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Abstract: The growing awareness of environmental issues and the pursuit of sustainable materi-
als have sparked a substantial surge in research focused on biodegradable materials, including
fibers. Within a spectrum of fabrication techniques, melt-spinning has emerged as an eco-friendly
and scalable method for making fibers from biodegradable plastics (preferably bio-based), intended
for various applications. This paper provides a comprehensive overview of the advancements in
the realm of melt-spun biodegradable fibers. It delves into global concerns related to micro- and
nanoplastics (MNPs) and introduces the concept of biodegradable fibers. The literature review on
melt-spun biodegradable monofilaments and multifilaments unveils a diverse range of polymers and
copolymers that have been subjected to testing and characterization for their processing capabilities
and the performance of the resultant fibers, particularly from mechanical, thermal, and biodegra-
dation perspectives. The paper discusses the impact of different factors such as polymer structure,
processing parameters, and environmental conditions on the ultimate properties, encompassing
spinnability, mechanical and thermal performance, and biodegradation, with schematic correlations
provided. Additionally, the manuscript touches upon applications in sectors such as clothing, techni-
cal textiles, agriculture, biomedical applications, and environmental remediation. It also spotlights
the challenges encountered in the commercialization of these fibers, addresses potential solutions,
and outlines future prospects. Finally, by shedding light on the latest developments, challenges, and
opportunities in the field, this review endeavors to stimulate further innovation and adoption of
biodegradable fibers. It seeks to unlock their potential and contribute to the realization of a more
environmentally conscious society.

Keywords: bio-based polymers; fiber melt-spinning; microplastics; biodegradation; sustainability;
mechanical properties

1. Introduction

Nowadays, plastic products have become an indispensable part of our daily lives,
possessing a wide range of properties that vary from flexibility to rigidity, permeability to
impermeability, and hydrophilicity to hydrophobicity. These properties are determined
by the composition of the polymer’s repeating units, commonly referred to as the chem-
ical backbone. Plastics play a crucial role in promoting sustainability on various fronts.
For instance, the utilization of lightweight plastic materials enhances fuel efficiency in
automobiles and aircraft; plastic insulators contribute to energy conservation; and plastic
food packaging extends the shelf-life of products, thereby reducing food waste [1]. The
remarkable success and continuous expansion of the plastic industry can be attributed
to its affordability, durability, favorable strength-to-weight ratios, and the convenience
it brings to our everyday lives [2]. Moreover, the plastic industry serves as a significant
source of employment, with over 1.6 million individuals employed within the sector across
the European Union, resulting in a turnover of 360 billion Euros in 2018 [3]. However,
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the extensive production and accumulation of plastics have led to severe environmen-
tal issues. The annual global production of plastic exceeds 380 million tons (excluding
110 million tons of fibers and also thermoset resins and rubbers), increasing at a rate of
4% each year [4]. Consequently, between 1950 and 2015, a staggering 6300 million tons of
plastic waste were generated [5]. This implies that the production of 500 million tons of
plastics is obtained from approximately 4-8% of global o0il consumption—1000 million tons
of oil (500 million tons of C/H in the product and 500 million tons of energy required for
the production) [6]. In 2050, this will be threefold, and plastic production will go over
1 billion tons [7,8]. Presently, it is estimated that a minimum of eight million tons of plastic
find their way into the ocean annually [9]. In 2010 alone, between 4.6 and 12.7 million tons
of plastic waste produced by 192 coastal countries ended up in the ocean, with single-use
plastics constituting half of the marine pollutants found on beaches [10]. According to the
European Commission, approximately 1.5-4% of the total global plastic production enters
the ocean every year [9]. Furthermore, a significant portion of plastic waste, approximately
79%, has not undergone recycling, resulting in an alarming volume of discarded plastic [5].
While these sustainable routes are still under consideration for social acceptance [11], shock-
ingly, an estimated 31.9 million metric tons of plastic products make their way into the total
environment annually [12].

Various end-of-life scenarios exist for plastic materials, including mechanical recy-
cling [13], chemical recycling (hydrolysis, glycolysis, methanolysis, thermolysis, and pyrol-
ysis) [14], biological recycling [15], composting, biodegradation, incineration (accounting
for 40% in the EU), and landfilling (representing 27% in the EU) [3]. However, landfill-
ing and incineration of conventional plastics present several environmental concerns [16].
Incineration, while reducing the need for landfilling and enabling energy recovery, must
comply with environmental regulations outlined in the EU Hazardous Waste Incineration
Directive 2000/76/EC [17]. In Europe, for instance, approximately 25.8 million tons of
post-consumer plastic waste are generated annually, with 30% being recycled and 40% des-
tined for incineration [18]. Plastic products can contribute to litter, leading to the release of
micro- and nanoplastics (MNPs) [19-21] into the oceans and aquaculture [22], then posing
potential risks to human health when they enter the lungs [23] or bloodstream [24]. Addi-
tionally, plastics contribute to climate change by emitting greenhouse gases (GHGs) during
the extraction and processing of fossil resources. As mentioned, plastic production alone
consumes approximately 5-7% of the global oil supply and emitted over 850 million tons
of CO, in 2019. However, tinplating global plastic production by 2050 will result in more
than 50% contribution to greenhouse gas emissions (GHGe) if oil-based feedstock is still
the major portion [25]. Addressing these challenges has become a priority for major global
entities, including the United Nations Environment Assembly Programme (UNEA-5.2) [20],
particularly for action against microplastics in oceans [26], the World Economic Forum
(WEF) [27], the World Health Organization, and the European Union (EU) [18,28]. Mean-
while, the European Bioplastics Association is releasing statistical data about bio-based and
biodegradable polymers every year [29].

Arikan and Ozsoy [30] highlighted several environmental and economic issues result-
ing from the widespread use of plastics, such as landfill problems, plastic accumulation
in oceans, incineration, non-degradability, durability, and economic concerns related to
crude oil competition and energy security. Therefore, it is crucial to minimize the environ-
mental impacts of plastics by transitioning to circular and sustainable plastic systems [31].
Spierling et al. [32] suggested that shifting around 66% (approximately 220 million tons
based on 2017 estimates) of plastic production to bio-based materials could potentially
save 241-316 million tons of CO,-equivalents annually. Consequently, the development of
bio-based and biodegradable plastics has emerged as a topic of interest for creating future
materials capable of replacing conventional plastics in various sustainable applications.
Meanwhile, the circular economy approach, including chemical and mechanical recycling
of thermoplastic bio-based polymers, also deserves attention. Different sectors within the
plastics industry, including the fiber and textile sectors, are striving to embrace this green
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transition. It is good to know that bio-based and biodegradable textiles have a long history
as cellulosic (cotton) and protein (wool) fibers [33].

