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ABSTRACT

ENGLISH

Plastic pollution has become one of the major environmental challenges of modern societies.
In this context, polyhydroxyalkanoates (PHAs) have gained attention as sustainable
alternatives. However, despite their biodegradability, effective end-of-life management is still
necessary, and mechanical recycling is considered a feasible strategy for recovering material
value. PHAs are, however, sensitive to thermal and mechanical stresses during melt processing,
which may induce degradation and reduce material performance.

This study investigated how repeated mechanical recycling cycles affect the material properties
of a blend of P3HB and P(3HB-co-4HB) and evaluated the effect of stabilizers on material
stability during reprocessing. To simulate recycling cycles, the polymer was processed in a
micro-compounder at different residence times. The neat polymer was first analyzed to
establish a baseline, followed by the incorporation of stabilizers at different concentrations.
Samples were analyzed using DSC, FTIR, TGA, DSC-OIT, and DMTA.

The results showed no significant changes in crystallinity or glass transition temperature after
repeated processing cycles, while melting temperature and stiffness seemed to increase after
processing. FTIR analysis revealed a gradual decrease in hydroxyl absorption with increasing
processing time; however, the addition of primary or secondary antioxidants at 0.4 wt%
appeared to mitigate this effect.

Conclusively, the results suggest that mechanical recycling of P3HB/P(3HB-co-4HB) may be
feasible under short processing cycles, although some changes in material properties still occur
during reprocessing. The addition of primary or secondary antioxidants at 0.4 wt% appeared to
reduce some of the observed changes, although further studies are required to clarify the
underlying stabilization mechanisms and long-term effects.

SWEDISH

Plastfororeningar har blivit en av de storsta miljdutmaningarna i moderna samhillen. I detta
sammanhang har polyhydroxialkanoater (PHA) fatt okad uppmérksamhet som héllbara
alternativ. Trots deras biologiska nedbrytbarhet &r dock en effektiv hantering vid slutet av
livscykeln fortfarande nddvindig, och mekanisk atervinning betraktas som en mdjlig strategi
for att bevara materialvirdet. PHA ar emellertid kénsliga for termiska och mekaniska
pafrestningar under sméltbearbetning, vilket kan orsaka nedbrytning och forsdmrade
materialegenskaper.

Denna studie undersokte hur upprepade mekaniska atervinningscykler péverkar
materialegenskaperna hos en blandning av P3HB och P(3HB-co-4HB), samt utvirderade
effekten av stabilisatorer pa materialets stabilitet under ombearbetning. For att simulera
atervinningscykler bearbetades polymeren i en mikrocompounder med olika uppehéllstider.
Den rena polymeren analyserades forst for att etablera en referensniva, foljt av tillsats av
stabilisatorer i olika koncentrationer. Proverna analyserades med DSC, FTIR, TGA, DSC-OIT
och DMTA.

Resultaten visade inga signifikanta forandringar i kristallinitet eller glasomvandlingstemperatur
efter upprepade bearbetningscykler, medan smélttemperaturen och styvheten tenderade att 6ka
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efter bearbetning. FTIR-analysen visade en gradvis minskning av hydroxylabsorptionen med
okande bearbetningstid; tillsats av primira eller sekundéra antioxidanter vid 0,4 viktprocent
verkade dock motverka denna effekt.

Sammanfattningsvis tyder resultaten pa att mekanisk atervinning av P3HB/P(3HB-co-4HB)
kan vara mgjlig under korta bearbetningscykler, dven om vissa fOrdndringar i
materialegenskaper fortfarande sker under ombearbetning. Tillsats av priméra eller sekundéra
antioxidanter vid 0,4 viktprocent verkade minska négra av de observerade fordndringarna, dven
om ytterligare studier krdvs for att klargoéra de bakomliggande stabiliseringsmekanismerna och
langsiktiga effekterna.
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1. INTRODUCTION
1.1 Background

Plastic pollution has become one of the major environmental challenges of modern societies
(Villarrubia-Gomez et al., 2024). Conventional plastics are primarily produced from fossil
fuels and can persist in the environment for hundreds of years, leading to long-term ecological
impacts in both terrestrial and marine ecosystems (Stanley et al., 2025). From a global
sustainability perspective, within the Planetary Boundaries Framework, such impacts are
linked to increasing pressure on critical Earth system processes, including, for instance, climate
change, ocean acidification, and biodiversity loss. Current patterns of production and
consumption are exceeding these ecological limits, highlighting the need for more sustainable
material systems (Rockstrom et al., 2009; Villarrubia-Gomez et al., 2024).

In this context, biopolymers have gained increasing attention as potential alternatives to
conventional fossil-based plastics (Stanley et al., 2025). One promising example is
polyhydroxyalkanoates (PHAs), a family of biodegradable polyesters produced by
microorganisms through the fermentation of renewable carbon sources. PHAs are considered
environmentally friendly materials, as they can biodegrade in various environments through
microbial activity (Koller, Heeney and Mukherjee, 2025). Their renewable origin and
biodegradability have contributed to their growing market share, reinforcing their role in the
transition toward a circular bioeconomy (European Bioplastics, 2025; Li et al., 2025).

However, the increasing production and use of biopolymers has intensified the need for
effective end-of-life management strategies (Clarke et al., 2024; Haq et al., 2025). Composting
is often presented as a suitable end-of-life option for biodegradable polymers such as PHAs.
Although PHAs are biodegradable, their degradation does not necessarily result in a lower
environmental impact. Depending on the conditions, biodegradation can lead to the release of
CO: and methane contributing significantly to increase of greenhouse gas emissions.
Therefore, biodegradability alone does not guarantee environmental sustainability (Kogje et
al., 2025).

Mechanical recycling is currently the main method used worldwide to recycle plastics (Clarke
et al., 2024). Compared to other end-of-life options, mechanical recycling is seen as a
sustainable solution, even for PHAs, as it can recover material value by converting waste into
new products (Nomadolo et al., 2024; Main et al., 2025; Haq et al., 2025). In addition,
mechanical recycling benefits from a well-established global infrastructure, relatively simple
operation, and lower investment requirements, with controlled processing parameters that
facilitate implementation (Nomadolo et al., 2022).

Despite these advantages, several studies have shown that many biopolymers, including PHAs,
are highly sensitive to processing conditions. During melt processing, thermal and mechanical
stresses can induce degradation, primarily through random chain scission mechanisms, which
lead to reductions in molecular weight and deterioration of material properties (Czyzow,
Bednarski and Drzezdzon, 2026; Rivas et al., 2017; Haq et al., 2025). Additionally, PHAs
exhibit a narrow processing window, making them particularly susceptible to heat and shear,



and they can undergo hydrolytic degradation in the presence of moisture (Czyzow, Bednarski
and Drzezdzon, 2026).

To address these limitations, the use of stabilizing additives has been proposed as a strategy to
improve the recyclability of PHAs. Stabilizers, such as antioxidants, can reduce thermal
degradation during reprocessing by limiting chain scission reactions and oxidative processes
(Mallegni et al., 2024). Studies indicate that the incorporation of such additives can help
maintain molecular weight and preserve mechanical performance over multiple processing
cycles, thereby enhancing the feasibility of mechanical recycling for PHAs (Mallegni et al.,
2024). This suggests that, although challenges remain, the recyclability of PHAs can be
significantly improved through appropriate material formulation and processing strategies.

Among PHAs, blends of P3HB and P(3HB-co-4HB) have attracted particular interest due to
their reduced brittleness compared to the P3HB homopolymer. However, their behavior under
repeated mechanical recycling remains insufficiently understood.

Mechanical Recycling

Figure 1. Simplified representation of the mechanical recycling loop for PHA-based materials.

1.2 Research Gap

The current end-of-life strategy for PHAs has largely focused on exploiting biodegradability
as a means to mitigate plastic pollution. However, recent literature emphasizes that relying
primarily on biodegradation may not represent the most sustainable solution in a circular
economy (Clarke et al., 2024; Vu et al., 2020; Kogje et al., 2025). Recycling is seen in this
scenario as a better alternative, as it preserves material value. In this context, mechanical
recycling seems to be an attractive route due to its industrial feasibility and relatively low
processing complexity (Vu et al., 2020; Nomadolo et al., 2024; Main et al., 2025; Haq et al.,
2025).

Despite this need, research on the mechanical recyclability of PHAs remains limited (Haq et
al., 2025). Mechanical recycling, which is currently the dominant post-consumer plastic
recycling method, presents significant challenges for PHAs due to their susceptibility to
thermal degradation during melting processing. Studies have shown that PHB can experience
a substantial decline in physical properties after only a few reprocessing cycles, limiting their
practical recyclability (Clarke et al., 2024; Rivas et al., 2017).



Although some studies have explored both pure PHAs and PHA-based blends, the overall body
of research remains scarce, particularly for mechanically recycled systems. Furthermore,
further research is needed to explore the use of additives or blending strategies to improve
stability during recycling. (Main et al., 2023). Therefore, a clear research gap exists in
understanding how PHAs behave under repeated processing conditions and how their stability
can be improved to enable viable recycling pathways.

1.3 Purpose

The purpose of this study is to investigate how multiple mechanical recycling cycles affect
material properties. This is achieved by examining the effects of repeated melt processing on
a blend of P3HB and P(3HB-co-4HB), and by evaluating the material’s stability.

Since biopolymers tend to degrade during processing, this study first examines the recycling
behavior of the neat polymer to establish a baseline and better understand the degradation
mechanisms. Subsequently, stabilizers at varying concentrations are introduced, and the same
melt-processing procedure is repeated to evaluate their effect on material stability during
recycling.

1.3.1 Research Questions

Is it possible to mechanically recycle a blend of P3HB and P(3HB-co-4HB)?

To what extent does the repeated melt processing affect the thermal and thermo-mechanical
properties?

To what extent can degradation during repeated melt processing be mitigated by the addition
of stabilizers without significant loss of material performance?

1.3.2 Delimitations

The work only focusses on a specific blend of PHA composed of 57 mol-% poly(3-
hydroxybutyrate) (P3HB) and 43 mol-% poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
(P(3HB-c0-4HB)). This study only characterizes the polymer by thermal, chemical and thermo-
mechanical characterization. Therefore, the results obtained are not directly generalizable to
other types of PHAs or other polymer systems.

In addition, the recycling process is simulated under controlled laboratory conditions using a
micro compounder, meaning that the results may not fully represent industrial-scale processing
or post-consumer recycling scenarios.



1.4 Theory

1.4.1 General about PHA

Polyhydroxyalkanoates (PHAs) are natural biopolymers synthesized by a wide range of
microorganisms, including archaea and several bacterial groups. They are stored inside the
cells as small granules (see figure 2). When there is excess of carbon source and limited amount
of other essential nutrients (Sharma, Sehgal, and Gupta, 2021) and serve as energy storage for
these microorganisms under harsh environmental conditions (Koller, Heeney, and Mukherjee,
2025). Due to this broad microbial diversity, PHAs are not a single polymer, but rather a large
family of biopolyesters with distinct structure and properties, varying in monomer composition,
monomer ratio, and molecular weight. As a result, there is no single “PHA material”; instead,
there is a spectrum of biopolymers with diverse physicochemical and mechanical properties
(Park et al., 2024).

Figure 2. Ultra-high-resolution microscopy showing bacteria with high content of PHB. (Rysbek et al., 2022, p.13)

Among the different members of the PHA family, PHB is its most common form, being
reported to be synthesized by dozens of microbial species (Li et al., 2025; Adnan et al., 2022).
Structurally, PHB belongs to the short-chain-length PHA group and exhibits a high degree of
crystallinity, which contributes to its good mechanical strength but also results in inherent
brittleness (Li et al., 2025). It is widely recognized as a biodegradable biopolymer under natural
environmental conditions, due to its microbial origin and susceptibility to enzymatic
degradation (Adnan et al., 2022).

Within the same PHA family, small variations in monomer structure can lead to significant
differences in material behavior. For example, while P(3HB) exhibits high crystallinity and a
melting temperature around 175°C, P(4HB) presents much lower crystallinity and a melting
temperature close to 60°C, resulting in enhanced flexibility and ductility. These structural
differences directly influence mechanical performance, as P(3HB) behaves as a rigid
thermoplastic, whereas P(4HB) displays elastomeric characteristics with significantly higher
elongation at break. Such contrasts highlight the strong structure-property relationship in
PHAs, where even minor changes in monomer configuration can substantially modify thermal
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and mechanical properties (Li et al., 2025). The structural differences among those PHAs can
come from variations in the R-group and changes in the position of the —OH group along the
carbon chain (see figure 3), which influences in its crystallinity and mechanical behavior (Li
et al., 2025; Utsunomia, Ren and Zinn, 2020).

HO” OH

Figure 3. Chemical structure of PHA.

1.4.2 Production

PHASs can be produced using renewable resources, such as organic waste and carbon dioxide
(CO2), through microbial fermentation (Lin et al., 2025). The optimal production of PHAs
could be determined by using starch-rich crops and other sugar-based feedstocks, such as rice,
pasta, potatoes, and organic waste, through microbial fermentation (Fu et al., 2023). The
microorganisms used in production can be genetically modified to manage monomer
composition as well as introduce non-native monomers, improving the final product. The
selection of the strain, carbon sources and cultivation conditions do not only influence the
efficiency of its production but can also influence the PHA’s properties (e.g. elasticity,
transparency, ductility, and thermal behaviors). This is the reason why PHAs can be considered
biologically programmable and highly customizable materials (Park et al., 2024).

Despite these advantages, large-scale PHA production remains constrained by high costs. Key
economic drivers include carbon sources, downstream processing (e.g., separation and
purification), and the requirements of the final application, all of which significantly impact
process economics and hinder scalability (Chavan et al., 2021). However, increasing demand,
especially in high-value applications, can help expand production and improve efficiency,
leading to lower costs. As the demand for sustainable materials continues to grow, together
with technological improvements and economies of scale, PHAs are expected to become more
competitive with conventional plastics in the future (Park et al., 2024).

Currently, the market for PHA is still developing, with more than 25 companies producing a
range of materials and products. Although PHAs offer significant versatility and the potential
to replace various petroleum-based plastics, only a limited number of types have reached large-
scale production and are commercially available. These include: PHB, PHBV, PHBHHx (3HB
and 3-hydroxyhexanoate (3HHx), poly(4-hydroxybutyrate) (P4HB), and poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (P34HB) (Park et al., 2024). Further development of
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PHA’s market depends especially on investments in production technologies, supportive
policies, and stronger collaboration between industry and stakeholders (Gundlapalli and
Ganesan, 2025).

1.4.3 Applications

PHA is not only a compostable plastic, but a multi-functional engineered biomaterial with
applications in various fields from packaging and textiles to wastewater treatment and tissues
engineering (see figure 4). The selection of each PHA type (PHB, PHBV, P4HB, etc) is directly
connected to its key physicochemical and biological properties (Park et al., 2024).

