2 19.6 80.4
PP/PE - 61.4/38.6 61.4 38.6 61.5 38.5 %4.1 45.9 56.5 43.5 58.9 411
PP/PE - 81.4/18.6 81.4 18.6 81.7 18.3 76.6 23.4 78.5 215 81.8 18.2
PP/PE - 91.5/8.5 91.5 8.5 91.8 8.2 85.5 14.5 86.8 13.2 90.7 9.3
PP/PE - 96.5/3.5 96.5 35 96.6 3.4 90.2 9.8 91.1 8.9 95.2 4.8
PP/PE - 97.5/2.5 97.5 2.5 97.9 2.1 91.7 8.3 92.5 7.5 96.4 3.6
PP/PE - 98.5/1.5 98.5 15 98.7 1.3 92.9 7.1 93.7 6.3 97.9 2.1

174



PhD Thesis
Magdalena Gora

PP/PE - 99.5/0.5
PP/PE - 99.3/0.7
PP/PE - 99.8/0.2

99.5
99.3
99.8

0.5
0.7
0.2

99.5
99.3
99.8

0.5
0.8
0.2

935
93.5
93.9

6.5
6.5
6.1

94.2
94.1
94.5

5.8
5.9
5.5

98.3
98.1
98.6

1.7
1.9
1.4

175



PhD Thesis
Magdalena Goéra

Table S3 Gathered values of the PP elution in the PE temperature range and the viscosity-average molecular weight
(My) of those PP, which were investigated in this study.

Sample name

PP in PE range [wt%o]

Mv [g/mol] 103 -130°C

PP-1

PP-2

PP-3

PP-4

PP-5

PP-6

PP-7

PP-8

PP-9

PP-10

PP-11

PP-12

PP-13

48.6

12.9

15.5

10.5

9.5

8.6

9.1

10.3

8.4

5.8

4.3

4.3

3.0

31000

80000

97000

105000

113000

117000

118000

127000

128000

244000

318000

325000

412000
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Table S4 Ethylene-Propylene Copolymers (EPC) utilized for detector factor validation in this study.

Sample name CHs/1000TC
EPC-1 326.7
EPC-2 316.6
EPC-3 308.5
EPC-4 304.9
EPC-5 286.4
EPC-6 271.1
EPC-7 1715
EPC-8 148.3
EPC-9 103.3
EPC-10 0
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Figure S2 Scatter plot illustrating the correlation between detector factor (d™) and CH3/1000TC ratio for various
ethylene-propylene copolymers. Polymers with a higher proportion of methyl groups correspondingly exhibit lower
detector factors.
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Figure S3 Bar chart comparing TREF (CFC) values after application of detector factor correction vs. compounded values. The y-axis
categorizes 17 different blends, designated by their respective PP and PE contents. The x-axis displays the percentage differences. The
bars are color-coded, with polyethylene (PE) shown in light blue and polypropylene (PP) in blue.
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Table S5 Data obtained from the series of the measurement of 3 validation blends from processing, TREF before compensation and accordingly, values after detector factor and PP elution in the
PE temperature range compensation.

TREF(CFC)
_ TREF(CFC) _ _
Processing TREF(CFC) ) d Matcorrection + PP in PE
d M3t correction _
range correction

Name PP [wt%] PE [wt%] PP [wt%] PE[wt%)] PP [wt%] PE [wt%] PP [wt%] PE [wt%o]
V1-PP/PE 51.8 48.2 49.2 50.8 51.4 48.6 53.4 46.6
V2-PP/PE 50.5 49.5 48.5 515 50.8 49.2 52.6 47.4
V3-PP/PE 53.7 46.3 46.2 53.8 48.4 51.6 52.8 47.2

Table S6 Data obtained from the series of the measurement of the 3 post-consumer recycled blends from NMR, TREF before compensation and accordingly, values after detector factor and PP
elution in the PE temperature range compensation.

TREF(CFC)
TREF(CFC) ) )
NMR TREF(CFC) ] d Matcorrection + PP in PE
d Matcorrection )
range correction
Name PP [wt%] PE [wt%)] PP [wt%] PE[wt%] PP [wt%] PE [wt%] PP [wt%] PE [wt%o]
PCR-1 72.1 27.9 63.9 36.1 66.0 34.0 70.8 29.2
PCR-2 51.3 48.7 44.2 55.8 46.5 53.5 49.4 50.6
PCR-3 92.2 7.8 85.0 15.0 86.1 13.9 92.1 7.9
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Figure S3 Bar chart comparing TREF (CFC) values after application of detector factor correction vs. compounded values.
The x-axis categorizes 3 different validation blends. The y-axis displays the percentage differences. The bars are color-coded,
with polyethylene (PE) shown in light blue and polypropylene (PP) in blue.
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Figure S4 Bar chart comparing TREF (CFC) values after applying detector factor vs. the amount of the PE and PP calculated
by NMR. The x-axis categorizes 3 different PCR blends. The y-axis displays the percentage differences. The bars are color-
coded, with polyethylene (PE) shown in light blue and polypropylene (PP) in blue.
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Appendix C: Supporting information to Chapter 5
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Figure S1 Neat PE grades employed in this work, and their TREF elution profiles (materials with high density on the top,
materials with low density on the bottom).

Table S7 TREF elution detained information extracted from the Polymer Char device software for data analysis.

Material ~ SF 30-35°C [%] T135-90°C [%] T2 90-95°C [%] T3 95-110°C [%] Mp [°C]
ZNPE962 0.4 5.5 4.6 89.5 100.3
ZNPE954 2.7 22.8 15.2 59.2 98.8
ZNPE945 5.6 34.8 14.7 44.9 98.9
ZNPE935 12.0 43.4 10.8 33.7 99.5
mPE927 1.0 72.3 23.4 33 88.4
LDPE922 2.9 97.1 0.0 0.0 80.9
mPE918 5.7 63.8 29.3 1.2 93.3
mPE902 12.3 87.7 0.0 0.0 64.7
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Figure S2 Particle size distribution of the PE dispersed in the PP matrix for all PE grades used in this study.
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Table S2 Number-average (dn) and volume-average (dv) diameters, particle size distribution (D) of the blends.

Material dn [um] dv [um] D
PP/ZNPE962 1.8 1.5 1.2
PP/ZNPE954 1.6 1.3 1.3
PP/ZNPE945 4.8 2.0 24
PP/ZNPE935 2.9 1.0 3.0
PP/mPE927 2.1 1.4 1.5
PP/LDPE922 2.9 1.5 1.9
PP/mPE918 1.7 1.2 15
PP/mPE902 1.9 0.9 2.2
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Figure S3 Crystallization temperature (T¢) values of PE phase in the blend (black dots, left y-axis) and PP phase (grey dots,
right y-axis) and of neat PE (red symbols) as a function of Ts for a) PP/ZNPE962; b) PP/ZNPE954 c) PP/ZNPE945 d)
PP/PE927 e) PP/mPE918 f) PP/mPE902; The different self- nucleation Domains of PP are also indicated.
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Figure S5 WAXD profiles of PE grades a) and iPP and PP/PE 80:20 blend from the respective PE and iPP grades.
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