Historically, non-fiber plastics have been dominated by polyethylene (PE; 36.4%),
polypropylene (PP; 21%), and polyvinyl chloride (PVC; 12%) since 1950. In contrast, the
fiber market is largely dominated by polyethylene terephthalate (PET; 60%). In 2015, the
largest plastic volumes in global commercial sectors were in packaging (35.9%), construc-
tion (16.0%), textiles (14.5%), and consumer goods (10.3%) [5]. Furthermore, global fiber
production reached 111 million metric tons, having doubled over the past 20 years [34].
Figure 1 illustrates the distribution of plastics in the different sectors and their respective
plastic waste management approaches thus far.
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Figure 1. (a) Plastic consumption in various sectors; and (b) Plastic waste management in the
world [35]. Reprinted with permission from the publisher.

The aforementioned pie charts show that textiles account for 14.9% of global plastic
production, with a significant portion of PET (70% of 80 million tons produced annually) be-
ing used for fiber and yarn production. However, only 15% of plastic products are collected
for recycling. The small size and high aspect ratio of single fibers released from textiles,
including microplastics and microfibers, make them particularly hazardous. Detecting
and efficiently collecting these microplastics, especially microfibers, from the oceans is not
possible. Floating microplastics in coastal areas can reach counts of 103 to 104 per m3. This
lack of efficient removal methods is concerning because these floating microplastics accu-
mulate pollutants and transport them through ocean currents. Persistent organic pollutants
(POPs) bind to the surface of plastic debris in the marine environment [36]. Systematic
studies [37—40] indicate that microfibers released from textiles, particularly polyester (PET),
pose a significant concern. The release of microfibers during washing can range from 210
to 72,000 microplastic fibers per gram of textile, with median fiber lengths ranging from
165 to 841 um. So far, more than 20,000 fibers per day were carried downstream by the
river, while up to 213,200 fibers per square kilometer were detected drifting on the ocean’s
surface [41]. These microfibers contribute to marine contamination, often referred to as
“plastic soup” with press releases highlighting their contribution of about 35% reported by
Statista [42], Reuters [43], The Guardian [44], the European Environment Agency [45,46],
and elsewhere [22,47-49]. Meanwhile, shedding from face masks has become a big source
of microfibers, particularly during the COVID-19 period [50]. Artificial turfs are also men-
tioned as a source of fibrous microplastics [41]. Although a green transition via bio-based
plastics or renewable materials may reduce greenhouse gas emissions (GHGe) [21], whose
quantification will require Life Cycle Assessment (LCA) [51], the microplastic problems
still remain challenging. The global crisis in terms of plastic littering will furthermore force
a transition towards materials that will not linger in nature but will degrade over time in
case they inadvertently end up in nature [52,53]. Biodegradation of fibrous products is
under consideration for making more sustainable clothing and textiles, which is reviewed
elsewhere [34,54,55]. Here it was suggested that the raw materials for textiles should be
made renewable or easily recyclable with little or no concern for the environment, and later
on it was concluded that concerns about untraceable fiber plastics can be solved by using
biodegradable fibers, which is in line with the statement by the Narayan group for intro-
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ducing biodegradable plastics as a solution for environmental pollution by conventional
plastics, either non-degradable or renewable [56].

Polylactic acid (PLA), polyhydroxyalkanoates (PHAs), thermoplastic starch (TPS),
polybutylene adipate terephthalate (PBAT), polybutylene succinate (PBS), and polycapro-
lactone (PCL) are typically considered biodegradable thermoplastics that are produced
on an industrial scale [7]. However, their commodity applications are limited by their
poor physical properties and a low glass transition temperature (Tg) and melting tempera-
ture (Tm)—for the majority of biodegradable polymers with lower crystallinity—for the
replacement of fossil-based counterparts, such as PET.

All in all, bio-based alternatives to petroleum-derived polymers can mitigate climate
change, while biodegradable polymers are needed to tackle the issues caused by their
extensive use and improper disposal [57]. The textile industry has also embraced the
adoption of bio-based and biodegradable polymers, with the textile market projected to
grow at a CAGR of 12% over the next decade [31]. The clothing sector is expected to play a
dominant role in this market. Therefore, biodegradable plastics are the best option when
the product or litter is unintentionally fate-in-nature. Aerobic or anaerobic digestion and
composting are the routes of final utilization [58].

Numerous review articles have been published about bio-based and biodegrad-
able polymers [7,30,59-66], making biocomposites [31,67,68], fibrous products [54,69-71]
biomedical applications [69,70,72], and their biodegradation [63,73]. Rosenboom et al. [1]
from the Langer group reviewed the advantages and challenges of bio-based plastics in
transitioning towards a circular economy, emphasizing the lower carbon footprint and
favorable material properties of bio-based plastics compared to fossil-based plastics. They
also highlighted the importance of essential regulations and financial incentives to scale
up bio-based and biodegradable plastics from niche polymers to large-scale market ap-
plications with a truly sustainable impact. In another recent review, Motloung et al. [31]
provided a general overview of biodegradable polymers, including fibers, with a focus
on processing and mechanical properties. However, this review had limited coverage of
biodegradation in various environments and other applications. Patti et al. [40] reviewed
bio-based and biodegradable alternatives in the textile value chain to tackle GHGe and
microplastic problems, respectively. There is still much room for extensive research on
biodegradation and other applications of biodegradable polymers.

Meanwhile, melt-spinning is a widely used, sustainable, and cost-effective method
for producing man-made fibers and filament yarns from thermoplastic polymers. The
process (Figure 2) involves feeding polymer pellets or chips into a single screw extruder,
where they are melted and pressurized. In some cases, masterbatches can be added
through a side extruder for specific applications such as dope-dyed yarns [54,74]. A
melt pump ensures a consistent throughput rate. The spin pack, which includes polymer
filtering and distribution components as well as the spinneret, is responsible for forming the
filaments with the desired characteristics such as number and cross-section. It is crucial to
design the extrusion and spinning lines in a way that prevents melt stagnation, which can
lead to polymer degradation and intermittent discharge. After leaving the spinneret, the
extruded strands are either directed into a quenching chamber or a water bath to solidify.
The filaments undergo cooling and are then subjected to drawing to induce or enhance
crystallinity, either online or offline, using several godets (cold or hot). Heating the godets
or guiding the filaments over hot plates or through stretching ovens can enhance their
drawability. Finally, the filaments are wound onto bobbins using a winder or collected to
be cut into staple fibers [54].