Biodegradable packaging

Biodegradable packaging is one of the main application areas of PHAs. They are used as
sustainable alternatives to petroleum-based plastics, especially for short-term uses, as they can
be biodegraded by microorganisms in different environments. PHA-based packaging is mainly
produced from PHB and PHBV (Park et al., 2024). Food packaging is the main application of
PHA for the end-use plastics, where material selection must ensure product safety, hygiene,
and stability throughout storage, transport, and disposal (Li et al., 2025).

Textiles

Moreover, PHAs can potentially be used in the textile industry, especially in blends with other
polymers such as polylactic acid (PLA). Despite the fact that PHAs can be processed into fibers
like nylon, they alone are not suitable for many textiles applications as they are easily brittle.
However, blending PHA, for instance with PLA, can significantly improve its physical and
processing properties. The most common blends in this industry are PLA/PHA and
PLA/PHBYV, which have demonstrated suitable thermomechanical properties for textile
manufacturing. As a result, PHA-based fibers are increasingly being considered as a
sustainable alternative for textile production (Park et al., 2024).

3D printing

PHAs are also used in 3D printed materials in different industries, such as aerospace,
automative and pharmaceutics. However, the use of pure PHB for this purpose is not ideal due
to its thermomechanical properties. To overcome this problem, copolymers such as PHBV,
P(3HB-co-3HHx), and P(3HB-co-4HB) are used instead. These copolymers can reduce
brittleness and increase flexibility, improving therefore printability. Blends and chemical
modifications can also improve its performance in 3D printing (Park et al., 2024).

Medical Applications

PHAs are also used in diverse medical applications, such as tissue engineering implant
materials, cell growth supporting matrix and drug delivery carriers. Their widespread use in
the biomedical field is primarily attributed to their excellent biocompatibility, biodegradability,
and non-toxicity, allowing them to safely interact with biological systems. These same
properties also enable their use in cosmetic and antibacterial applications, where they can even
help reduce microplastic pollution. (Park et al., 2024).

Other Applications

PHASs can also be used in wastewater treatment (denitrification), where they improve overall
water quality and reduce energy consumption. In addition, PHAs can serve as a sustainable
feed in aquaculture, acting as both a nutrient source and a biocontrol agent by reducing
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pathogens, thereby partially replacing the use of antibiotics in feed. Furthermore, PHAs can be
converted into biofuels derived from wastewater or biomass. They can also be used as
biodegradable mulch films in agriculture, where they are applied to cover the soil surface to
retain moisture, suppress weed growth, and improve soil conditions (Park et al., 2024).
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Figure 4. Overview of the main application areas of PHAs.

1.4.4 Recycling

While PHAs are generally known for their relatively rapid biodegradation compared to other
biopolymers (Li et al., 2025), this process can occur more slowly under non-ideal
environmental conditions (Lamberti, Roman Ramirez, and Wood, 2020). Blending and
copolymerization alter the material structure, which in turn affects biodegradation rates (Li et
al., 2025). Additionally, biodegradation occurring immediately after use diminishes material
value, as the polymer is not recoverable and is instead converted into simple products.
Recycling approaches should therefore be considered as an alternative, as they enable the
recovery of material value (Lamberti, Roman Ramirez, and Wood, 2020) and reduce feedstock
use, thereby promoting the development of a circular bioeconomy (Jannatiha and Gutiérrez,
2025).

There are mainly four routes for plastic recycling, and they differ mainly in how much of the
original polymer structure and value is preserved (Lamberti, Romé&n-Ramirez, and Wood,
2020). They are the following:

Primary recycling is a closed-loop process applied to high-quality, well-sorted plastics, where

the material is reused or mechanically reprocessed to produce products with properties similar
to the original (Lamberti, Roman-Ramirez, and Wood, 2020).
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Secondary recycling (mechanical recycling) involves reprocessing plastics into lower-
performance products due to degradation, typically using processes like extrusion or molding
(Lamberti, Roman-Ramirez, and Wood, 2020).

Tertiary recycling (chemical recycling) breaks polymers down into monomers or other
valuable chemicals, enabling the recovery of raw materials that can be repolymerized, thus
supporting circularity (Lamberti, Roman-Ramirez, and Wood, 2020).

Quaternary recycling refers to energy recovery through incineration, where plastics are
burned to generate heat and electricity, but this is considered the least desirable option due to
loss of material value and potential environmental emissions (Lamberti, Romén-Ramirez, and
Wood, 2020).

Although plastic recycling is commonly classified into four main routes, PHA materials can be
processed through a broader set of recycling approaches, including thermochemical, chemical,
mechanical, and biological processes. Their chemical structure and biodegradability enable
different recycling pathways (Jannatiha and Gutiérrez, 2025). Table 1 summarizes the main
recycling approaches for PHA and their key characteristics.

Table 1. Overview of PHA recycling processes and their main characteristics (Adapted from Jannatiha and Gutiérrez,

2025).
Recycling process Description
Chemical Converts PHA waste into valuable products such as chemicals, monomers,
depolvmerization renewed PHA, and biofuels. Pyrolysis is the most widely studied chemical
POty recycling route for PHA, particularly PHB.
Controlled chemical recycling route for PHA that uses solvents (e.g., water
Solvolysis or alcohol) to selectively depolymerize the polymer into specific
Y monomers, with product distribution strongly dependent on the solvent and
reaction conditions.
Particularly via extrusion, this approach not only reprocesses the material
Mechanical but can also result in chemical modifications that influence material
recycling properties. This approach is attractive due to its scalability and existing
industrial use.
A selective but still underdeveloped recycling route for PHA, in which
Enzymatic microbial enzymes depolymerize the polymer into monomers under mild
hydrolysis conditions. The efficiency strongly depends on enzyme type, polymer
structure, and morphology.
Enables the biological recycling of PHA waste into intermediate
Fermentation metabolites (e.g., carboxylates), which can be reused to produce new PHA,
supporting a circular and low-emission pathway. Although less studied than
chemical or mechanical routes, it shows strong potential for circularity.




Gasification

Converts PHA waste at high temperatures into synthesis gas (CO + H>),
which can be used as a versatile intermediate for producing fuels,
chemicals, and potentially new PHA, enabling both thermochemical and

biological recycling pathways.

Although several recycling processes exist, hybrid recycling approaches may offer the most
effective solution, as they integrate mechanical, chemical, and biological processes to enhance
the valorization and circularity of PHA waste. However, their large-scale implementation
depends on achieving a balance between energy efficiency, process complexity, and economic
viability. Compared to single methods, hybrid approaches aim to achieve a more complete
closed-loop system (Jannatiha and Gutiérrez, 2025).

1.4.5 Mechanical recycling

Mechanical recycling is currently the main method used worldwide to recycle plastics. This
process involves the physical reprocessing of plastic waste, including sorting by type,
shredding, washing, melting, and forming pellets for use in new products (Clarke et al., 2024).
Compared to other end-of-life options, mechanical recycling is considered a sustainable
solution, even for biodegradable plastics, as it recovers material value by converting waste into
new products (Nomadolo et al., 2024; Main et al., 2025, Vu et al., 2020). Additionally, it
benefits from a well-established global infrastructure, relatively simple operation, and lower
investment requirements. Despite these advantages and the increasing production of
biopolymers, there is still limited research on the mechanical recycling of such polymers
(Nomadolo et al., 2024; Czyzoéw, Bednarski and Drzezdzon, 2026).

Previous studies have shown that PHAs alone do not perform well during mechanical
recycling; they are prone to thermal degradation during melting, leading to a loss in properties
such as strength and flexibility (Rivas et al., 2017; Clarke et al., 2024; Czyzow, Bednarski and
Drzezdzon, 2026). This degradation is induced mainly by random chain scission, specifically
via cis-elimination reactions and, if moisture is present, through hydrolysis of ester bonds.
Which degradation mechanism dominates depends on the processing conditions and the
previous thermal history of the material. This behavior is exacerbated by the narrow processing
window, where melting occurs at round 175 °C and a degradation temperature near 180 °C,
making them highly sensitive to heat and shear stress during extrusion (Czyzow, Bednarski
and Drzezdzon, 2026).

During PHA recycling, repeated reprocessing leads to a significant deterioration of material
properties, including a reduction in molecular weight of up to 40-50% after approximately
three cycles and the formation of by-products such as crotonic acid. These structural changes
contribute to increased brittleness, partly due to secondary crystallization, which ultimately
limits the number of effective recycling cycles to one or two before the material becomes
unsuitable for high-performance applications (Czyzow, Bednarski and Drzezdzon, 2026).

Within the PHA family, PHB is frequently considered a potential substitute for polypropylene
(PP). Main et al. (2023) compared the performance of these materials over five extrusion cycles
using PHB pellets; they found that although PP remains significantly more stable, PHB can
still be mechanically recycled multiple times. While thermal stability remains relatively
unchanged, crystallinity increases with repeated processing. However, molecular weight
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decreases, indicating degradation, and the strain at break drops after the first cycle. FTIR
analysis confirmed that no new chemical groups form during reprocessing. Overall, the study
demonstrates that while PHB is mechanically recyclable, degradation leads to lower
performance compared to conventional plastics like PP (Main et al., 2023).

Main et al. (2025) further investigated how repeated mechanical recycling affects PHB-based
materials by simulating up to five cycles of extrusion and injection molding. The authors
showed that reprocessing leads to thermal degradation primarily via chain scission, resulting
in reduced molecular weight and lower viscosity. Thermal analysis revealed a slight increase
in crystallinity due to shorter polymer chains packing more efficiently, while the degradation
temperature decreased slightly. Mechanically, tensile and impact strength decrease with
repeated recycling, with impact resistance being the most affected property, while stiffness
remains relatively unchanged. The study highlighted that while blending and additives (such
as plasticizers or recycled content) improve recyclability, they do not eliminate degradation.
Consequently, the authors concluded that recycled PHB is more suitable for downcycled
applications (Main et al., 2025).

In addition to PHB, the recycling potential of poly(hydroxybutyrate-co-valerate) (PHBV) has
been explored with varying results. Zaverl et al. (2012) investigated recycling through multiple
melt processing cycles and found that mechanical properties remain largely intact for up to four
cycles. While crystallinity decreased in their study, FTIR analysis confirmed no significant
changes in chemical structure. In contrast, Dedieu et al. (2023) evaluated up to four extrusion
cycles specifically for food packaging. They observed a significant decrease in molecular
weight but found that crystallinity and thermal stability remain largely unchanged. Importantly,
their study monitored the formation of crotonic acid, finding that levels remained below the
specific migration limits for food-contact materials. Both Zaverl et al. (2012) and Dedieu et al.
(2023) confirm that PHBV can be mechanically recycled multiple times.

Finally, studies on blends of PHB with other polymers have shown promising results, though
industrial implementation remains challenging due to separation difficulties. A more practical
strategy is the use of monopolymers, where virgin polymer is combined with reprocessed
material of the same type to mitigate degradation and maintain functionality (Main et al., 2025).

Main et al. (2025) also provides an overview of the current state-of-the-art in the mechanical

recycling of PHAs, including PHB, PHBV, and blends. A summary of different studies
approaching the mechanical recycling of PHAs can be found below in Table 2.
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Table 2. Summary of studies on mechanical recycling of PHAs (Adapted from Main et al., 2023, Main et al., 2025).

. . Molecular
Study Material Processing / Mechanl.c al Therms‘ll Weight / Key Insight
Cycles Properties Properties
Rheology
= . No new
s Extrusion (3 Tensile Stable, chemical Severe
v = PHB (powder) strength | crystallinity degradation in
LS cycles) ~50% 1 groups PHB
~ (FTIR)
— Molecular Comparing
s Extrusion (5 Stable, weight | , | with PP, PHB
s PHB (pellets) cycles) Stable crystallinity no new is more
E c Y 1 chemical sensitive to
groups recycling
§ g o Properties Viscosity |, Blends
<3 Injection mostly Molecular improve
g = PHB + PBSA molding (5 maintained, Stable weight | processability
E = cycles) low strain at wi th% cles but still
M @ break Y degrade
= Properties Stabl Mollc;;ccular Conol
S Extrusion (5 maintained table, weight |, no OpOTymers
= o PHBV . crystallinity new more stable
2 cycles) until 5th cycle .
>~ l chemical than PHB
N (~7% drop)
groups
E Extrusion + T.ensﬂe L Polymer Degradation
s a compression strain at break chain leads to
28 PHBV : I, Young’s Stable . .
2 molding (4 scission stiffness
- cycles) modulus 1 observed increase
a Y slightly
. Properties
I Upto 10 . .
o8 N . N r.nost.ly . . Adding virgin
=3 PHB * regrind cyc!es maintained, Stable VlSCOilty L | puB stabilizes
= Q PHB blending (5- . (~5%) .
= 0 slight | (5- properties
2 50%) 10%)

1.4.6 Stabilizers for biopolymers

When plastics are exposed to heat, mechanical stress, and oxygen, they may undergo thermal
and thermo-oxidative degradation. Heat breaks polymer bonds, forming free radicals. During
thermal degradation, for instance, free radicals react with oxygen to create more radicals that
are thermally unstable (e.g. hydroperoxides), leading to a chain reaction, and accelerating the
degradation (Neiman, 1965; Choosing an antioxidant: some of the basics, 2005). As a result,
polymer chains break (chain scission), molecular weight decreases, and material properties
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worsen, including embrittlement, loss of tensile strength, discoloration, and melt instability
(Choosing an antioxidant: some of the basics, 2005).

As previously highlighted, degradation and loss in properties occur during melt processing of
PHAs (Rivas et al., 2017; Clarke et al., 2024; Czyzéw, Bednarski and Drzezdzon, 2026).
During melt processing, such as extrusion, PHAs undergo degradation primarily through a cis-
elimination mechanism, in which the polymer chains break, leading to a reduction in molecular
weight and the formation of low-molecular-weight fragments. This process can also create
carboxylic acid and unsaturated groups, which further indicate chain scission. As a result, the
material’s mechanical properties deteriorate, typically reflected in reduced strength and
ductility. In addition to this, thermo-oxidative degradation may occur in the presence of
oxygen, introducing free radical reactions that further accelerate chain breakdown (Mallegni et
al., 2025).

In this context, stabilizers are added to polymers to slow down this degradation and provide
long term thermal stability. This ensures that the final product is protected against brittleness
and a loss of mechanical strength when exposed to different environmental factors over time.
Different polymers require different types of stabilizers (Molina-Ramirez et al., 2018).
Stabilizers, such as the antioxidants, slow this degradation mainly through two mechanisms:
neutralizing free radical formation and decomposing peroxides (ROOH) (Wang et al., 2013).

Among the antioxidants, there are mainly two types: primary antioxidants and secondary
antioxidants. Primary antioxidants are radical scavengers that inhibit oxidation by donating a
hydrogen atom. A very common primary antioxidant in the industry is the hindered phenolic
antioxidants (e.g. Irganox® 1010) as they provide good thermal stability, low toxicity and do
not cause discoloration. Secondary antioxidants, which consist of phosphorus-based
compounds such as phosphite, act by decomposing ROOH (intermediate products of oxidation)
as well as regenerating primary antioxidants. A combination of two different types of
antioxidants (e.g. primary and secondary antioxidants) may be more effective than using only
one, as they provide a synergetic effect (Wang et al., 2013).

The use of primary antioxidants has been investigated for the stabilization of biopolymers,
including PHAs. Phenolic-based stabilizers incorporated into PHAs and their blends can
provide thermo-oxidative stabilization by inhibiting degradation caused by free radicals.
Natural polyphenols have also been explored as additives to enhance thermal stability and
support material circularity while maintaining biodegradability. In Masek and Latos-Brozio’s
study mentioned by Mallegni et al., (2025), results have shown an increase in the oxidation
temperature of PHB, indicating improved resistance to oxidative degradation. However, their
effectiveness in long-term thermo-oxidative stabilization appears to be less pronounced, which
has been attributed to the limited thermal stability of these compounds under prolonged or high-
temperature conditions (Mallegni et al., 2025).

Sirisinha and Samana (2020) explored the use of phosphite additives in PLA, specifically
tris(nonylphenyl) phosphite (TNPP) and tris(2,4-di-tert-butylphenyl) phosphite (TDBP), to
address the trade-off between melt processing stability and degradation behavior. The authors
showed that these additives can act as processing aids and chain extenders during extrusion,
helping to stabilize the molecular weight of PLA and improve its thermal and mechanical
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performance. At the same time, the phosphite structure influences crystallinity and water
uptake, thereby controlling the rate of hydrolytic degradation. An optimal concentration of
around 0.5 wt% provided the best balance between thermal stability and degradation efficiency,
while higher loadings led to excessive chain scission, reduced molecular weight, and a
consequent decline in mechanical properties.

Another relevant class of stabilizers used in polymers is carbodiimides, such as bis(2,6-
diisopropylphenyl) carbodiimide, which act as anti-hydrolysis agents (Kim, Kim and Cho,
2009; Sun et al., 2020). These stabilizers can act as anti-hydrolysis agents as well as react with
water and acid groups, improving material stability (Sun et al., 2020). For example, Sun et al.,
(2020) reported enhanced mechanical performance of PLA-based composites after the addition
of carbodiimide, while Kim, Kim and Cho (2009) demonstrated a reduction in hydrolytic
degradation under high humidity conditions.

Yuan et al., (2016) also investigated the addition of bis(2,6-diisopropylphenyl) carbodiimide
to poly(p-dioxanone) (PPDO) to evaluate its effect on thermal stability and crystallization
behavior. The results showed that the incorporation of carbodiimide significantly increased the
thermal stability of PPDO, as evidenced by an increase in decomposition temperature and
activation energy. In addition, the crystallization behaviour was improved, while the crystal
structure remained unchanged. These findings indicate that carbodiimide acts as an effective
stabilizer, improving thermal resistance and facilitating crystallization without altering the
polymer’s crystalline structure.

Table 3. Summary of stabilizers relevant to PLA and PHB and their functions.

Type of stabilizer Effect Mechanism Example
Primary antioxidants | Stops chain reaction | Radical scavenger Phenolic AO1
(donates H)
Secondary Prevents new Decomposes Phosphite AO2
antioxidants radicals hydroperoxides
Chain extenders Increases molecular | Reacts with acid end | Carbodiimide AO3
weight stability groups

Although additives and antioxidants are important to stabilize polymers during processing and
extending their life, they can introduce significant challenges at the end-of-life stage. Their
presence complicates recycling processes, particularly by interfering with waste sorting and
reducing the efficiency of polymer identification, as observed with additives such as carbon
black that strongly absorb infrared radiation. In addition, antioxidants may migrate out of the
polymer matrix over time, leading to contamination issues and a loss of stabilization efficiency
in recycled materials. Furthermore, uneven distribution of stabilizers within the material may
create localized regions of degradation, especially in contaminated or mixed polymer streams
(Mallegni et al., 2025).

Overall, the literature indicates that thermal and thermo-oxidative degradation during melt
processing are major limitations for PHAs. Stabilizers may help reduce these degradation
processes; however, their effectiveness depends on the specific polymer system, highlighting
the need for systematic evaluation.
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1.4.7 P3HB-co-4HB

PHAs can also exist as copolymers, which often exhibit improved properties compared to
homopolymers (Zytnzer et al., 2023). One example is the poly(3-hydroxybutyrate-co-4-
hydroxybutyrate), P(3HB-co-4HB), which is formed by incorporating 4HB units into the P3HB
structure to improve material performance. Increasing the 4HB content reduces crystallinity,
resulting in greater flexibility and higher biodegradation rates (Vodicka et al., 2022).

Due to these tailorable properties, P(3HB-co-4HB) has attracted attention in a range of
applications, including drug delivery systems and implant materials, as well as in fiber and
packaging applications, where its mechanical and physical properties are advantageous (Morais
et al., 2024). From a production perspective, this copolymer is typically synthesized by
thermophilic bacteria, which are cultivated in mineral salt media with high carbon
concentrations. Carbon sources such as butanediol-1,4 and glycerol are used, and higher
substrate concentrations generally lead to increased incorporation of 4HB in the final
copolymer (Vodicka et al., 2022).

Small changes in the polymer composition, particularly in the 4HB content, can significantly
affect the thermal and physicochemical properties of the material. Relatively small variations
in comonomer fraction can lead to significant changes in melting temperature (Tm), glass
transition temperature (Tg), and crystallinity (see table 4). This highlights the sensitivity of
P(3HB-co-4HB) copolymers to structural modifications, where slight changes in molecular
composition can alter chain mobility, crystal formation, flexibility, and thermal behavior of the
polymer (de Macedo et al., 2022)

Table 4. Thermomechanical properties of P(3HB-co-4HB). (Adapted from de Marcedo et al., 2022)

Polymer Mltmgﬁﬁ?g e Te(rill;:IS‘ ;Trr: %O(I:C) Crystallinity (%)

P(3HB) 178 4 60
P(3HB-c0-2%4HB) 160 2 24
P(3HB-co-16%4HB) 130 -7 45
P(3HB-c0-20%4HB) 138/129 -13/-16 59
P(3HB-c0-37%4HB) 114 18 -
P(3HB-c0-55% 4HB) 128 24 -
P(3HB-c0-64% 4HB) 50 35 15
P(3HB-c0-78%4HB) 49 -37 17
P(3HB-c0-90% 4HB) 50 —42 28

P(4HB) 53 —48 34

P(3HB-co-4HB) copolyesters are widely reported to exhibit high biodegradability, particularly
in soil environments, although the degradation rate depends strongly on material composition,
crystallinity, and environmental conditions. Under typical soil conditions, films can degrade
almost completely within two to three months, with microorganisms either metabolizing the
polymer or fragmenting it into particles too small to detect. Crystallinity plays a key role in this
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process, as amorphous regions are preferentially degraded, leading to an increase in overall
crystallinity over time. In addition, the 4HB content influences degradation behavior, and
reported mass losses can reach up to 90% within a few weeks, confirming the rapid degradation
potential of these materials (Koller, Heeney and Mukherjee, 2025).

Beyond soil, P(3HB-co-4HB) also demonstrates significant biodegradability in aquatic
environments, including both freshwater and marine systems, where degradation rates vary
depending on microbial activity and surrounding conditions. Under aerobic activated sludge
conditions, biodegradation is particularly rapid, highlighting the strong potential of this
copolymer in biologically active, oxygen-rich environments such as wastewater treatment
systems. Consequently, P(3HB-co-4HB) can biodegrade efficiently across a range of natural
and engineered environments, although its performance is highly dependent on both intrinsic
material properties and external conditions (Koller, Heeney and Mukherjee, 2025).

Regarding degradation, Dhaini et al. (2024) and Omura et al. (2021) highlight that the
degradation of PHBs is much more complex than a simple chain scission process, as it occurs
through multiple simultaneous degradation pathways that can compete with each other.
Different types of PHBs degrade in different ways. P3HB for instance degrades mainly though
B-elimination, leading to the formation of crotonic acid. On the other hand, PAHB presents a
temperature-dependent thermal degradation mechanism, producing different degradation
products as the temperature increases. At lower temperatures (<300 °C), degradation occurs
mainly through an unzipping reaction starting from the w-hydroxyl chain ends, resulting in the
selective formation of y-butyrolactone (GBL) as the main volatile product. At intermediate
temperatures (300-350°C), several degradation processes occur simultaneously, including cis-
elimination reactions at the ester bonds, leading to the formation of olefinic (unsaturated)
structures, as well as intramolecular transesterification reactions that promote the formation of
cyclic P4HB structures (see picture 5). During this stage, unzipping reactions may also continue
to occur in parallel (Dhaini et al., 2024).
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Figure 5. PHB thermal degradation pathway. (Dhaini et al., 2024)

Omura et al. provide important insight into the thermal degradation behavior of the P(3HB-co-
4HB) copolymer fraction present in the polymer blend analyzed in this study. According to the
authors, degradation of the 3HB units mainly produces crotonic acid and oligomers through f3-
elimination reactions. In contrast, degradation of the 4HB units produces GBL through
unzipping reactions starting from the w-hydroxyl chain ends (see picture 6). Their study used
GC/MS (gas chromatography—mass spectrometry) to identify the volatile pyrolysis products

released from the polymer during thermal degradation.
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2. MATERIAL AND METHOD

This section presents the materials, sample preparation procedures, and analytical methods
used to evaluate the thermal, mechanical, and chemical properties of the material.

2.1 Materials

2.1.1 Polymer

The polymer used in this study is a polyhydroxyalkanoate (PHA) blend (PHAx 10007,
PHARADOX, Helian Polymers B.V., The Netherlands) (see figure 7).

Figure 7. PHAX™ 1007 — biopolymer used in this study.

This polymer is composed of 57 mol-% poly(3-hydroxybutyrate) (P3HB) and 43 mol-%
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)). The copolymer fraction
contains 30 mol-% 4-hydroxybutyrate (4HB) (see figure 8).

PHAx 10007
homopolymer copolymer
4 4
3HB 0 CH! 3HB ﬁ (l;H_‘ 0 4HB
_O_(I:I —CH,‘,—(!:H— ——C —CHrCH—O—C—CHrCHz—CHr
1 2 3 1 2 3 5 6 7 8

Figure 8. Molecular structure of PHAx 10007 highlighting the repeating units of poly(3-hydroxybutyrate) (3HB) and poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)] (Kopf et al., 2024)
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According to the supplier datasheet (Helian Polymers, 2022), the material exhibits moderate
stiffness and high ductility, with a tensile modulus of 713 MPa, tensile strength of 15 MPa, and
elongation at break close to 100%. The impact resistance is relatively high, as indicated by a
Charpy notched impact strength of 54.7 kJ/m?. A summary of the main mechanical properties
is presented in Table 5.

Table 5. Mechanical properties of PHAx 10007 (neat polymer) (Adapted from Helian Polymers, 2022)

Property Value Unit
Tensile modulus 713 MPa
Tensile strength 15 MPa

Tensile strain at break 99.6 %
Flexural modulus 604 MPa
Flexural strength 19 MPa

Charpy notched impact 547 1/

strength

2.1.2 Stabilizers

The stabilizers used in this study are listed in Table 6. For simplicity, each stabilizer is assigned
a code, and these codes are used throughout the text.

Table 6: Stabilizers and their codes that were used in this study.

Codes Name

AO1 | Irganox® 1010 (Pentaerythritol tetrakis(3,5-di-tert-butyl-4-
hydroxyhydrocinnamate))

AQ2 | Irgafos 168 (Tris(2,4-di-tert-butylphenyl) phosphite).

AO3 | Bis(2,6-diisopropylphenyl) carbodiimide

AO1: Irganox® 1010 is a sterically hindered phenolic antioxidant that protects polymeric
materials against thermo-oxidative degradation by scavenging free radicals formed during
thermal exposure (BASF, 2015).

According to its datasheet, the stabilizer exhibits good compatibility with polymer matrices,
low volatility, and high resistance to extraction, making it suitable for melting processing
applications. Its chemical structure, based on a hindered phenolic group, enables effective
inhibition of oxidation reactions and reduces chain scission, thereby contributing to the
preservation of molecular weight during processing (BASF, 2015).

AO2: Irgafos® 168 is a phosphite-based stabilizer that protects polymeric materials against
thermo-oxidative degradation by decomposing hydroperoxides formed during thermal
processing (BASF, 2019).

This mechanism prevents the formation of free radicals and reduces chain scission reactions,
thereby contributing to the preservation of molecular weight during melt processing. Irgafos®
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168 is particularly effective under high-temperature processing conditions and is commonly
used in combination with primary antioxidants to achieve synergistic stabilization (BASF,
2019).

AO3: Bis(2,6-diisopropylphenyl) carbodiimide is a carbodiimide-based stabilizer supplied as
a white to almost white crystalline powder with a purity above 98%. It has a melting point in
the range of 50-54 °C. The material is typically handled as a solid at room temperature and is
recommended to be stored in a cool and dark environment to maintain its stability (Tokyo
Chemical Industry Co., Ltd.,2023).

2.1.3 Solvent

Absolut ethanol was used to dissolve the stabilizers and to facilitate their distribution onto the
pallets surface. Due to its low boiling point, ethanol can be easily removed by evaporating at
78°C.

2.2 Method

2.2.1 Sample preparation

Samples were prepared using approximately 10 g of PHA pellets placed in small plastic
containers, weighed, and dried in a vacuum oven (pump on) at 50 °C for at least 2 hours. After
drying, the samples were stored in a desiccator until further use (see figure 9).

Figure 9. Samples prepared for micro compounder processing.

Stabilizers were added in different concentrations (0.2%, 0.4%, 0.8%) of polymers mass by
solvent-assisted coating in part of the samples. Firstly, the stabilizers were carefully weighed
according to the mass of each sample using weighing paper. The following equation was used
to calculate the required mass of stabilizers for each sample:
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— (cs X mp)
s (1 — c)

Equation 1. Calculation of stabilizer mass based on desired concentration.

Where:
e m, : mass of stabilizer to be added (g)
e, :desired mass fraction of stabilizer in the final sample (dimensionless, e.g., 0.002 for
0.2 wt%)
e My, : mass of the neat (g)

The stabilizer was then transferred to a beaker, and, in a fume hood, 5 mL of ethanol was added
and mixed until homogeneous. The dried polymer pellets were subsequently added and
thoroughly mixed.

The samples were left in the fume hood for approximately 1 hour to allow ethanol evaporation.
After evaporation, the samples were transferred back to the vacuum oven (pump on) and dried
again at 50 °C for 2 hours at 0 atm. Finally, the samples were stored in a desiccator again until
used in the micro compounder.