Melt-spinning is considered more economical and sustainable compared to other spin-
ning methods such as dry-spinning and wet-spinning. Dry-spinning and wet-spinning have
lower production speeds and involve the use of chemical solvents, which are not envi-
ronmentally friendly [75]. Moreover, these methods can result in surface pores and voids.
Therefore, melt-spun fibers have significant potential to replace conventional fiber in vari-
ous applications where biodegradability is important [31].
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The physiochemical properties of synthesized biodegradable polymers and their effect
on biodegradation are areas of ongoing investigation. Considering the influence of pro-
cessing parameters on the structure and performance of man-made fibers, along with the
end-of-life environment affecting biodegradation routes and rates, designing biodegradable
polymers becomes a challenge. Optimizing both physiochemical properties and biodegrad-
ability is crucial. A deeper understanding of the relationship between polymer structure
and biodegradation will aid in the development of new biodegradable polymers and end
products by modifying relevant processing-related properties. This concept contributes to
a better comprehension of the polymer’s structure-property relationship [76-78].
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Figure 2. Sketch of a conventional melt-spinning-drawing-winding (SDW) pilot line [54]. Reprinted
with permission.

To the best of our knowledge, while biodegradable polymers (particularly bio-based)
are a hot topic among researchers and Non-Governmental Organizations (NGOs) aiming
for a sustainable world, and the current state of biodegradable fibers presents an excit-
ing opportunity for both the scientific community and public society, there is currently
no comprehensive review specifically focusing on recent developments in man-made
biodegradable fibers produced through melt-spinning. Previous reviews, such as the one
by Mochizuki et al. [79] on biodegradable thermoplastic polymers and fibers, date back
to 1995. Therefore, this article aims to provide a review of the recent advances in melt-
spun biodegradable fibers to contribute to global sustainability goals and inspire further
research and innovation in the field of biodegradable fibers and sustainable textile products
(Figure 3).
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Figure 3. Schematic overview on melt-spun biodegradable fibers.
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2. Bio-Based and Biodegradable Plastics

The demand for bio-based polymers and their use in more sustainable products, in-
cluding fibers and textiles, is driven by both market demand and legislative intentions.
When considering sustainability, two main subsectors are relevant: bio-based polymers
and biodegradable polymers (some polymers can be both). Bio-based polymers are derived
from natural resources such as starch (e.g., thermoplastic starch) or cellulose (e.g., cellulose
acetate) and polyhydroxyalkanoates (PHAs) or can be produced from bio-based monomers
(e.g., bio-PE, PLA, PBS, PBAT, etc.), while biodegradable polymers are designed to natu-
rally break down and be utilized in the environment through biotic or abiotic processes,
regardless of whether they are derived from synthetic or biomass feedstock [53,80].

Currently, the production of bio-based and biodegradable plastics is around 2.2 million
tons per year, and its expansion is considered part of future circular economies, aligning
with the United Nations” Sustainable Development Goals and EU legislation [81]. These
initiatives aim to shift away from fossil resources, introduce new recycling or degradation
pathways, and reduce the use of toxic reagents and solvents in production processes. How-
ever, it should be noted that bio-based plastics are not automatically more sustainable than
fossil-based plastics. While using renewable resources can help reduce carbon emissions,
other factors throughout the life cycle can influence the overall sustainability of the mate-
rials [1,53]. The Langer group has identified five main challenges in the implementation
of bio-based plastics, known as the “5Es”: Economics, Efficiency, End-of-life, Education,
and Ethics. However, depending on the type of bio-based plastics, they can offer improved
circularity by utilizing renewable (non-fossil) resources, reducing carbon footprints, provid-
ing biodegradability as an alternative end-of-life option, and offering improved material
properties [1].

The specific physicochemical, biological, and degradation properties of biodegradable
polymers make them attractive for various applications, including fibers and textiles [7].
As environmental concerns related to plastic accumulation and landfill waste continue to
grow, extensive research is being conducted to find possible solutions. These polymers can
be classified into two main categories based on whether their starting materials are derived
from petroleum or non-petroleum sources. Moreover, recent advances in polymer synthesis
enable the production of polymers with diverse characteristics. Among petroleum-based
biodegradable polymers, particular attention has been given to aliphatic/aromatic copoly-
mers that combine the biodegradability of aliphatic units with the beneficial physical
properties of aromatic units [82].

According to Figure 4, there are various examples of biodegradable polymers, re-
gardless of whether they are derived from fossil or bio-based sources (considering com-
posting as a human-driven process for utilization). For instance, polylactic acid (PLA) is
only compostable, while polyhydroxyalkanoates (PHAs), plasticized thermoplastic starch
(TPS), polybutylene succinate (PBS), polycaprolactone (PCL), and polyglycolic acid (PGA)
are biodegradable. Meanwhile, polyurethanes are generally less biodegradable due to the
strength of the urethane bonds. However, fungi and certain soil bacteria can assist in hy-
drolyzing the ester groups within polyester-containing polyurethane [83]. Additionally,
less degradable monomers such as terephthalates can be made more degradable through
copolymerization with more hydrolysable, hydrophilic, and less crystalline co-polymers, as
observed in poly(butylene-co-adipate terephthalate) (PBAT) [84]. The subsequent sections
will discuss other biodegradable copolymers, including poly(lactic-co-glycolic acid) (PLGA),
poly(butylene succinate-co-butylene adipate) (PBSA), poly(butylene succinate-co-terephthalate)
(PBST), polybutylene-co-ethylene succinate-co-adipate (PBEAS), poly(butylene terephthalate-
co-succinate-co-adipate) (PBTSA), and poly(isosorbide-co-hexylene) oxalate polyester (PIHO).
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Figure 4. Classification of different plastics. Adapted from [6,64,80].

2.1. Biodegradable Thermoplastic Polymers
2.1.1. PLA

PLA (polylactic acid) is an aliphatic polyester and one of the most competitively priced
bio-based plastics, with a production capacity exceeding 250,000 tons per year. It is typically
produced through the ring-opening polymerization of lactide (the cyclic dimer of lactic
acid). PLAs can be made from monomers with two isomers of lactic acid (L-lactic acid)
or (D-lactic acid) which will result in PLLA, PDLA, or a copolymer (PLDLA). In general,
D-content will reduce crystallinity. Table 1 provides a summary of its chemical structure
and general properties. Although PLA can exhibit optical clarity and has been used as
a substitute for polyolefin films and polystyrene foams, including in single-use items, it
tends to be brittle and slow to crystallize. Therefore, modifications and blending with other
bio-based /biodegradable polymers or the use of nucleation agents are often necessary [85].

PLA has high crystallinity, which contributes to its favorable properties for various
applications. However, it is only compostable within 6 months at temperatures higher
than its Ty, typically at around 58 °C in industrial composting conditions. At ambient
temperature, PLA degrades very slowly in soil and water, with estimates suggesting that
complete degradation could take several years depending on the environment [86,87].