All samples were prepared in duplicate. Only the samples marked with (*) in Table 7 were
considered for further analysis, resulting in a total of 45 samples. Then, all samples were
processed for 2, 4, 6, and 8 minutes at 70 rpm and 170° C and extruded as fibers (see Figure
10) using a Micro 15 mL Twin Screw Compounder (DSM Research, The Netherlands). A neat
sample without processing (0 minutes) was also set aside for comparison.

Figure 10: Samples processed in the Micro Compounder.
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Table 7. Summary of the samples used in this study.

Stabilizer Time in the micro compounder
concentration . . . . .
(Wt%) 0 minutes 2 minutes 4 minutes 6 minutes 8 minutes
Neat 0% * * * * *
AO2 0.2% * * * *
AO2 0.4% * * * *
AO2 0.8% * * * *
AO1 0.2% * * * *
AO1 0.4% * * * *
AO1 0.8% * * * *
AO3 0.2% * * * *
AO3 0.4% * * * *
AO3 0.8% * * * *
AO1 +AO2 + AO3 " " « %
(Total 0.4%)

Total=45 samples

The samples were then processed in the micro compounder at different melt-processing times
of 2, 4, 6 and 8 minutes. These processing times were used to simulate repeated mechanical
recycling cycles, where 2 minutes represented one processing cycle, 4 minutes represented 2
cycles, and so on. Finally, thermal- and mechanical properties of the samples were analyzed
through different methods.

2.2.2 DSC

Differential Scanning Calorimetry (DSC) was performed to evaluate the thermal properties of
the polymer and to describe the influence of each stabilizer. DSC was used for temperature
intervals between — 40° to 200°C with a heating and cooling rate of 10°C/min under a nitrogen
atmosphere with a purge flow rate of 50 mL/min. To prepare the samples for DSC analysis, an
empty Tzero Pan was first weighed, then polymer samples weighed a side. After that, the total
weight for Tzero Pan with polymer inside was recorded. All data was documented on a table
and entered into the DSC software for analysis. The analysis was carried out using 5-10 mg of
our blend of P3HB/P(3HB-co-4HB) samples (see Figure 11).
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Figure 11. Samples in the DSC.

The second heating cycle was used to determine the transition temperature (Tg), crystallization
degree (Tc), melting point (Tm) and melting enthalpy (dHm) for each sample.

To calculate the percentage of crystallinity of each sample, the following equation was used:

6 =——-100
AHy,, - w

Equation 2. Calculation of the degree of crystallinity (Romao et al. 2009)

Where AH,, represents the change in enthalpy, while AH,, represents the heat of fusion, the
enthalpy that required for the 100% crystallinity polymer. The heat of fusion for P3HB/P(3HB-
co-4HB) is based on P3HB, since it is the melting part of the blend, 146 J/g for 100% P3HB
(Vahabi et al., 2019). P(3HB-co-4HB) is amorphous and does not crystallize. The equation
corrects by using the fraction of P3HB w which was 70% in total.

2.2.3 FTIR

Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze the structure of the blend
(P3HB with P(3HB-co-4HB)) through repeating melt cycles and to evaluate how stabilizers
affect the characteristic absorption bands by observing changes in the transmittance peaks, also
to identify possible chemical interactions.

In this study, a Smart iTX Accessory with Diamond Crystal instrument was employed, with 32
scans and a resolution of 4 cm™'. Background scanning was collected automatically after 120
min and manually between samples. The surface was cleaned using ethanol and Kimtech-wipes
before any background-collecting.

A total of 45 samples, including the neat polymer, were analyzed in duplicate, totaling 90 FTIR
runs. Samples processed in the micro compounder for 2, 4, 6, and 8§ minutes, with varying
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stabilizer concentrations, were compared to the neat polymer to evaluate the effect of the
stabilizers.

224 TGA

Thermogravimetric analysis (TGA) was used to analyze weight loss during processing time. .
TGA measurements were performed using a heating rate of 10 °C/min up to 180 °C, followed
by an isothermal step at 180 °C for 30 min. Samples with masses between 15 and 20 mg were
analyzed under a nitrogen atmosphere, using nitrogen flow rates of 40 mL/min for the balance
purge and 60 mL/min for the sample purge. Samples neat-0 min, neat-8 min, AO1 0.4% - 8
min and a blend of the three stablizers- 8 min were processed in duplicate and compared with
each other.

2.2.5 DMTA

To monitor the dynamic properties of P3HB/P(3HB-co-4HB), a Dynamic Mechanical
Analyzer (DMTA) was performed. A multi-frequency strain mode in flexure using a single
cantilever clamp was applied to evaluate the viscoelastic properties of the material. Samples
for analysis in the DMA were prepared using a laboratory hot press at 170 °C under a pressure
of 15 KN. The press was preheated to the target temperature, after which the polymer pellets
were placed into the molds. The material was pressed for approximately 1 minute.
Subsequently, the temperature was reduced to 70 °C to allow controlled cooling. The molds
were then removed, and the solidified samples were cut into uniform dimensions using scissors.
The sample, which had a rectangular bar shape, was held from one side, while the other side
was moved. Then, the mechanical response was measured by applying deformation to the
sample. A temperature sweep was conducted at a constant frequency of 1 Hz and an oscillation
amplitude of 15 um. Temperature was raised from —30 °C to 100 °C using a heating ramp of 3
°C/min. Therefore, storage modulus (E’), loss modulus (E”), and damping factor (tan d) were
recorded as a function of temperature. Tan & was calculated by applying equation 3.

i
tand = —
E

Equation 3. calculating mechanical damping term.

2.2.6 DSCIOT

The DSC oxidation induction time (DSC-OIT) analysis was performed to evaluate how long
the material resists thermal oxidation at 210 °C before the onset of a significant exothermic
oxidative reaction, as well as to determine the oxidation induction time (OIT).

The samples were first equilibrated at 25 °C and maintained isothermally for 5 min.
Subsequently, the temperature increased to 210 °C at a heating rate of 20 °C/min, followed by
an additional isothermal step of 5 min. After thermal stabilization, data acquisition was started
and the purge gas was switched to oxygen. The samples were then maintained isothermally at
210 °C for 250 min while the heat flow was continuously monitored. Samples weighed
approximately Smg.
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3. RESULTS

3.1 DSC
Table 8. Summary table with results from DSC.

Sample M‘zj‘g)Tg SD(°C) M(ig)Tm SD(°C) Crystzﬁii?ty @ | SO
Neat 0% - 0 min -22.77 2.01 168.3 0.58 41.40 0.67
Neat 0% - 2 min -18.77 0.07 174 0.35 38.19 0.00
Neat 0% -4 min -19.36 0.15 166 0.44 40.24 0.90
Neat 0% - 6 min -19.38 0.14 170.4 5.92 40.28 0.44
Neat 0% - 8 min -18.44 0.27 175.1 0.79 38.67 0.86
AO1 0.2%- 2 min -18.39 0.05 167.1 0.82 37.37 1.43
AO1 0.2%-4 min -19 0.25 174.4 0.37 39.33 0.51
AO1 0.2%- 6 min -19.39 0.66 174.3 0.06 40.95 2.45
AO1 0.2%- 8 min -18.77 0.82 174.1 0.69 38.09 2.72
AO1 0.4%-2 min -19.21 0.22 166.4 0.77 39.87 1.64
AO1 0.4%-4 min -19.36 0.45 166.1 0.71 40.72 1.63
AO1 0.4%- 6 min -19.21 0.28 174.2 0.11 40.89 0.70
AO1 0.4%- 8 min -19.555 0.18 174.1 0.03 41.45 0.42
AO1 0.8%- 2 min -18.69 0.41 170.5 5.70 39.29 2.28
AO1 0.8%-4 min -19.33 0.91 165.9 0.17 41.64 1.49
AO1 0.8%- 6 min -18.15 0.55 174.3 0.18 39.77 2.68
AO1 0.8%- 8 min -18.65 0.03 174.3 0.32 41.65 1.30
A02 0.2%- 2 min -19.24 1.22 170.6 6.01 40.46 0.03
AO2 0.2%- 4 min -18.64 0.23 174.2 0.06 42.52 1.11
A02 0.2%- 6 min -18.89 0.52 174.4 0.07 41.40 0.37
AO2 0.2%- 8 min -19.09 0.14 174.3 0.08 41.04 0.64
AO2 0.4%- 2 min -18.73 0.12 166.5 0.06 41.56 0.69
A02 0.4%-4 min -18.97 0.86 174.6 0.38 40.18 2.15
AO2 0.4%- 6 min -19.6 0.83 174.4 0.13 4245 2.34
A02 0.4%- 8 min -19.36 0.05 174.5 0.05 40.46 3.79
AO2 0.8%-2 min -18.54 0.23 166.1 0.01 36.17 1.33
AO2 0.8%-4 min -19.31 0.40 170.2 5.89 42.68 1.27
AO2 0.8%- 6 min -19.2 0.92 174.1 0.38 41.59 1.65
AO2 0.8%- 8 min -19.22 0.23 174.3 0.42 38.81 3.76
A030.2%-2 min -19.83 0.06 167.2 0.25 4941 3.72
A03 0.2%-4 min -20.1 0.57 170.2 6.11 44.13 0.79
A030.2%- 6 min -20.34 0.11 165.7 0.03 44.17 0.06
A030.2%- 8 min -20.26 0.15 174.1 0.15 45.53 0.56
A03 0.4%-2 min -19.46 0.86 166.5 0.21 4541 0.49
AO3 0.4%-4 min -19.63 0.31 166.1 0.17 44.19 0.26
A03 0.4%- 6 min -20.22 0.62 165.9 0.32 43.77 0.34
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AO3 0.4%- 8 min -20.2 0.27 174 0.13 43.96 0.22
AO3 0.8%-2 min -20.11 0.12 166.1 0.59 43.47 0.31
A03 0.8%-4 min -20.57 0.16 166.3 0.29 43.60 0.36
A03 0.8%- 6 min -18.26 0.04 170 5.96 41.08 0.99
AO3 0.8%- 8 min -19.37 0.13 173.7 0.01 40.20 0.44
(AO1+A02+A03)0.4%-2min | -19.19 0.30 166.5 0.04 39.99 0.00
(AO1+A02+A03) 0.4% -4 min -19.17 0.10 165.7 0.16 39.00 0.33
(AO1+A02+A03) 0.4%- 6 min -18.39 0.03 174.1 0.03 40.23 1.61
(AO1+A02+A03)0.4%-8 min | -18.785 0.45 174.4 0.33 40.27 0.93

The glass transition temperature (Tg) of the neat polymer shifted from —22.77 °C to
approximately —18.44 °C after 8 min of processing, showing an increase of 4.33°C. However,
it is important to highlight a standard deviation of 2.01°C in the in the non-processed polymer
samples (Neat 0% - 0 min) (see line graph 1). Tg remained almost the same with adding
stabilizers to the polymer independent of processing time, with very small variations between
2 min and 8 minutes of processing.

Tg (°C)

Glass transition temperature,

0 2 4 6 8
Processing time (min)

Line graph 1. Effect of processing time on glass transition temperature in the neat polymer.

The melting temperature (Tm) ranges between 165 °C and 175 °C for the neat polymer. An
increase in Tm was observed by increasing processing time up to 6 minutes, after which the
values remain relatively constant at 8 minutes. Adding stabilizers did not make any significant
changes to the melting point at different concentrations of the same stabilizer.

The degree of crystallinity measured in this study ranged from approximately 36% to 49%. The
neat polymer showed relatively constant crystallinity values, ranging between 38% and 41%
throughout processing, although a slight decreasing trend was observed after each processing
cycle (see line graph 2). Similarly, the AO1-stabilized samples exhibited crystallinity values
comparable to those of the neat polymer. Samples containing AO2 showed slightly larger
variations in crystallinity. In contrast, samples containing AO3 generally exhibited higher
crystallinity values compared to the other formulations. The combination of AO1, AO2, and
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AO3 resulted in very stable crystallinity values, remaining within a narrow range of
approximately 39—40%.

43

42
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41 4
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40 -
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Crystallinity (%)

38 A

37

36

0 2 4 6 8
Processing time (min)

Line graph 2. Effect of processing time on crystallinity in the neat polymer.

The standard deviation was calculated to evaluate how close the measurements were to each
other. Most samples showed low standard deviation, which indicates good agreement between
duplicate measurements.

3.2 FTIR

The FTIR results for 2, 4, 6, and 8 minutes showed similar peak positions for samples
containing stabilizers. Therefore, samples processed for 8§ minutes were selected for
comparison with non-processed neat polymer and 8 min-processed neat polymer (neat 0% - 0
min and neat 0% - 8 min). As 8 minutes processing time represents the longest exposure and
was expected to show the largest changes. The interpretation of the FTIR spectra was based on
a previous study by Nandiyanto (2026). The scanning was carried out over a wavelength range
04000 to 400 cm™, and each sample was analyzed in duplicate to ensure more reliable results.

The FTIR spectrum of the non-processed neat polymer shows the typical absorption bands of
the P3HB/P(3HB-co-4HB) blend (see figure12). A sharp peak around 1720 cm™ was observed,
it shows the ester carbonyl group (C=0). A peak around 2825 cm™ was also observed and are
related to C—H stretching from methyl and methylene groups in the polymer backbone. Another
peak around 2900 cm™' shows symmetric C—H stretching, while the peak at around 2960 cm™
shows asymmetric C—H stretching. A broad band around 3260-3600 cm™ was also observed.
The band around 3450 cm™ can be related to O-H groups.
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Figure 12. FTIR spectrum of the non-processed neat polymer.

Figure 13 compares all processed neat polymer samples (2, 4, 6, and 8 minutes of processing)
together with the unprocessed neat polymer sample. A progressive upward shift in the broad
band around 3260-3600 cm™ region can be observed as the processing time increases,
indicating higher transmittance and therefore lower absorption in this region. This band shows
one of the most noticeable differences in the FTIR spectrum between the processed and
unprocessed samples.
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Figure 14 shows FTIR spectrum comparing the non-processed neat polymer (neat 0% - 0 min),
and the 8 min-processed neat polymer (neat 0% - 8 min) with the 8 min-processed samples

containing the stabilizer AO1 in 0.2%, 0.4% and 0.8%.

The processed sample containing 0.4% AO1 shows very similar behavior to the non-processed
neat polymer in the FTIR spectrum, with the main peaks remaining at similar positions, unlike
the samples containing 0.2% and 0.8% AO1. This suggests that no major changes occurred in
the chemical structure of the polymer. The similarity of the band in the 3260-3600 cm™ region
suggests that AO1 at a concentration of 0.4% may be effective in reducing moisture absorption

or limiting degradation during processing.
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Figure 13. FTIR spectrum of pure P3HB/P(3HB-co-4HB) sample at 0, 2, 4, 6 and 8 minutes processing time.
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Figure 14. FTIR spectra of pure P3HB/P(3HB-co-4HB) at 0 and 8 min processing time, and the sample stabilized with AO1
at concentration of (0.2%, 0.4% and 0.8%) afier 8 minutes of processing.

Figure 15 shows FTIR spectrum comparing the non-processed neat polymer (neat 0% - 0 min),
the 8 min-processed neat polymer (neat 0% - 8 min) with the 8 min-processed samples
containing stabilizer AO2 in 0.2%, 0.4% and 0.8%. When comparing the non-processed neat
polymer with the samples containing stabilizer AO2, different behaviors can be observed
depending on the stabilizer concentration. The sample containing 0.4% AO2 showed less
reduction in the intensity of the broad O—H band around 3400 cm™, presenting a behavior more
similar to the non-processed neat polymer. This concentration may suggest a more effective
stabilizing effect, while the samples with other AO2 concentrations showed behavior more
similar to the 8 min-processed neat polymer.
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Figure 15. FTIR spectra of pure P3HB/P(3HB-co-4HB) at 0 and 8 min processing time, and samples stabilized with AO2 at
concentrations of 0.2%, 0.4%, and 0.8% after 8 minutes of processing.

Samples containing stabilizer AO3 stabilizer in concentrations of 0.2%, 0.4%, and 0.8% were
compared with the neat polymer. As shown in FTIR spectrum (Figure 16), the samples behaved
similarly regardless of AO3 concentration, indicating that increasing the AO3 concentration
did not result in significant spectral difference. When comparing the 0.8% AO3 sample with
the 0.2% and 0.4% samples, two additional broad peaks became more noticeable around 3400
cm and 3250 cm™, that was not noticed in any sample before. However, minor variations
were also observed in the fingerprint region, while similar behavior was observed for all
stabilizer concentrations in this region as well. Suggesting that no major changes occurred in
the main polymer backbone.
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Figure 16. FTIR spectra of neat P3HB/P(3HB-co-4HB) at 0 and 8 min processing time, and samples stabilized with AO3 at
concentrations of 0.2%, 0.4%, and 0.8% after 8 min of processing.

As previously presented, the use of stabilizers AO1 and AO2 at a concentration of 0.4%
resulted in the 8 min-processed samples showing behavior more similar to the non-processed
neat polymer. Based on these results, all stabilizers were mixed at a total concentration of 0.4%
and analyzed using FTIR (See figure 17). However, the stabilizer blend did not show a clear
improvement in FTIR compared to the neat reference under the conditions studied. This
suggests that the stabilizer mixture did not significantly improve the stabilization of the
polymer during processing. A reduction in the intensity of the broad band around 3500 cm™
was also observed.
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Figure 17. FTIR spectra of pure P3HB/P(3HB-co-4HB) at 0 and 8 min processing time, and samples stabilized with
(AO1+A402+A03) at concentrations of 0.4% after 8 minutes of processing.

3.3 TGA

In the isothermal TGA analysis, the temperature was maintained constant at 180 °C to monitor
any mass loss over time. This method was used to evaluate the long-term thermal stability of
the material and to investigate whether slow degradation reactions could occur at this specific
temperature.

When looking at the neat polymer (non-processed and processed for 8 min), the results showed
that the material was relatively thermally stable at 180C. Only a slow degradation was observed
during the holding time during both samples. The duplicates show good repeatability.

Non-processed neat polymer (Neat 0% - 0 min) had a slight smoother decrease rate in mass-
loss during the isothermal at 180C when comparing the processed neat polymer (Neat 0% - 8
min), however, the final mass weight for both is the same, approximately 99.65% - meaning a
total mass loss of around 0.35%.

Interestingly, the 8 min-processed sample containing the blend of the three stabilizers
(AO1+A0O2+A03 0.4% - 8 min) showed a slightly higher mass loss - approximately 0.2% The
duplicates show a good repeatability.

The sample containing AO1 at 0.4% after 8 min of processing showed a slightly higher mass
loss than neat polymer but less than sample containing the blend of stabilizers, with a final

mass weight of 99.53%. (see figure 18)
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Figure 18. TGA isothermal results at 180 °C comparing the unprocessed neat polymer, the neat polymer
processed for 8 min, sample with 0.4% AOI at 8 min, and the polymer processed for 8§ min containing a blend of
stabilizers.

3.4 DMTA

Due to a failure of the DMA cooling unit during the experimental period, DMTA measurements
could not be repeated in duplicate and are therefore treated as complementary data.

Looking firstly at the neat polymer, after 8 minutes of processing the material became
significantly stiffer at all analyzed temperatures. The storage modulus (E’) increased
considerably. The loss modulus (E’’) also increased after processing, indicating that the
material still retained the ability to dissipate energy; however, this increase was proportionally
much smaller than that observed for E’. Consequently, the tan 6 values decreased clearly after
processing (see Table 9), which may indicate reduced molecular mobility and a more elastic,
less viscous viscoelastic behavior

Table 9: Comparison of the DMTA results for the neat polymer before and afier 8 minutes of processing.

Sample Storage modulus (MPA) Loss modulus (MPA) Tan
-30°C 25°C | 50°C [ -30°C | 25°C | 50°C -30°C 25°C 50°C
Neat 0%- 0 min 1505 464.1 | 244.6 | 228.3 | 65.92 [ 25.11 | 0.151694|0.142038| 0.102657
Neat 0%- 8 min 2374 1016 | 707.9 | 257.9 | 76.26 | 44.16 ] 0.108635 | 0.075059 | 0.062382

The tan & curve of the non-processed neat polymer showed two distinct relaxation/transitions
regions, with transitions around —6.16 °C and 21.98 °C (see figure 19).
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Figure 19. Tan 6 curve of neat PSHB/P(3HB-co-4HB) before processing.

The tan 6 curve of the 8 min-processed neat polymer showed two distinct relaxation/transitions
regions, with transitions around —5.91 °C and 34.71 °C (see figure 20).
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Figure 20. Tan 6 curve of neat PXHB/P(3HB-co-4HB) after 8 minutes processing time.

35



Comparing both curves together, the 8 min-processed neat polymer shows lower tan 6 values
over the entire temperature range compared to the non-processed sample. In addition, the
second transition peak observed around 22 °C in the non-processed polymer disappears after
processing or shifted from approximately 22 °C to around 35 °C after processing. This may
indicate reduced molecular mobility and a more rigid viscoelastic response (see figure 21)
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Figure 21. Tan 6 curve of neat PSHB/P(3HB-co-4HB) before and after 8 minutes processing time.

Comparing the 8 min-processed neat polymer with the 8 min-processed polymer containing
the 0.4% of AO3, it is possible to observe that the sample with this stabilizer shows higher tan
0 values over almost the entire temperature range, a reappearance of a second transition region
between approximately 20-35 °C, and a less flattened curve (see figure 22). The graph suggests
that this stabilizer may have altered the viscoelastic behavior of the polymer processed for 8
minutes. While the 8 min-processed neat polymer shows a strong decrease in tan 6 and a more
rigid, elastic-dominated viscoelastic behavior, the sample containing the stabilizer AO3
maintains higher tan ¢ values and a more dissipative response. This could be interpreted as
increased molecular mobility, suggesting that AO3 may have partially preserved the
viscoelastic response of the polymer during reprocessing; however, this interpretation should
be treated with caution since the DMTA measurements were not performed duplicate.
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Figure 22. Tan 6 curves of neat PSHB/P(3HB-co-4HB) at 0 min processing time and the sample stabilized with 0.4% AO3
after 8 min of processing.

Looking at the sample containing the stabilizer blend (AO1+AO2+AQO3), it appears that
viscoelastic behavior is closer to that of the non-processed polymer (see figure 23). This may
suggest that the stabilizers partially preserved the molecular mobility of the polymer during
reprocessing. The combined behavior may suggest that the stabilizers complemented each
other and may have reduced the extent of structural changes induced by melt processing,
resulting in a more effective stabilization during processing.
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Figure 23. Tan J curves of neat P3HB/P(3HB-co-4HB) at () min processing time and the sample stabilized with 0.4%
(AO1+A02+A03) after 8 min of processing.

Looking at the overall results (see table 10), regardless of the sample composition (containing
stabilizers or not), a general trend could be observed with increasing temperature from —30 °C
to 50 °C. The storage modulus (E’) decreases clearly in all samples, while the loss modulus
(E”’) also shows a considerable decrease, suggesting that the material loses rigidity and part of
its ability to dissipate energy as the temperature increases. Consequently, the tan & values
generally decreased with increasing temperature, indicating that the material becomes less
viscous relative to its elastic behavior at higher temperatures.

The addition of stabilizers (AO1, AO2, and AO3) at different concentrations after 8 minutes of
processing altered the viscoelastic properties in a non-linear manner. No clear concentration-
dependent trend was observed for all stabilizers, as some concentrations resulted in
significantly different modulus values compared to others within the same stabilizer group.
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Table 10. Storage modulus, loss modulus, and tan  values obtained from DMTA analysis at different temperatures.

- Temperature Temperature Temperature
-30°C 25°C | 50°C -30°C | 25°C 50°C -30°C 25°C 50°C
Neat 0% - 0 min 1505 464.1 | 244.6 228.3 | 65.92 | 25.11 0.151694]0.142038 ] 0.102657
Neat 0% - 8 min 2374 1016 | 707.9 257.9 [ 76.26 | 44.16 0.108635]0.075059] 0.062382
AO1 0.2%- 8 min 774.1 348.4 | 217.5 93.25 | 43.21 22.92 0.120462] 0.124024 ] 0.105379
AO1 0.4%- 8 min < 1477 1005 | 719.5 2 125.6 | 80.6 49.98 0.085037]0.080199] 0.069465
AO1 0.8%- 8 min %, 1612 542.5 | 327.9 % 208.6 [ 58.22 | 28.51 0.129404]0.107318 ] 0.086947
A020.2%- 8 min _; 1326 826.4 | 551.3 E 145 80.48 | 44.04 o 0.109351]0.097386| 0.079884
AO02 0.4%- 8 min 3 1970 581 361.6 E 216.8 | 61.59 30.37 [E 0.110051]0.106007 ] 0.083988
AO2 0.8%- 8 min E 975.7 505.3 | 355.5 g 120.4 | 56.38 35.04 0.123399]0.111577] 0.098565
AO030.2%- 8 min §° 1720 782.8 | 524.1 | @ 189.3 [ 71.44 | 39.02 0.110058]0.091262 | 0.074451
AO03 0.4%- 8 min % 1864 1222 | 895.6 & 143 88.27 49.8 0.076717]0.072234 ] 0.055605
AO3 0.8%- 8 min 994.4 794.7 | 560.9 101.5 [ 80.22 | 46.49 0.102072]0.100944 | 0.082885
(A01+A02r§3)0'4%_8 1902 1046 | 722.4 189.2 | 88.17 | 48.53 0.09947410.084293 1 0.067179

Looking at the data from the tan 6 curves, processing significantly reduced the intensity of the
second peak in the neat polymer by almost 50%, decreasing from 0.1422 to 0.07434. No clear
concentration-dependent trend was observed for the stabilizers, as some concentrations resulted

in significantly different values compared to others within the same stabilizer group (see table
11).

Table 11. Relaxation peak temperatures and tan o values obtained from DMTA.

Sample Peak 1 (°C) Peak 1 Tan Peak2 (°C) Peak?2 Tan
Neat 0% - 0 min -12.58 0.147 24.36 0.1422
Neat 0% - 8 min -13.47 0.1038 27.45 0.07434
AO1 0.2%- 8 min -20.88 0.1248 26.3 0.1242
AO1 0.4%- 8 min -19.84 0.08983 27.56 0.08018
AO1 0.8%- 8 min -7.93 0.1245 22.89 0.1083
AO2 0.2%- 8 min -18.46 0.1215 30.78 0.09695
AO2 0.4%- 8 min -7.2 0.1231 22.3 0.1076
AO2 0.8%- 8 min -23.33 0.1261 23.23 0.1121
AO3 0.2%- 8 min -9.52 0.1057 24.08 0.09158
AO3 0.4%- 8 min -19.78 0.08313 23.92 0.07235
AO3 0.8%- 8 min -14.69 0.1035 28.4 0.1011
(AO1+A02+A03) 0.4%- 8 min -21.39 0.1062 26.16 0.08427
3.5 DSCIOT

Results from DSC IOT should be analyzed with caution as the samples were not run in
duplicate. Therefore, the results from this equipment are considered only as complementary
data.

In Figure 24, the graph displays Heat Flow as a function of Time. Since "Exo Up" is indicated,
positive peaks represent exothermic reactions (heat release), which is the characteristic of
oxidation. This graph compares the unprocessed neat polymer (neat 0% - 0 min) with the neat
polymer processed for 8 minutes (neat 0% - 8 min). The unprocessed neat polymer shows a
more stable baseline at the beginning of the test, and the main oxidation peak occurs around
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110 minutes. The 8 min-processed sample, however, shows instability in its baseline. Due to
this instability, it is not possible to determine the OIT (Oxidation Induction Time) for this
sample.
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Figure 24. DSC-IOT results comparing non-processed and 8 min processed neat P3HB/P(3HB-co-4HB).
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4. ANALYSIS AND DISCUSSION
41 DSC

When looking at the samples containing only the neat polymer, it is possible to observe that
the crystallinity slightly decreased after every processing cycle - even if the trend is not
statistically certain. A study from Zaverl et al, (2012) about recyclability of
polyhydroxybutyrate-co-valerate (PHBV) through melt processing cycles showed also that the
crystallinity decreased after each reprocessing cycle. They also noted that these findings
contradict previous studies on PLA and PP, where crystallinity increased after repeated
reprocessing cycles. A similar trend was observed by Shojaeiarani et al., (2019) on their study
about effects of repeated extrusion cycles on PHB-based materials. In their study, the
crystallinity percentage also decreased after five extrusion cycles. This suggests that
PHAs/PHBs may exhibit different crystallization behavior compared to other polymers during
repeated melt processing.

Interestingly, the addition of the stabilizer AO3 increased the crystallinity of the polymer, while
the stabilizers AO1 and AO2 did not significantly affect it. The blend of stabilizers
AO1+AO2+A03 demonstrated a more stable crystallinity along the re-processing cycles;
however, it remained lower than that of the non-processed neat polymer.

These results may be explained by the different effects of each stabilizer on this polymer
morphology. AO1 and AO2 did not significantly affect crystallinity, suggesting that their main
role may be related to thermo-oxidative stabilization mechanisms, such as free-radical
scavenging and peroxide decomposition, without strongly affecting the crystalline morphology
of the material.

On the other hand, the increase in crystallinity observed for AO3-containing samples, when
comparing to the non-processed neat polymer, may be related to the stabilizing mechanism of
carbodiimide-based additives. Carbodiimides can act as anti-hydrolysis agents and chain
extenders by reacting with water and acid end groups formed during thermal degradation. This
may improve chain stability and facilitate molecular organization during crystallization.
Similar behavior was reported by Yuan et al., (2016), who observed improved crystallization
behavior and enhanced thermal stability after the incorporation of carbodiimide into PPDO,
while the crystalline structure itself remained unchanged.