Since its industrial production began in the 1990s, PLA has gradually gained popularity
as a commodity thermoplastic, expanding into more diverse applications, including the
textile sector, due to its significant drop in price [88]. Consequently, PLA has become
the most common bio-based and biodegradable (compostable) material used for melt-
spun bio-based polymer fibers. Its high crystallinity, better mechanical properties, and
lower thermal degradation compared to other biodegradable polymers make it suitable
for numerous applications. Melt-spinning of PLA fibers has been employed for a long
time, with take-up speeds reaching up to 5000 m/min [89]. It is considered the most
promising sustainable and biodegradable fiber to replace PET in textile products [75]. The
development of PLA fiber structure during the melt-spinning process is presented in a
chapter by Roungpaisan et al. [90].

When PLA polymer is hydrolyzed to a molecular weight (MW) below 10,000 Mn,
it can be broken down by bacteria and fungi into carbon dioxide and water. Hydrolysis
is a time-consuming process that can be accelerated by high temperatures, such as those
found in industrial composting. Teijin Frontier has recently introduced a biodegradation
accelerator to expedite hydrolysis, leading to faster degradation in oceans, rivers, and
soil [91]. Thanks to large-scale manufacturers such as TotalEnergiesCorbion (Luminy®) and
NatureWorks (Ingeo™), PLA remains the most promising bio-based and biodegradable
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(compostable) polymer for textile applications. For more information on PLA production
and its application in fibers and textiles, further reviews can be found elsewhere [75,92].

2.1.2. PHAs

PHAs (polyhydroxyalkanoates) are a family of emerging biodegradable aliphatic
polyesters with a projected annual market volume of over 100,000 tons in the near future.
PHA production can be accomplished through the process of microbial fermentation using
bacterial strains [93], such as Pseudomonas and Ralstonia, as well as algae. Subsequent
extraction of PHAs is performed to isolate the polymer. These microorganisms possess the
remarkable ability to store PHA within their cells, reaching levels of up to 80% of their cell
volume. A key advantage of the biological PHA production process is its ability to utilize
diverse carbon-rich feedstocks, including low-cost food residues and liquefied plastic waste,
thereby enhancing circularity [7]. PHAs, composed of (R)-3-hydroxyalkanoic acids, are
a class of non-toxic, biodegradable, and biocompatible polyesters that closely resemble
petrochemical plastics in their thermoplastic properties [25,94]. The physical characteristics
of PHAs vary due to the diverse compositions of their monomers, enabling them to cater to
a wide range of applications. Based on the length of the PHA monomer’s carbon chain,
PHAs are classified as short-chain length (scl) PHAs (consisting of 4 or 5 carbons) or
medium-chain length (mcl) PHAs (consisting of 6-14 carbons). The properties of PHAs,
such as degree of crystallinity, Tm, and Tg, heavily rely on the monomer composition,
which, in turn, is influenced by factors such as the organism, growth conditions, and
polymer extraction method. While scIPHA exhibits properties closer to conventional
plastics such as polypropylene, mclPHA displays more elastomeric properties [7]. Poly-
3-hydroxybutyrate (PHB) is the most extensively studied PHA polymer, characterized
by its brittle and highly crystalline nature akin to polypropylene. However, to tailor the
thermal and mechanical properties of PHAs, copolymerization is often employed [80,95].
For instance, the copolymer poly-3-hydroxybuterate-co-3-hydroxyvalerate (PHBV) is more
desirable than the PHB homopolymer due to its lower melting temperature, reduced
crystallinity, and improved processability [80,96,97]. Thus, by adjusting the chain length
of the repeat unit, introducing side chain functionalities, and varying the comonomer
composition, the material properties of PHAs can be finely tuned to yield co-polymers with
diverse characteristics. These range from rigid and brittle poly(3-hydroxybutyrate) (PHB)
to softer and more flexible poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) [7].
Among the most promising PHAs, polyhydroxybutyrates (PHBs) have gained widespread
recognition and demonstrate significant potential for replacing conventional plastics [36].
PHAs possess appealing properties that make them suitable as a source material for bio-
based plastics, either as direct replacements for petroleum-derived plastics or as blends
with some other polymers. In addition to their application in the textile industry, PHAs also
exhibit favorable barrier properties that make them suitable for replacing bulk packaging
materials such as PE and PP [94].

The biodegradation efficiency of PHAs and their biological resources make them highly
valuable for replacing traditional plastics [98]. In the marine environment, PHAs were
found to biodegrade at an average rate of 0.04-0.09 mg/day/cm?, suggesting that it
would take approximately 1.5 to 3.5 years for a PHA water bottle to be completely decom-
posed [99].

The mechanical properties of PHAs are influenced by factors such as MW, side chain
length, monomer type, and ratio. The interaction of these variables can affect the Tg and Tm,
as well as the crystallinity (stiffness/flexibility) of the polymers [96]. PHBs, for example,
exhibit instability near their melting point of 160-180 °C, with a Tg of 0-5 °C. Thermal
degradation occurs around 170 °C, leading to reduced molecular weight [100]. The me-
chanical properties of specific PHA polymers are influenced by the metabolic pathways,
enzymes of the bacterial strain, and substrate utilization [70]. The superior biocompatibil-
ity and biodegradability of PHAs compared to synthetic biodegradable polymers make
them highly promising for various fiber applications, particularly in biomedicine [69,70].
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However, purification, high cost, limited mechanical performance, and thermal instability,
resulting in molecular weight reduction and a limited processing window, remain signifi-
cant barriers for PHAs. Consequently, the complex crystallization behavior of PHAs, their
thermal instability, and the associated challenges in spinning procedures continue to be
areas of active research [70]. Further information on PHAs, such as capable microorganisms
for fermentation, carbon feedstock substrates, PHA accumulation rates, chemical struc-
tures, polymer properties, and applications, is reviewed elsewhere [36], including their
industrialization opportunities [101], and application in the medical sector [70].

Currently, PHAs hold a small market share (due to their costly production, purifi-
cation steps, low processability, and thermal degradation), with a production volume
of 25,200 tons in 2019, accounting for 1.2% of the overall bio-based plastic market and
representing a 1.7-fold decrease compared to the previous year [7]. However, they have
an increasing demand outlook. Known manufacturers of PHAs include Biomer, Kaneka,
Danimer, Tianan, BluePHA, CJ CheilJedang, Mango Materials, Newlight, Paques Biomateri-
als, and Mitsubishi, while more industrializations are elaborated by GO'PHA and ARENA
elsewhere [101].