Tg varied only slightly, and it is not possible to conclude that there is a significant difference
between the Tg of the non-processed neat polymer and the other samples, since the standard
deviation between duplicates for this specific sample was approximately 2 °C. Zaverl et al.,
(2012)’s study also observed that Tg varied slightly throughout the processing cycles, with no
clear trend.

The Tm results suggested a slight increase after each processing cycle. This matches the
findings of Shojaeiarani et al., (2019) but differs from the findings from Zaverl et al., 2012 and
Rivas et al. (2017), where Tm slightly decreased during reprocessing. The difference in
findings may occur due to differences among the materials analyzed in their studies, suggesting
again that different PHBs polymers may behave differently. Zaverl et al., (2012) consider these
differences to be insignificant, emphasizing that the values remained within the same
temperature range, which shows reprocess ability of the material. This suggests that mechanical

41



recycling may be possible, and that small variations in Tg and Tm are not expected to
significantly affect the mechanical recyclability of such materials.

42 TGA

The samples analyzed showed relatively good thermal stability at 180 °C, with a very slow and
continuous mass loss during the isothermal stage. This result is consistent with the findings of
Kopf et al. (2024), who analyzed the same material (PHAx 1007). Interestingly, both the non-
processed neat polymer and the neat polymer processed for 8§ minutes showed the same
percentage of mass loss. In contrast, the sample containing AO1 at 0.4% after 8§ min of
processing showed a slightly higher mass loss than neat polymer but less than sample
containing the blend of stabilizers. This behavior may be more related to the stabilizers
themselves than to the polymer degradation itself. According to different studies, such as Kopf
et al. (2024) and Omura et al. (2021), this type of PHA blend undergoes significant degradation
at higher temperatures than 180 °C — approximately over 200 °C. The slight differences,
however, are still unclear. The duplicate analyses showed good repeatability

The fact that TGA results showed a very low percentage of mass loss does not necessarily mean
that the polymer degraded to the same level. Omura et al. (2021) analyzed the thermal
degradation behavior specifically of a P(3HB-co-16 mol%-4HB) using pyrolysis at higher
temperature. They reported that this type of PHA blend may undergo molecular degradation
before any significant weight loss is detected by TGA. Although the experimental conditions
used by Omura et al. (2021), including polymer composition and degradation temperature,
differ from those applied in the present study, their findings still suggest that conventional TGA
analyses may not properly detect the initial stages of thermal degradation. This means that the
small decrease in weight observed in the TGA does not necessarily indicate that the polymer
did not degrade, as significant molecular-level degradation may occur before the TGA shows
measurable mass loss. This may correspond to the “initial random degradation” described by
Omura et al. (2021), which refers to the early stage of degradation in which random chain
scission and a reduction in molecular weight occur before any significant mass loss is detected
by TGA.

Rivas et al. (2017) also analyzed how the mass of PHB changes during heating after different
extrusion cycles. Up to approximately 230 °C, no significant mass loss was observed,
indicating that the material remained relatively thermally stable within this temperature range.
After approximately 235 °C, a sharp decrease in mass occurred, corresponding to the main
thermal decomposition stage of PHB. This may help explain why no significant mass loss was
observed during the present study, since the isothermal analysis was performed at 180 °C,
which is significantly lower than 235 °C. In addition, the isothermal stage lasted only 30
minutes. A longer isothermal analysis in the TGA could provide further information about the
degradation behavior of the material under these conditions.

Rivas et al. (2017) also observed that only small differences were present between the virgin
material and the reprocessed samples after the 1st, 2nd, and 3rd extrusion cycles, even at high
temperatures. This is consistent with the TGA results obtained in the present study, considering
that the non-processed and 8 min-processed neat polymers showed almost no difference in
mass loss. In addition, the overall mass loss observed during the isothermal stage in this study
was almost insignificant.
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Another possibility is that this mass loss may result simply from residual moisture that
evaporated at the beginning of the TGA analysis. The pellets were dried in the oven before
being processed in the compounder, but they were not dried again before the TGA
measurements. Similar results during isothermal TGA at 180 °C were also observed by Kopf
et al. (2024), who attributed the initial mass loss to moisture evaporation. However, their study
analyzed only the neat polymer. The marginal difference between samples containing only the
neat polymer and samples containing stabilizers may also result from the volatilization of low-
molecular-weight by-products formed during the chemical stabilization reactions. It is also
important to highlight that our experiment was done only for 30 minutes. It would, in hindsight,
have been better to run it for at least an hour to detect possible further differences.

4.3 FTIR

The FTIR spectra showed the expected characteristic absorption bands of PHB. The most
significant and interesting observation was the decrease in O—H absorption in the FTIR spectra
when comparing the non-processed neat polymer with the neat polymer processed for 2, 4, 6,
and 8 min. As the processing time increased, the broad O—H band (3200-3600 cm™) showed a
tendency toward increased transmittance (see figure 25). As the polymer analyzed in this study
is a complex blend containing both P3HB and P(3HB-co-4HB), it is important to consider that
degradation may occur through multiple simultaneous pathways, such as those described by
Omura et al. (2021) and Dhahini et al. (2024).
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Figure 25. FTIR spectra of neat P3HB/P(3HB-co-4HB) showing changes in the O—H region with increasing processing
time.

Literature shows that the degradation behavior of P3HB and P(3HB-co-4HB) can be much
more complex than a simple chain scission process, since several degradation mechanisms may
occur simultaneously and compete with each other. Therefore, it is likely that the polymer
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analyzed in this study did not degrade through a single mechanism, but rather through multiple
parallel pathways. This interpretation is also supported by Omura et al. and Dhaini et al. (2024).

Many studies report the formation of crotonic acid as a by-product of PHAs degradation. This
occurs due to the thermal degradation mechanisms of PHAs during melt processing (Czyzow,
Bednarski and Drzezdzon, 2026; Rivas et al. (2017). Dhaini et al. (2024) highlighted that P3HB
mainly degrades through B-elimination reactions, leading to the formation of crotonic acid,
which is volatile. However, the presence of crotonic acid could not be clearly confirmed in the
FTIR spectra of the analyzed samples. Indeed, Rivas et al. (2017) also reported that confirming
the presence of crotonic acid in PHBs through FTIR can be difficult.

In contrast, P4AHB presents a temperature-dependent degradation behavior. According to
Dhaini et al. (2024) at lower temperatures (<300 °C), degradation occurs mainly through an
unzipping reaction initiated at the m-hydroxyl chain ends, resulting in the selective formation
of y-butyrolactone (GBL) as the main volatile product. Since the unzipping degradation
pathway consumes ®-hydroxyl end groups during the formation of GBL, the number of free
O-H groups in the polymer may decrease, as shown in Figure 5. In addition, GBL is volatile
and may partially evaporate during melt processing, especially considering that the polymer
was exposed to temperatures around 170—180 °C. Therefore, this mechanism may possibly
help to explain the gradual decrease in O—H absorbance observed in the FTIR spectra with
increasing processing time in the micro compounder.

Another simpler explanation could be moisture. Although all samples were carefully dried
before processing, small amounts of water may still have been present and gradually
evaporated during processing. It is also possible that the virgin polymer contained volatile
compounds with hydroxyl groups that evaporated during melt processing. Therefore, it is
difficult to draw definitive conclusions about these degradation mechanisms without further
and more detailed investigations of the chemical structure of the material.

When it comes to the samples containing stabilizers, the FTIR spectra were mainly compared
with those of the neat polymer, which was considered the “benchmark”. The samples
containing 0.4% AO1 and 0.4% AO2 showed very similar results to the neat polymer,
especially in the broad O—H band region (3200-3600 cm™). One possible explanation may be
related to the stabilization mechanisms of AO1 and AO2. As previously described, AO1 acts
as an oxidation inhibitor, while AO2 decomposes hydroperoxides formed during degradation.
However, it is difficult to draw any specific conclusions, especially regarding why the 0.4%
concentration showed this behavior.

4.4 DMTA

Results from DMTA should be analyzed with caution as the samples were not run in duplicate.
Therefore, the results from this equipment are considered only as complementary data and are
evaluated in comparison to DSC and FTIR results.

Looking at the neat polymer, before and after 8 minutes of processing, the DMTA results
suggest evidence of thermal degradation. The substantial increase in the storage modulus (E’)
and the reduction in tan 6 may indicate that the material became more rigid and elastic after
processing (Ebnesajjad and Khaladkar, 2005).
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When analyzing the samples containing stabilizers, no clear pattern could be observed.
However, some limitations of the experimental procedure should be considered when
interpreting these results. The preparation of the samples using the small-scale press presented
technical challenges, resulting in surface quality being below the ideal. In addition, the analyses
were not performed in duplicate. Since DMTA is a highly sensitive technique, small variations
in sample dimensions, surface quality, or positioning may significantly influence the measured
values. Together, these factors may have introduced experimental noise into the absolute values
of the storage modulus (E’) and tan 6, making it difficult to draw definitive conclusions
regarding the effect of the stabilizers.

4.5 DSC IOT

OIT is generally a sensitive method for detecting and comparing oxidative stability. However,
in this study, the method did not appear to work robustly for this PHA blend under the selected
conditions. The curve for the neat 0 min sample shows a relatively stable baseline and a clear
oxidation peak (~110 min), whereas the curve for the neat 8 min sample lacks a stable baseline,
meaning that the OIT cannot be determined reliably.

A reasonable explanation is that PHA/PHB-based materials, unlike polyolefins, can undergo
extensive thermal degradation via mechanisms other than oxidation — specially at 210 °C -
which may cause baseline drift and interfere with the OIT signal before a distinct oxidation
induction event can be identified.

4.6 Behavior and Degradation Mechanisms of the Neat Polymer

On of the most interesting findings in this integrated analysis is to notice how complex is the
degradation process of this polymer, and how it may variate depending on temperature and its
composition.

In the isothermal TGA test at 180 °C, a very subtle and continuous mass loss was observed.
However, as highlighted in the literature and supported by the combined analysis performed in
our study, mass stability in TGA may not directly imply the absence of degradation. According
to Omura et al. (2021), this type of PHA blend has an initial stage of random degradation that
likely alters molecular weight and macromolecular mobility without immediately generating
enough volatile byproducts to significantly affect the thermogravimetric curves at this
temperature, since the main decomposition associated with significant mass loss only occurs
above 230-235 °C (Rivas et al., 2017).

The polymer backbone did not show major structural modifications, indicating that the overall
integrity of the matrix was preserved during the processing. However, the most interesting part
is that there is a systematic reduction in the absorption intensity of the hydroxyl groups in the
3200-3600 cm™ region with increasing residence time in the micro-compounder indicates the
occurrence of localized degradation mechanisms. One possible explanation is that this change
in the hydroxyl region may be associated both with the loss of residual moisture and with the
consumption of terminal hydroxyl groups through unzipping reactions in the PAHB component,
possibly leading to the formation of volatile y-butyrolactone (GBL) (Dhaini et al., 2024).

The results from TGA and FTIR suggest evidence when correlating with the DSC data.
Although DSC showed that the melting temperature and crystallinity percentage did not have
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drastic variations for the neat polymer, only a slight decrease in crystallinity was observed,
consistent with Zaverl et al. (2012) and Shojaeiarani et al. (2019). In contrast, the glass
transition temperature tended to increase with increasing processing time. The DMTA results
can also possibly support this transition in mechanical behavior. After 8 minutes of processing,
the storage modulus increased significantly, accompanied by a drastic reduction in the damping
factor. This viscoelastic behavior suggests that processing induced structural changes that made
the material considerably stiffer, more elastic, and less capable of dissipating energy, reflecting
the reduction in molecular mobility after melting.

This prior volatilization of low molecular weight fractions or volatile impurities during the 8-
minute processing step may also explain the anomalous behavior observed in the DSC-OIT
analysis. The shift of the oxidative exothermic peak from 110 minutes in the non-processed
sample to 160 minutes in the sample processed for 8 minutes suggests that reprocessing
thermally purified the residual matrix from its most unstable fractions, generating an artificially
delayed and more homogeneous oxidative response under the superheated conditions of the
test.

4.7 The Role and Mechanisms of the Stabilizers

Different stabilizers evaluated in this study affected the processed polymer in different ways.
Primary and secondary antioxidants (AO1 and AQO?2, respectively), namely the sterically
hindered phenolic and phosphite-based stabilizers, both at concentrations of 0.4%, showed a
possible improved stabilization performance in the processed polymer. This was particularly
evident in the DSC and FTIR results, where these samples exhibited behavior more similar to
the non-processed neat polymer, suggesting that these stabilizers at this concentration may be
effective in preserving the polymer structure during processing.

e AOIl and AO2 (0.4 wt.%): AO1 and AO2 showed FTIR spectra most similar to the
unprocessed reference, particularly in the O—H region; however, this region can be
influenced by moisture and ATR contact and should therefore be interpreted cautiously.
This may suggest that the free radical scavenging mechanism of AOIl and the
hydroperoxide decomposition mechanism of AO2 could be effective in protecting the
local chemical integrity and mitigating secondary degradation reactions without
significantly altering the native structure. In terms of crystallinity, both additives also
seemed to cause no major changes, possibly acting primarily through thermo-oxidative
protection.

e AO3: Samples containing AO3 generally exhibited higher crystallinity compared to the
neat polymer. This effect cannot be directly attributed to reduced chain scission alone.
In contrast to AO1 and AO2, which act as primary and secondary antioxidants targeting
thermo-oxidative degradation, AO3 is a hydrolytic stabilizer that reacts with carboxylic
end groups and moisture. By limiting hydrolytic degradation and modifying chain end
groups, it may influence intermolecular interactions and crystallization behavior,
potentially leading to more efficient molecular packing during processing. However,
the exact mechanism behind the observed increase in crystallinity remains unclear and
cannot be conclusively determined based on the present results.

e Blend (AOI + AO2 + AO3): FTIR and TGA did not demonstrate clear superiority of
this blend in terms of stabilization when comparing to the neat polymer. In TGA, for
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example, a marginal increase in mass loss and a slightly steeper curve were observed,
reflecting perhaps the volatilization of byproducts generated by the stabilization
reactions between the combined additives rather than a reduction in the thermal stability
of the polymer itself. However, this blend showed relatively stable behavior in the DSC
results after each processing cycle, particularly in terms of Tg and crystallinity.
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5. CONCLUSION

The degradation process of PHAs is highly complex and strongly dependent on their
composition. P3HB can degrade through several different pathways, and the same applies to
P(3HB-co-4HB). Therefore, a holistic approach is necessary to better understand the
degradation behavior of these materials.