2.1.3. TPS

TPS (thermoplastic plasticized starch) is a biodegradable polymer derived from starch,
which is typically sourced from corn, potatoes, or other plant materials. It has emerged
as an environmentally friendly alternative to petroleum-based plastics. However, when
it comes to melt-spinning, TPS faces certain challenges. One significant limitation is its
relatively low melt strength and poor processability at high temperatures. TPS tends
to degrade and undergo thermal decomposition before it can be effectively melt-spun
into fibers. Its narrow processing window and propensity for viscosity reduction and
chain scission during melt processing can result in suboptimal mechanical properties and
limited control over fiber diameter and properties. Although, with an optimal ratio of the
components (amylose and amylopectin), the processability can be improved to some extent,
multifilament yarn melt-spinning is far from being achieved. To address these limitations,
various approaches have been explored, such as incorporating additives or other polymers
into TPS or modifying the starch structure [102], to enhance its melt-spinnability and
performance in fiber production [103-105].

TPS is produced on a large scale worldwide, and companies such as Novamont,
Roquette, and Polyscope Polymers are among the manufacturers of this product.

2.1.4. PBS

PBS (polybutylene succinate) is an aliphatic copolyester with longer hydrocarbon re-
peat units, resulting in a more flexible molecular structure compared to PLA. This gives PBS
distinct material properties, such as a low Tg and high elongation at break (>500%), making
it more similar to polyolefins. While PBS is typically synthesized from non-renewable
feedstock, it can also be produced from renewable sources, resulting in Bio-PBS. For in-
stance, succinic acid, one of the monomers used in PBS production, can be obtained through
the fermentation of sugars, while butanediol can be obtained by succinic acid hydrogena-
tion [106] or derived from hydrocracking starches and sugars [107]. Studies have shown
that PBS particles can undergo significant mineralization (over 90%) within 200 days under
industrial composting conditions. However, limited mineralization was observed in a
6-month incubation at 25 °C [108,109]. One challenge of using PBS in textile applications is
its sub-zero glass transition temperature and low melting point. More information about
PBS can be found elsewhere [110].

The industrial production of PBS, including bio-based PBS derived from sugarcane,
cassava, and corn, has been in progress since 2017, reflecting the shift towards sustainable,
bio-based, and biodegradable plastic alternatives. Mitsubishi Chemical Corporation and
Dongguan Green Earth Plastics are among the manufacturers of PBS.
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2.1.5. PCL

PCL (polycaprolactone) is an aliphatic polyester of synthetic origin that has gained
considerable attention in recent times. It is produced by ring-opening polymerization
of e-caprolactone, a cyclic monomer. Catalysts such as stannous octoate are utilized to
initiate the polymerization process, and low-molecular-weight alcohols can be employed
to control the polymer’s molecular weight. The resulting molecular weight, molecular
weight distribution, end group composition, and chemical structure of PCL copolymers can
be influenced by various mechanisms such as anionic, cationic, coordination, and radical
polymerization. The average molecular weight of PCL samples typically falls within the
range of 3000 to 100,000 g/mol, and classification based on molecular weight is common
practice. PCL exhibits semi-crystalline characteristics, with a melting point ranging from
59 to 64 °C and a Tg of —60 °C. What makes PCL highly versatile is its ease of modification
in terms of physical, chemical, and mechanical properties. This can be achieved through
copolymerization or blending with other polymers [111]. Numerous research groups have
conducted investigations on the melt-spinning of PCL fibers, employing various processing
conditions [112-116].

PCL is biodegradable under anaerobic conditions, although at a slower rate compared
to PHA [117]. It is worth noting that PCL has a very low melting point. However, it is
widely utilized in medical applications, such as sutures, under the trade name Monocryl™.
Companies such as Perstorp and Daicel offer PCL in their product portfolios, marketed
under the commercial names Capa®, and Daltoplast®, respectively.

2.1.6. PGA

PGA (polyglycolic acid) is the simplest aliphatic polyester derived from glycolic acid
through a ring-opening polymerization process (glycolide). It is well-known for its high
strength, excellent biocompatibility, and biodegradability, making it suitable for a wide
range of applications. One notable application of PGA is in fiber production. PGA fibers
exhibit exceptional tensile strength and find uses in various industries, including medical,
textile, and packaging. In the medical field, PGA fibers are commonly used for sutures, pro-
viding temporary support during wound healing before naturally degrading over time. The
packaging industry utilizes PGA for applications that require high-strength and biodegrad-
able characteristics. PGA fibers offer a unique combination of strength, biocompatibility,
and biodegradability, making them an appealing choice for applications that prioritize
sustainability and performance. PGA undergoes complete degradation through hydrolysis
(both enzymatic and non-enzymatic). This interesting polymer provides a high crystalliza-
tion rate and content (even higher than PLA) and fast biodegradation (even faster than
PCL and PHA) at the same time. PGA provides a fast biodegradation rate (due to hy-
drolysis), high mechanical properties (due to in-order structure and high crystallization),
and biocompatibility for the spun fibers. It is also interesting that PGA is not soluble in
most organic solvents, including chloroform, and needs fluorinated solvents such as HFIP.
Furthermore, PGA has excellent barrier properties [118]. However, due to its relatively low
Tg (3540 °C), stiffness or brittleness, high relative density (1.53), and fast hydrolysis, it may
not be very suitable for all textile products [119,120]. The history of fiber spinning and the
biodegradation assessment of PGA dates back more than 30 years [121]. Details about poly-
merization, possible copolymers, different properties, and potential applications of PGA are
reviewed elsewhere [122,123]. Companies such as Kureha, Shenzhen Polymtek Biomaterial,
Durect, and Zhejiang Hisun Biomaterials provide PGA for various applications.

2.1.7. PLGA

PLGA (poly(lactic-co-glycolic acid)) is a copolymer of PGA synthesized through ring-
opening polymerization of lactide and glycolide cyclic diesters. The copolymerization
process allows for the adjustment of the ratio between lactide and glycolide, providing
control over the material’s properties, such as crystallization, hydrolysis, biodegradation
rate, mechanical strength, and hydrophilicity [119,120]. PLGA has found wide-ranging
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applications in the form of fibers. Various techniques, such as electrospinning, melt-
spinning, or wet-spinning, can be employed to produce PLGA fibers, resulting in different
fiber morphologies and mechanical characteristics. PLGA fibers have been utilized in
diverse applications, including drug delivery, tissue engineering, wound dressings, tissue
suturing, and biosensing. The versatility and biocompatibility of PLGA make it a promising
material for fabricating fibers with tailored properties for a wide range of biomedical and
pharmaceutical applications [124]. Recent research is also exploring the synthesis of PLGA
from CO, and its barrier properties [119]. Companies such as Evonik, Akina, and Mitsui
are involved in the production of PLGA.