The combined analyses performed in this study suggest that repeated melt processing may
mainly affect the molecular mobility and viscoelastic behavior of the polymer rather than
causing major structural breakdown. DSC results indicated that the melting temperature and
crystallinity remained relatively stable, while the glass transition temperature increased with
increasing processing time, suggesting reduced molecular mobility after processing. Although
FTIR did not show major changes in the polymer backbone, variations in the hydroxyl region
suggest the occurrence of localized degradation mechanisms, possibly related to moisture loss,
hydroxyl end groups, or volatile degradation products. Furthermore, TGA results showed no
significant mass loss at 180 °C during 30 minutes with non-stabilized behaving similar before
and after processed. These results suggest that mechanical recycling of P3HB/P(3HB-co-4HB)
could be possible, since the polymer was able to tolerate short melt-processing cycles without
severe structural degradation. However, changes in stiffness and molecular mobility may still
occur after repeated processing, indicating that degradation cannot be completely avoided.

Different stabilizers affected the processed polymer in different ways. Among the evaluated
samples, the processed polymers containing 0.4% AO1 or 0.4% AO2 showed behavior similar
to that of the non-processed neat polymer, particularly in the DSC and FTIR analyses. This
may suggest that both the sterically hindered phenolic antioxidant and the phosphite-based
antioxidant helped the processed polymer maintain behavior more similar to that of the non-
processed neat polymer. This may indicate that the addition of these stabilizers can help
mitigate degradation and reduce the loss of material performance during repeated melt
processing to some extent. However, more analyses should be performed in order to affirm this
hypothesis. Tests such as viscosity, GPC and NMR are recommended.

It is also relevant to mention that the combination of the literature review performed in this
study with the obtained results makes it even clearer that each polymer composition must be
evaluated individually, considering the molar composition of the copolymer, that is, how much
of the 4HB monomer is incorporated into the polymer chain relative to 3HB. Such contrasts
highlight the strong structure—property relationship in PHAs, where even minor changes in
monomer composition can substantially modify the thermal and mechanical properties of the
material. Processing temperature must also be considered, since PHAs may degrade through
different mechanisms depending on the temperature conditions. Altogether, these factors
should be analyzed together with a detailed evaluation of the chemical structure of the polymer
itself.

Since the analyzed material is a blend of P3HB and P(3HB-co-4HB), it is important to consider
the degradation behavior of both components in order to better understand the overall
degradation mechanism of the polymer. Therefore, although each polymer composition should
be evaluated individually, a holistic approach is also necessary to understand how the different
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components interact and influence the thermal, chemical, and structural behavior of the
material during repeated melting processing.

Future studies should continue, therefore, investigating the degradation mechanisms of these
polymers while also exploring why concentrations of 0.4% appeared to provide improved
stabilization performance. Further optimization of stabilizer type, concentration, and
processing conditions is still necessary to improve the recyclability and long-term stability of
these PHA-based materials - especially using more natural stabilizers. In addition, studies on
the biodegradability of these biopolymers after the addition of stabilizers should be conducted
to better understand their environmental impact when they reach their end-of-life.

49



REFERENCES

Abrha, H., Cabrera, J., Dai, Y., Irfan, M., Toma, A., Jiao, S. and Liu, X. (2022) ‘Bio-Based
Plastics Production, Impact and End of Life: A Literature Review and Content
Analysis’, Sustainability, 14, article 4855. doi: 10.3390/sul14084855.

Adnan, M., Siddiqui, A.J., Ashraf, S.A., Snoussi, M., Badraoui, R., Alreshidi, M., Elasbali,
AM., Al-Soud, W.A., Alharethi, S.H., Sachidanandan, M. and Patel, M. (2022)
‘Polyhydroxybutyrate (PHB)-Based Biodegradable Polymer from Agromyces indicus:
Enhanced Production, Characterization, and Optimization’, Polymers, 14(19), article
3982. doi: 10.3390/polym14193982.

Almustafa, W., Grishchuk, S., Redel, M., Schubert, D.W. and Grun, G. (2025) ‘Solvent-Free
Processing of i-P3HB Blends: Enhancing Processability and Mechanical Properties for
Sustainable Applications’, Polymers, 17(16), article 2231. doi:
10.3390/polym17162231.

BASEF (2015). Irganox® 1010 Technical Data Sheet. BASF Corporation.
BASF (2019). Irgafos® 168 Technical Data Sheet. BASF Corporation.

Chavan, S., Yadav, B., Tyagi, R.D. and Drogui, P. (2021), ‘A review on production of
polyhydroxyalkanoate (PHA) biopolyesters by thermophilic microbes using waste
feedstocks’, Bioresource Technology, 341, 125900. Doi:
10.1016/].biortech.2021.125900

Choosing an antioxidant: some of the basics. (2005). Plastics Additives & Compounding, 7(1),
32-33. Doi: 10.1016/S1464-391X(05)00332-6

Clarke, R.W., Rosetto, G., Uekert, T., Curley, J.B., Moon, H., Knott, B.C., McGehehan, J.E.
and Knauer, K.M. (2024) ‘Polyhydroxyalkanoates in emerging recycling technologies
for a circular materials economy’, Materials Advances, 5, pp. 6690—-6715. doi:
10.1039/D4AMAO00411F.

Czyzow, W., Bednarski, M. and Drzezdzon, J. (2026). Structure-property correlations in the
sustainable valorization of bio-based polymers: A critical review of multiple recycling
strategies. Journal of Environmental Chemical Engineering, 14(2), p.121795. doi:
https://doi.org/10.1016/j.jece.2026.121795. kp

Dedieu, I., Aouf, C., Gaucel, S., & Peyron, S. (2023). Recycled Poly(hydroxybutyrate-co-
valerate) as Food Packaging: Effect of Multiple Melt Processing on Packaging

Performance and Food Contact Suitability. Journal of Polymers and the Environment,
31(3), 1019-1028. Doi: 10.1007/s10924-022-02600-4

De Macedo, M.A., Oliveira-Filho, E.R., Taciro, M K., Piccoli, R.A.M., Gomez, J.G.C. and
Silva, L.F. (2022). Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)]

50


https://doi.org/10.1016/j.biortech.2021.125900
https://doi.org/10.1016/S1464-391X(05)00332-6
https://doi.org/10.1016/j.jece.2026.121795
https://doi.org/10.1007/s10924-022-02600-4

biotechnological production: challenges and opportunities. Biomass Conversion and
Biorefinery. doi: 10.1007/s13399-022-03500-2.

Dhaini, A., Hardouin-Duparc, V., Alaaeddine, A., Carpentier, J.-F. & Guillaume, S. M. (2024).
Recent advances in polyhydroxyalkanoates degradation and chemical recycling.
Progress in Polymer Science, 149, S. 101781. doi: doi:
10.1016/j.progpolymsci.2023.101781

Ebnesajjad, S. and Khaladkar, P.R., (2005). ‘Dynamic Mechanical Analysis (DMA)’. In:
Fluoropolymers Applications in the Chemical Processing Industries. Norwich, NY:
William Andrew Publishing, pp. 10.4.8.

Fu, X., Xu, H., Zhang, Q., Xi, J., Zhang, H., Zheng, M., Xu, B. and Hou, L. (2023) ‘A review
on polyhydroxyalkanoates production from various organic waste streams: Feedstocks,

strains, and production strategy’, Resources, Conservation and Recycling, 198, article
107166. doi: 10.1016/j.resconrec.2023.107166.

Gijsman, P. and Gitton-Chevalier, M. (2003) ‘Aliphatic amines for use as long-term heat
stabilizers for polypropylene’, Polymer Degradation and Stability, 81(3), pp. 483—489.
Doi: 10.1016/S0141-3910(03)00134-4

Gundlapalli, M. and Ganesan, S. (2025), ‘Polyhydroxyalkanoates (PHAs): Key challenges in
production and sustainable strategies for cost reduction within a circular economy
framework’, Results in Engineering, 26, 105345. Doi: 10.1016/j.rineng.2025.105345

Hafiz, H.M., Al Rashid, A. and Kog¢, M. (2024). Recent advancements in sustainable
production and consumption: Recycling processes and impacts for additive
manufacturing. Sustainable Production and Consumption.

Haq, F., Kiran, M., Khan, [.A., Mehmood, S., Aziz, T. and Haroon, M. (2024). Exploring the
Pathways to Sustainability: A Comprehensive Review of Biodegradable Plastics in the
Circular Economy. Materials Today Sustainability, [online] 29, p.101067. doi:
10.1016/j.mtsust.2024.101067.

Helian Polymers B.V. (2022). PHAx 10007 Technical Datasheet (PHARADOX). Version 1.0.
Belfeld, The Netherlands: Helian Polymers B.V.

Janigova, 1., Lacik, I. and Chodék, 1. (2002). Thermal degradation of plasticized poly(3-
hydroxybutyrate) investigated by DSC. Polymer Degradation and Stability, 77(1), pp.
35-41. Doi: 10.1016/S0141-3910(02)00077-0

Jannatiha, N., & Gutiérrez, T. J. (2025). Recycling and revalorization of PLA and PHA-based
food packaging waste: A review. Sustainable Materials and Technologies, 44, Article
e01364. https://doi.org/10.1016/j.susmat.2025.e01364.

Khanam, P.N., Al-Maadeed, M.A. and Khanam, P.N. (2015) ‘Silk as a reinforcement in
polymer matrix composites’, in Advances in Silk Science and Technology. Woodhead
Publishing Series in Textiles, pp. 143—170. doi: 10.1016/B978-1-78242-311-9.00008-
2.

51


https://doi.org/10.1016/j.progpolymsci.2023.101781
https://doi.org/10.1016/S0141-3910(03)00134-4
https://doi.org/10.1016/j.rineng.2025.105345
https://doi.org/10.1016/S0141-3910(02)00077-0
https://doi.org/10.1016/j.susmat.2025.e01364

Kogje, M., Satdive, A., Mestry, S., & Mhaske, S. T. (2025). Biopolymers: a comprehensive
review of sustainability, environmental impact, and lifecycle analysis. Iranian Polymer
Journal, 34(9), 1481-1524. Doi: 10.1007/s13726-024-01449-9

Koller, M., Heeney, D. and Mukherjee, A. (2025). Biodegradability of polyhydroxyalkanoate
(PHA) biopolyesters in nature: a review. Biodegradation, 36(4). doi: 10.1007/s10532-
025-10164-y.

Kopf, S., Root, A., Heinmaa, I., Aristéia de Lima, J., Akesson, D. and Skrifvars, M. (2024).
Production and Characterization of Melt-Spun Poly(3-hydroxybutyrate)/Poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) Blend Monofilaments. ACS Omega, 9(25),
pp.27415-27427. doi: 10.1021/acsomega.4c02241.

Lamberti, F.M., Roman-Ramirez, L.A. and Wood, J. (2020). Recycling of Bioplastics: Routes
and Benefits. Journal of Polymers and the Environment, [online] 28. doi:
https://doi.org/10.1007/s10924-020-01795-8.

Lenz, R.W. & Marchessault, R.H., (2005). Bacterial polyesters: biosynthesis, biodegradable
plastics and biotechnology. Chemical Reviews, 105(5), pp.1717-1764.

Li, D., Yang, Y., Liu, R.,, Wu, Y. and Guo, F. (2025). Review of Biopolymer
Polyhydroxybutyrate (PHB) and Blends: Modification of Thermal and Mechanical
Properties via Additive Manufacturing Processing. Polymers, [online] 17(22), p.3083.
doi:https://doi.org/10.3390/polym17223083.

Mallegni, N., Cicogna, F., Passaglia, E., Gigante, V., Maria-Beatrice Coltelli and Coiai, S.
(2025). Natural Antioxidants: Advancing Stability and Performance in Sustainable
Biobased and Biodegradable Plastics. Compounds, 5(1), pp.4—4. doi:
10.3390/compounds5010004.

Molina-Ramirez, C., Enciso, C., Torres-Taborda, M., Zuluaga, R., Gafian, P., Rojas, O.J. and
Castro, C. (2018) ‘Effects of alternative energy sources on bacterial cellulose
characteristics produced by Komagataeibacter medellinensis’, International Journal of
Biological ~ Macromolecules, 117, pp. 735-741. Available at: doi:
10.1016/j.ijbiomac.2018.05.195

Morais, A.C.L. de, Fortes, A.G. da S., Abreu, L.LR. de, van Noordenne-Bos, C., Voet, V.S.D.,
Folkersma, R. & Loos, K., (2026). Blending PHBV with P(3HB-co-4HB) for superior
thermal stability, mechanical strength, and environmental degradation. Faraday

Discussions. Doi:
https://pubs.rsc.org/en/content/articlelanding/2026/fd/d5fd00035a#!divCitation

Muiioz-Shuguli, C., Moran, D., Veldsquez, E., Lopez-Vilarino, J. M., & Lopez-de-Dicastillo,
C. (2025). Effect of Degradation During Multiple Primary Mechanical Recycling
Processes on the Physical Properties and Biodegradation of Commercial PLA-Based
Water Bottles. Polymers, 17(18), 2542. Doi: 10.3390/polym17182542

Nandiyanto, A.B.D. (2026). How to read and interpret FTIR spectra for materials: A master
dataset with step-by-step guided peak-correlation analysis, representative examples,

52


https://doi.org/10.1007/s13726-024-01449-9
https://doi.org/10.1021/acsomega.4c02241
https://doi.org/10.1007/s10924-020-01795-8
https://doi.org/10.1016/j.ijbiomac.2018.05.195
https://pubs.rsc.org/en/content/articlelanding/2026/fd/d5fd00035a#!divCitation
https://doi.org/10.3390/polym17182542

and a foundation for future artificial intelligence (Al)-assisted analysis. ASEAN Journal
for Science and Engineering in Materials, 5(2), pp. 323-356.

Neiman, M.B. (1965). Aging and stabilization of polymers. Oxford: Pergamon Press.

NJC Reborn (2026). Carbodiimide: The most widely used and highly effective anti-hydrolysis
agent. [online] Available at: https://www.njreborn.com/news/carbodiimide-the-most-
widely-used-and-highly-effective-anti-hydrolysis-agent/ [Accessed 29 Apr. 2026].

Nomadolo, N., Mtibe, A., Ofosu, O., Mekoa, C., Letwaba, J., & Muniyasamy, S. (2024). The
Effect of Mechanical Recycling on the Thermal, Mechanical, and Chemical Properties
of Poly (Butylene Adipate-Co-Terephthalate) (PBAT), Poly (Butylene Succinate)
(PBS), Poly (Lactic Acid) (PLA), PBAT-PBS Blend and PBAT-TPS Biocomposite.
Journal  of  Polymers and  the  Environment, 32(6), 2644-2659.
https://doi.org/10.1007/s10924-023-03151-y

Omura, T., Goto, T., Machara, A., Kimura, S., Abe, H. and Iwata, T. (2021) ‘Thermal
degradation behavior of poly[(R)-3-hydroxybutyrate-co-4-hydroxybutyrate]’, Polymer
Degradation and Stability, 183, p- 109460. doi:
10.1016/j.polymdegradstab.2020.109460.