2.1.8. PBAT

PBAT (poly(butylene adipate-co-terephthalate)) is a biodegradable copolymer syn-
thesized through the polymerization of the three monomers or from PBA with dimethyl
terephthalate (DMT) and 1,4-butanediol (BDO) monomers [125]. These copolymerization
processes result in a material that combines the flexibility of butylene adipate with the
strength and rigidity of butylene terephthalate. PBAT exhibits excellent biodegradability
under appropriate conditions. PBAT fibers have gained attention in various applications
due to their unique properties. Techniques such as melt-spinning can be used to produce
PBAT fibers, allowing for the fabrication of fibers with different morphologies and mechan-
ical characteristics. PBAT applications include fibers, nonwovens, packaging, and hygiene
products. The flexibility, biodegradability, and tunable properties of PBAT fibers make
them a promising choice for sustainable and eco-friendly fiber applications. PBAT exhibits
elastic properties with a low modulus and high recoverability due to its hard-soft segment
chemical structure. However, the Tm of PBAT is around 100 °C, which may be a limiting
factor for certain applications [126]. Commercial products such as Ecoflex® from BASE,
Mater-Bi® from Novamont, and Ecoworld® from JinHui Zhaolong High Technology are
available on the market. Rodenburg was also reported as a manufacturer of PBAT in the
past [82]. The FDCA analog PBAF is also under development [127,128].

2.1.9. PBSA

PBSA (poly(butylene succinate-co-adipate)) is a copolymer synthesized through the
polymerization of succinate and PBA. The specific parameters of the copolymerization
process can be adjusted to control the material’s properties, such as mechanical strength,
thermal stability, and biodegradability. PBSA can also be used for fiber production. The
combination of biodegradability, mechanical performance, and processability makes PBSA
fibers an attractive option for sustainable approaches [129]. Manufacturers such as Mit-
subishi, BASF, and Tianjin GreenBio Materials produce PBSA for various applications.

2.1.10. PBST

PBST (poly(butylene succinate-co-terephthalate)) is a versatile biodegradable copoly-
mer that offers unique properties and finds diverse applications in the field of fibers.
It is synthesized through the copolymerization of butylene succinate and terephthalate
monomers. By combining the desirable traits of polybutylene succinate and terephthalate,
PBST exhibits enhanced mechanical strength, thermal stability, and biodegradability. Melt-
spun PBST fibers can be produced with different morphologies and mechanical properties,
making them suitable for a variety of applications. In industries such as textiles, PBST fibers
serve as an eco-friendly alternative, meeting the increasing demand for sustainable materi-
als in today’s world [129]. Companies such as Novament, Meredian, Sinopec Yizheng, and
Lotte Chemicals are some examples of sources for PBST.

2.1.11. PBEAS

PBEAS (poly(butylene-co-ethylene adipate-co-terephthalate)) is a copolymer synthe-
sized through the copolymerization of butylene, ethylene, adipic-, and succinic acid
monomers. This combination of monomers results in a copolymer with a balance of
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flexibility, mechanical strength, and biodegradability. PBEAS fibers have been reported
in monofilament and multifilament topologies, although the presence of block copoly-
mers can interfere with the process due to their high elastic behavior. The low melting
point of PBEAS can also present a challenge for certain applications. Nevertheless, PBEAS
fibers have been considered in some reports for their potential in the green transition of the
textile sector [129,130]. Information on specific manufacturers of PBEAS is limited; however,
some examples are Shenzhen Esun Industrial, Tianjin GreenBio Materials, and Zhejiang
Hisun Biomaterials.

2.1.12. PBTSA

PBTSA (poly(butylene terephthalate-co-succinate-co-adipate)) is a complex copolymer
composed of BDO, TA, SA, and AA monomers. It is a less commonly known biodegradable
copolymer compared to others, and most of the research on PBTSA is reported in laboratory-
scale studies. The ratio of aliphatic units to aromatic units in PBTSA was designed to be
around 1:1 in these studies [131], with a heat of fusion (AHm) of 145 J/g [82]. The mole
fraction of butylene terephthalate (BT) units in PBTSA terpolymer, as determined by
1H NMR (nuclear magnetic resonance), is reported to be 48 mol% [82].

2.1.13. PIHO

PISOX, or PIHO (polyisosorbide-co-1,6-hexanediol oxalate), is a biodegradable copoly-
mer derived from isosorbide and 1,6-hexanediol, with oxalate linking the two diols. Isosor-
bide is a biobased compound derived from sorbitol (hydrogenated glucose). PISOX exhibits
properties such as good thermal stability, mechanical strength, and biodegradability, mak-
ing it suitable for various applications. The presence of oxalate linkages in the polymer
structure enables its biodegradation by enzymatic and non-enzymatic hydrolysis, which
can occur in various environmental conditions.

Research and development efforts have been conducted to explore the potential of
PISOX as a biodegradable copolymer. For example, Gert-Jan Gruter’s group has developed
novel high-Tg PISOX-HDO copolyesters with high thermal and mechanical performance
along with a fast degradation rate in soil and marine environments. They observed rela-
tively fast non-enzymatic hydrolysis of polyoxalates as a contributor to the fast biodegra-
dation. It was also shown that the enzymatic hydrolysis of the constituting monomers is
the rate-determining step in this biodegradation mechanism. The combination of high Ty
(>100 °C) and fast biodegradability makes PISOX-HDO copolyester suitable for short-term
applications that demand strong mechanical and physical properties while also being
environmentally friendly [63,108,120].

Some other new polymers and copolymers such as polydioxanone (PDO), poly-
glycolic acid-co-e-caprolactone (PGC), poly-glycolic acid-co-trimethylene carbonate
(PGTMC), poly-lactic acid-glycolic acid-co-e-caprolactone (PLGC), poly-lactic acid-glycolic
acid-co-trimethylene carbonate (PLGT), and poly-glycolic acid-co-y- butyrolactone (PGB)
were reported recently [122].

Furthermore, in addition to copolymerization processes that allow molecular-level
design, some commercial compounds/blends are available that manufacturers try to adjust
to certain properties, including a balance between processability, mechanical/thermal
performance, and biodegradation.

2.2. Biodegradation

Biodegradable plastics undergo biodegradation in three steps: disintegration, de-
polymerization, and assimilation and mineralization by microorganisms. Abiotic factors
such as heat, light, mechanical stress, and moisture directly impact the first two steps and
indirectly affect the third step. Biotic factors, such as microorganisms (type and quantity),
through their enzymatic actions, can directly influence all three steps. Biodegradable con-
densation polymers break down into oligomers and monomers, which microorganisms
utilize as substrates for metabolism and growth [108,120]. Hydrolysis is the rate-limiting
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step for polyester biodegradation, and microbial activity inhibition also plays a significant
role [63,120].