Park, H., He, H., Yan, X., Liu, X., Scrutton, N. S., & Chen, G.-Q. (2024). PHA is not just a
bioplastic. Biotechnology ~ Advances, 71, Article 108320. Doi:
10.1016/j.biotechadv.2024.108320

Pospisilova, A., Vodicka, J., Trudicova, M., Juglova, Z., Smilek, J., Mencik, P., Masilko, J.,
Slaninova, E., Melcova, V., Kalina, M., Obruca, S. and Sedlacek, P. (2022). Effects of
differing monomer compositions on properties of P(3HB-co-4HB) synthesized by
Aneurinibacillus sp. H1 for various applications. Polymers, 14(10), p. 2007. Doi:
10.3390/polym14102007

Rivas, L.F., Casarin, S.A., Nepomuceno, N.C., Alencar, M.I., Agnelli, J.A.M. and Santos,
A.S.F. (2017) ‘Reprocessability of PHB in extrusion: ATR-FTIR, tensile tests and
thermal studies’, Polimeros, 27(2), pp. 122—128. doi: 10.1590/0104-1428.2406.

Rysbek, A., Ramankulov, Y., Kurmanbayev, A., Richert, A., & Abeldenov, S. (2022).
Comparative Characterization and Identification of Poly-3-hydroxybutyrate Producing
Bacteria with Subsequent Optimization of Polymer Yield. Polymers, 14(2), 335.
https://doi.org/10.3390/polym14020335

Rockstrém, J., Steffen, W., Noone, K., Persson, A., Chapin, F.S., Lambin, E.F., Lenton, T.M.,
Scheftfer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., De Wit, C.A., Hughes, T., Van
Der Leeuw, S., Rodhe, H., Sorlin, S., Snyder, P.K., Costanza, R., Svedin, U.,
Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V.J., Hansen, J., Walker, B.,
Liverman, D., Richardson, K., Crutzen, P. and Foley, J., (2009). A safe operating space
for humanity. Nature, 461, pp.472—475. Doi: 10.1038/461472a

Romao, W., Franco, M. F., Corilo, Y. E., Eberlin, M. N., Spinacé, M. A. S. & De Paoli, M.-A.
(2009). Poly (ethylene terephthalate) thermo-mechanical and thermo-oxidative

53


https://word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=sv&rs=sv-SE&wopisrc=https%3A%2F%2Fboras-my.sharepoint.com%2Fpersonal%2Fs2308149_student_hb_se%2F_vti_bin%2Fwopi.ashx%2Ffiles%2Fad952a2243e74b36b14f7443627ebdde&wdenableroaming=1&mscc=0&wdodb=1&hid=2FB7725B-B91A-4AC5-8F2F-FF7F086B65C4.0&uih=sharepointcom&wdlcid=sv&jsapi=1&jsapiver=v2&corrid=48b31721-b0a8-7a66-4368-2d585123d61b&usid=48b31721-b0a8-7a66-4368-2d585123d61b&newsession=1&sftc=1&uihit=docaspx&muv=1&cac=1&sams=1&mtf=1&sfp=1&sdp=1&hch=1&hwfh=1&dchat=1&sc=%7B%22pmo%22%3A%22https%3A%2F%2Fboras-my.sharepoint.com%22%2C%22pmshare%22%3Atrue%7D&ctp=LeastProtected&rct=Normal&wdorigin=Sharing.ServerTransfer&afdflight=18&csiro=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush
https://word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=sv&rs=sv-SE&wopisrc=https%3A%2F%2Fboras-my.sharepoint.com%2Fpersonal%2Fs2308149_student_hb_se%2F_vti_bin%2Fwopi.ashx%2Ffiles%2Fad952a2243e74b36b14f7443627ebdde&wdenableroaming=1&mscc=0&wdodb=1&hid=2FB7725B-B91A-4AC5-8F2F-FF7F086B65C4.0&uih=sharepointcom&wdlcid=sv&jsapi=1&jsapiver=v2&corrid=48b31721-b0a8-7a66-4368-2d585123d61b&usid=48b31721-b0a8-7a66-4368-2d585123d61b&newsession=1&sftc=1&uihit=docaspx&muv=1&cac=1&sams=1&mtf=1&sfp=1&sdp=1&hch=1&hwfh=1&dchat=1&sc=%7B%22pmo%22%3A%22https%3A%2F%2Fboras-my.sharepoint.com%22%2C%22pmshare%22%3Atrue%7D&ctp=LeastProtected&rct=Normal&wdorigin=Sharing.ServerTransfer&afdflight=18&csiro=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush
https://doi.org/10.1007/s10924-023-03151-y
https://doi.org/10.1016/j.biotechadv.2024.108320
https://doi.org/10.3390/polym14102007
https://doi.org/10.3390/polym14020335
https://doi.org/10.1038/461472a

degradation mechanisms. Polymer Degradation and Stability, 94(10), pp. 1849-1859.
doi: 10.1016/j.polymdegradstab.2009.05.017

Savenkova, L., Gercberga, Z., Nikolaeva, V., Dzene, A., Bibers, I. and Kalnin, M., (2000).
Mechanical properties and biodegradation characteristics of PHB-based films. Process
Biochemistry, 35(6), pp.573-579.

Schmitt, J. and Flemming, H.-C. (1998). FTIR-spectroscopy in microbial and material analysis.
International  Biodeterioration &  Biodegradation, 41(1), pp. 1-11. doi:
10.1016/50964-8305(98)80002-4

Sharma, V., Sehgal, R. and Gupta, R. (2021). Polyhydroxyalkanoate (PHA): Properties and
Modifications. Polymer, 212, p.123161. doi: 10.1016/j.polymer.2020.123161.

Shojaeiarani, J., Bajwa, D. S., Rehovsky, C., Bajwa, S. G., & Vahidi, G. (2019). Deterioration
in the Physico-Mechanical and Thermal Properties of Biopolymers Due to
Reprocessing. Polymers, 11(1), 58. Doi:_10.3390/polym11010058

Sirisinha, K. and Samana, K. (2020). Improvement of melt stability and degradation efficiency
of poly (lactic acid) by using phosphite. Journal of Applied Polymer Science, 138(10).
doi: 10.1002/app.49951.

SpecialChem (2025). Antioxidants & stabilizers selection for polyolefins (PP, PE). [online]
Available at: https://www.specialchem.com/polymer-additives/guide/antioxidants-
stabilizers-selection-for-polyolefins-pp-pe [Accessed 29 Apr. 2026].

Stanley, J., Culliton, D., Jovani-Sancho, A.-J. and Neves, A.C., (2025). The journey of plastics.
Historical development, environmental challenges, and the emergence of bioplastics
for single-use products. Eng, 6(1), p.17. doi: 10.3390/eng6010017

Tokyo Chemical Industry Co., Ltd. (2023). Safety Data Sheet: Bis(2,6-
diisopropylphenyl)carbodiimide =~ (B2756).  Revision  2.1.  Available at:
https://www.tcichemicals.com/OP/en/p/B2756# (Accessed: 28 April 2026).

Utsunomia, C., Ren, Q. & Zinn, M. (2020) Poly(4-Hydroxybutyrate): current state and
perspectives. Frontiers in Bioengineering and Biotechnology, 8, p. 257. doi:
10.3389/tbi0e.2020.00257.

Yang, L., Zhu, X., Chen, Y. and Wang, J. (2024). Enhanced bacterial cellulose production in
Gluconacetobacter xylinus by overexpression of two genes (bscC and bcsD) and a

modified static culture. International Journal of Biological Macromolecules, 260(1),
129552. Doi:_10.1016/j.ijbiomac.2024.129552

Yuan, Y.et al (2016) ‘Influences of Bis-(2,6-Diisopropylphenyl) Carbodiimide on the
Thermal Stability and Crystallization of Poly(P-Dioxanone)’, Journal of
Macromolecular Science, Part B, 55(5), pp- 532-546. doi:
10.1080/00222348.2016.1171084.

Vahabi, H., Michyl, L., Moradkhannejhad, G., Akbari, V., Cochez, M., Vagner, C., Renard,
E., Saeb, M.R. and Langlois, V. (2019). Thermal Stability and Flammability Behavior

54


https://doi.org/10.1016/j.polymdegradstab.2009.05.017
https://doi.org/10.1016/S0964-8305(98)80002-4
https://doi.org/10.1016/S0964-8305(98)80002-4
https://doi.org/10.3390/polym11010058
https://word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=sv&rs=sv-SE&wopisrc=https%3A%2F%2Fboras-my.sharepoint.com%2Fpersonal%2Fs2308149_student_hb_se%2F_vti_bin%2Fwopi.ashx%2Ffiles%2Fad952a2243e74b36b14f7443627ebdde&wdenableroaming=1&mscc=0&wdodb=1&hid=2FB7725B-B91A-4AC5-8F2F-FF7F086B65C4.0&uih=sharepointcom&wdlcid=sv&jsapi=1&jsapiver=v2&corrid=48b31721-b0a8-7a66-4368-2d585123d61b&usid=48b31721-b0a8-7a66-4368-2d585123d61b&newsession=1&sftc=1&uihit=docaspx&muv=1&cac=1&sams=1&mtf=1&sfp=1&sdp=1&hch=1&hwfh=1&dchat=1&sc=%7B%22pmo%22%3A%22https%3A%2F%2Fboras-my.sharepoint.com%22%2C%22pmshare%22%3Atrue%7D&ctp=LeastProtected&rct=Normal&wdorigin=Sharing.ServerTransfer&afdflight=18&csiro=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush
https://word-edit.officeapps.live.com/we/wordeditorframe.aspx?ui=sv&rs=sv-SE&wopisrc=https%3A%2F%2Fboras-my.sharepoint.com%2Fpersonal%2Fs2308149_student_hb_se%2F_vti_bin%2Fwopi.ashx%2Ffiles%2Fad952a2243e74b36b14f7443627ebdde&wdenableroaming=1&mscc=0&wdodb=1&hid=2FB7725B-B91A-4AC5-8F2F-FF7F086B65C4.0&uih=sharepointcom&wdlcid=sv&jsapi=1&jsapiver=v2&corrid=48b31721-b0a8-7a66-4368-2d585123d61b&usid=48b31721-b0a8-7a66-4368-2d585123d61b&newsession=1&sftc=1&uihit=docaspx&muv=1&cac=1&sams=1&mtf=1&sfp=1&sdp=1&hch=1&hwfh=1&dchat=1&sc=%7B%22pmo%22%3A%22https%3A%2F%2Fboras-my.sharepoint.com%22%2C%22pmshare%22%3Atrue%7D&ctp=LeastProtected&rct=Normal&wdorigin=Sharing.ServerTransfer&afdflight=18&csiro=1&instantedit=1&wopicomplete=1&wdredirectionreason=Unified_SingleFlush
https://doi.org/10.3390/eng6010017
https://www.tcichemicals.com/OP/en/p/B2756
https://doi.org/10.1016/j.ijbiomac.2024.129552

of Poly(3-hydroxybutyrate) (PHB) Based Composites. Materials, 12(14), 2239. doi:
10.3390/mal2142239

Villarrubia-Gémez, P., Almroth, B.C., Eriksen, M., Ryberg, M. and Cornell, S.E., (2024).
Plastic pollution exacerbates the impacts of all planetary boundaries. One Earth, 7(12),
pp.2119-2138. Doi:_10.1016/j.oneear.2024.11.015

Vodicka, J., Wikarska, M., Trudicova, M., Juglova, Z., Pospisilova, A., Kalina, M., Slaninova,
E., Obruca, S. and Sedlacek, P., (2022). Degradation of P(3HB-co-4HB) films in
simulated body fluids. Polymers, 14(10), p.1990. doi: 10.3390/polym14101990

Vu, D. H., Akesson, D., Taherzadeh, M. J., & Ferreira, J. A. (2020). Recycling strategies for
polyhydroxyalkanoate-based waste materials: An overview. Bioresource Technology,
298, Article 122393. Doi:_10.1016/j.biortech.2019.122393

Wang, X., Wang, B., Song, L., Wen, P., Tang, G. and Hu, Y. (2013). Antioxidant behavior of
a novel sulfur-bearing hindered phenolic antioxidant with a high molecular weight in
polypropylene. Polymer Degradation and Stability, 98(9), pp. 1945-1951. doi:
10.1016/j.polymdegradstab.2013.05.019

Zaverl, M., Seydibeyoglu, M. O., Misra, M., & Mohanty, A. (2012). Studies on recyclability
of polyhydroxybutyrate-co-valerate bioplastic: Multiple melt processing and

performance evaluations. Journal of Applied Polymer Science, 125(S2), E324-E331.
doi: 10.1002/app.36840

Zytner, P., Kumar, D., Elsayed, A., Mohanty, A., V. Ramarao, B. and Misra, M. (2023). A
review on polyhydroxyalkanoate (PHA) production through the use of lignocellulosic
biomass. RSC Sustainability, [online] 1(9), pp.2120-2134.
doi:https://doi.org/10.1039/D3SUO0126A.

55


https://doi.org/10.3390/ma12142239
https://doi.org/10.3390/ma12142239
https://doi.org/10.1016/j.oneear.2024.11.015
https://doi.org/10.3390/polym14101990
https://doi.org/10.1016/j.biortech.2019.122393
https://doi.org/10.1016/j.polymdegradstab.2013.05.019
https://doi.org/10.1016/j.polymdegradstab.2013.05.019
https://doi.org/10.1002/app.36840

N

/ \
()
W\

e

HOGSKOLAN
I BORAS

Besoksadress: Allégatan 1 - Postadress: 501 90 Boras - Tfn: 033-435 40 00 - E-post: registrator@hb.se - Webb: www.hb.se



	1. Introduction
	1.1 Background
	1.2 Research Gap
	1.3 Purpose
	1.3.1 Research Questions
	1.3.2 Delimitations

	1.4 Theory
	1.4.1 General about PHA
	1.4.2 Production
	1.4.3 Applications
	1.4.4 Recycling
	1.4.5 Mechanical recycling
	1.4.6 Stabilizers for biopolymers
	1.4.7 P3HB-co-4HB


	2. Material and method
	2.1 Materials
	2.1.1 Polymer
	2.1.2 Stabilizers
	2.1.3  Solvent

	2.2 Method
	2.2.1 Sample preparation
	2.2.2 DSC
	2.2.3 FTIR
	2.2.4 TGA
	2.2.5 DMTA
	2.2.6 DSC IOT


	3. Results
	3.1 DSC
	3.2 FTIR
	3.3 TGA
	3.4 DMTA
	3.5 DSC IOT

	4. Analysis and discussion
	4.1 DSC
	4.2 TGA
	4.3 FTIR
	4.4 DMTA
	4.5 DSC IOT
	4.6 Behavior and Degradation Mechanisms of the Neat Polymer
	4.7 The Role and Mechanisms of the Stabilizers

	5. Conclusion
	References