Depolymerization, specifically the hydrolysis of ester bonds at room temperature in
soil, is a crucial prerequisite for mineralization, which involves the microbial utilization
of polymer carbon. Physical processes aid depolymerization by facilitating fragmentation
and reducing particle size. Amorphization of crystalline structures in semi-crystalline
plastics through processes such as micronization or extrusion can indeed increase their
susceptibility to enzymatic degradation. Hydrolysis is faster in accessible amorphous
regions of the polymer, particularly aliphatic esters, and can be enhanced by microbial
enzymes, acids, or bases [132].

Photodegradation, induced by UV light or oxygen, breaks tertiary and aromatic C-C
bonds, resulting in brittle and discolored materials. This process can be further enhanced
by incorporating metallic catalysts into the polymer. Oxo-degradation, triggered by metals,
leads to fragmentation into microplastics and incomplete digestion, which is why it has
been restricted [1]. Additionally, the biodegradation cycle consists of three phases: lag,
biodegradation, and plateau.

It is worth mentioning that biodegradation is a surface action. The rate of biodegrada-
tion is highly dependent on the chemical structure of the polymer, stabilizing additives,
product geometry (particularly size and surface area), surrounding conditions (e.g., the
presence of water and oxygen), and the availability of microorganisms. Complete biodegra-
dation or mineralization in a specific environment is influenced by characteristics such as
crystallinity, as well as the presence of additives such as plasticizers and environmental fac-
tors such as temperature, moisture, pH, and the presence of suitable microorganisms [133].

Certifications and labels are used to identify biodegradable materials, often based on
industrial standards discussed elsewhere [134], like EN 13432 [135] or ASTM D6400 [136].
For example, the “industrial” sub-label for compostability is based on tests specified
in these standards, evaluating biodegradation, disintegration, toxicity, and heavy metal
content [137].

While PLA is considered compostable, minimal degradation has been observed at
ambient temperatures in seawater and soil. This discrepancy can be explained by the more
favorable conditions for PLA biodegradation in industrial composting, including higher
temperatures (58 °C; close to PLAs Tg), higher microbial concentrations, and increased
moisture content compared to the natural environment [138]. It should be noted that the
intensity of degradation varies across different end-life environments, including industrial
composting, home composting, soil, water, and marine environments [139].

2.3. Bio-Based and Biodegradable Plastics Market

While bio-based and biodegradable plastics remain a niche market with only
2.22 million tons in 2022 (0.5% of total plastic production), there is a movement towards
their wider deployment. The global biodegradable plastics market is projected to reach
USD6.73 billion by 2025, up from USD3.02 billion in 2018 [140]. Meanwhile, PHAs and
PLA are reported to be the main contributors to the growth of bio-based biodegradable
plastics [4]. They have a share of 3.9% and 20.7% of the bio-based plastic market, re-
spectively. However, bio-based plastics are associated with disadvantages such as high
cost, uneconomic feasibility, brittleness, low thermal properties and instabilities, and hy-
drophilic nature [36]. Therefore, some materials are stuck in the research and development
stages [141].
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Table 1. Chemical structure and some properties of biodegradable/compostable polymers that have been used for melt-spinning so far.

No Polymer

Chemical Structure

Main Properties

Melting point = 160-180 °C

Glass transition = 55-60 °C

Density = 1.25 g/cm?®

MW range = 20,000-200,000 g/mol or Daltons
Biodegradation 1: Industrial compostable (<6 months)

2 PHAs

m
3HDD n

C C

Melting point = 140-171 °C

Glass transition = 4 °C

Density = 1.25 g/cm?®

MW range = 10,000-1000,000 g/mol
Biodegradation: Marine degradable (<12 months)

3 TPS

CH,OH

Melting point = 150-170 °C

Glass transition = 50-80 °C

Density = 1.2-1.6 g/cm3

MW range = 10,000-500,000 g/mol
Biodegradation: Marine degradable (<12 months)

4 PBS

Melting point = 110-120 °C

Glass transition = —32 °C

Density = 1.00 g/cm?

MW range = 10,000-200,000 g/mole
Biodegradation: Soil degradable (<24 months)

5 PCL

Melting point = 60 °C

Glass transition = —72 °C

Density = 1.12 g/cm?®

MW range = 3000 to 100,000 g/mol
Biodegradation: Marine degradable (<6 months)

6 PGA

H OH

n

Melting point = 225-230 °C

Glass transition = 35-40 °C

Density = 1.53 g/cm?®

MW range = 10,000-300,000 g/mole

Biodegradation: Marine and soil degradable (<3 months)

7 PLGA

mechanical strength (a significant increase of 78%

(0]
HO‘PK(OHHAOJ@H
) o

Melting point = 262 °C

Glass transition = 40-55 °C

Density = 1.3 g/cm?

MW range = 10,000-110,000 g/mol

Biodegradation: Marine and soil degradable (<6 months
when G/L>1)
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Table 1. Cont.

Polymer

Chemical Structure

Main Properties

PBAT

0 0 0
I

I I
—%C—(CHQJ—C—O—(CH:)J—O Hc
X

0

C— 0—(&@—0%
y

Melting point = 120 °C

Glass transition = —28 °C

Density = 1.26 g/cm3

MW range = 10,000 to 300,000 g/mol
Biodegradation: Soil degradable (<24 months)

PBSA

rroAaidang

Melting point =112 °C

Glass transition = —38 °C

Density = 1.25 g/cm?®

MW range = 10,000 to 100,000 g/mol
Biodegradation: Soil degradable (<12 months)

10

PBST

o]
I

Ot o

Melting point = 115 °C

Glass transition = 40 °C

Density = 1.26 g/cm?®

MW range = 10,000 to 200,000 g/mol
Biodegradation: Soil degradable (<12 months)

11

PBEAS

o o o o
| | |

H

]

o
I

T C(CH2),C ——0(CH;)s0 11 C(CH)s — C——0(CH;)sO 1= C(CH),C ——O(CH;),0 11~ C(CH;)s.C —— O(CH,),011-H

y -z
n

Melting point = 50-60 °C

Glass transition = —15 °C

Density =1.2 g/cm3

MW range = 10,000 to 100,000 g/mol
Biodegradation: Soil degradable (<12 months)

12

PBTSA

0 o o o

1] 1]

¢ }—c —0—(CH —OHE—KCth—& —O—(CH—0O
+ - (CHz2)4 .

[¢] o]

-l—FI_ECH Dy—E —O—(CHz)—0 1‘2
Y

Melting point = 150-200 °C

Glass transition = 30-70 °C

Density = 1.2-1.4 g/cm?

MW range = 20,000 to 100,000 g/mol
Biodegradation: Soil degradable (<12 months)

13

PIHO

o [o]
(e} AN
_ 0
] ¢} o
X

o]

¥;

Melting point = N/A

Glass transition = 103 °C

Density = 1.38 g/cm?®

MW range = 10,000 to 100,000 g/mol
Biodegradation: Marine and soil degradable (<6
months)

1 Here the environment with the minimum intensity (that biopolymer is degradable) is mentioned. However, biodegradation time depends on several factors of the product, e.g.,
the specific composition of the material, the molecular weight, the specific surface area or size, and environmental conditions such as temperature, moisture content, and existing

microorganisms.
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3. Melt-Spun Biodegradable Fibers

The melt-spinning process can involve monocomponent, bicomponent, or multicom-
ponent fibers with different cross-sections and configurations, which are discussed in detail
elsewhere [54,142]. However, there are challenges associated with the melt-spinning of
biodegradable polymers, including low crystallization rates, thermal degradation, and a
limited processing temperature window during extrusion [143]. Nevertheless, biodegrad-
able polymers such as PLA, PBS, PHB, PCL, PBAT, and others have garnered significant
interest for the production of melt-spun biodegradable fibers for various applications [31].
Recent studies have focused on melt-spinning these biodegradable polymers and character-
izing the spun fibers, as discussed in the following sections.

3.1. Monocomponent Filaments and Fibers

Using only one polymer without compounding or additive through a plant with one
extruder or piston-cylinder setup is the first approach for making thermoplastic fibers.
Numerous studies have focused on investigating the impact of processing conditions on the
properties of melt-spun biodegradable fibers [54]. For example, Schick et al. [87] compared
PBS, PBAT, and TPS with PP as a reference material through melt-spinning, achieving
benchmark tenacities of over 500 mN/tex for PP, while PBS and PBAT exhibited only
100 mN/tex. This study revealed higher crystallinity for PBS yarns (70%) compared to PBAT
(14%). Meanwhile, TPS was found to be unsuitable for yarn production. By optimizing the
process, the tenacity of home-compostable bio-based polymers can potentially be improved,
making them suitable for applications that require moderate mechanical properties.

Park et al. [144] investigated the effects of spinning speed and heat treatment on the me-
chanical properties and biodegradability of melt-spun PLA fibers. They suggested optimal
spinning process conditions that provided a suitable range of tenacity and biodegradability
in textile fibers. They performed trials with a take-up speed of 2000-4000 m/min and heat-
treated the yarns. Biodegradability was estimated from the decreases in breaking stress,
weight loss, and degree of crystallinity after soil burial [145,146]. Ali et al. [147] examined
the correlation between the spinning process and fiber characteristics by analyzing the struc-
ture and properties of PLA fibers produced at various spinning speeds. Chirag et al. [148]
conducted a similar study investigating the relationship between the spinning process and
the properties of the resulting fibers. This study found that utilizing a low melt extruder
temperature (220 °C), high throughput (0.6 g per hole per minute-GHM), high take-up
speed (1500 m/min), high drawing temperature (75 °C), and the maximum achievable
draw ratio led to the highest tenacity among the fibers studied. However, this approach
also resulted in significant process-induced thermal degradation. This investigation was
extensively covered in a Ph.D. thesis [149]. Schmack et al. [150] conducted high-speed
melt-spinning-drawing experiments (2000-6000 m/min) using a spinneret with 12 orifices
300 um in diameter for PLA fibers produced through reactive extrusion polymerization.
They characterized the physical, thermal, and hydrolytic degradation properties of the
fibers. The highest achieved tensile strength was 430 MPa, with a modulus of 6 GPa for
the sample drawn at the maximum ratio of 6. They also examined five other PLA samples
with varying D-lactide contents (1-8%) and different tactics. The fibers spun at the highest
speed from PLA with 1% D content and drawn at the maximum ratio exhibited the highest
tensile properties, with a tenacity of 300 MPa, an elongation at break of 30%, and a ten-
sile modulus of 6.8 GPa. Conversely, the PLA sample with 8% D content demonstrated
the poorest spinnability [151]. In a similar study by Takasaki et al. [152], monofilament
melt-spinning of PLA with D contents of 1.5%, 8.1%, and 16.4% demonstrated the abil-
ity to accommodate filaments spun from low-D content polymers even at speeds of up
to 10,000 m/min. These filaments exhibited higher orientation, crystallinity (45%), and
mechanical properties (570 MPa strength and 5.9 GPa modulus). PLA fibers with high D
content remained amorphous until the highest examined take-up velocities showed a lower
intention to crystallize.
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Yuan et al. [153] utilized a micro-extruder with a 1 mm diameter die to produce
monofilaments from PLLA, using three different grades with varying molecular weights.
Subsequently, hot drawing was performed. The findings indicated a significant decrease
in the viscosity-average molecular weight of PLLA, ranging from 13.1% to 19.5% during
pulverization and from 39.0% to 69.0% during melt extrusion. The final PLLA fibers, with
diameters ranging from 110 um to 160 pm, exhibited tensile strengths between 300 MPa
and 600 MPa. Nishimura et al. [154] achieved a PLLA fiber with a tensile strength of
810 MPa through melt-spinning, coupled with two steps of drawing at a draw ratio of 18
in hot water. Even after the fiber was exposed to the environment for 1 year, the surface
remained smooth, and the tensile strength did not experience a significant decline. Hydrol-
ysis tests demonstrated that the fiber was not susceptible to non-enzymatic hydrolysis after
1 month of immersion in a buffer solution at 37 °C, but rapid hydrolysis occurred above
60 °C, highlighting the effectiveness of surpassing the Ty. SEM observations revealed a
regular pattern of cracks oriented vertically to the fiber axis, indicating the development of
a highly ordered structure aligned with the fiber axis. In a different approach, Paakinaho
et al. [155] employed PLDLA copolymer (with a ratio of 96/4 L/D) to produce melt-spun
fibers. Two different dies, 8-filament (& 0.4 mm) and 12-filament (& 0.2 mm), were used
during melt-spinning, followed by hot drawing. This study investigated the effects of
molecular weight and melt processing on the hydrolytic degradation of the fibers through
in vitro analysis. The results demonstrated that high-molecular-weight polylactide experi-
enced degradation during melt-spinning due to the high shear stress and elevated melt
temperatures, while low-molecular-weight polylactide with low melt viscosity remained
unaffected by melt processing. Additionally, the thermally generated lactide monomer
presented interesting possibilities for controlling the hydrolytic degradation rate of PLA.
Fambri et al. [156] employed a PL-co-D-LA copolymer (70/30) to produce biocompatible
and compostable fibers through melt-spinning. The resulting filaments had a diameter
of 120 um and a maximum strength of 200 MPa. In vitro biodegradation assessments in
phosphate-buffered saline (PBS) indicated that the mechanical properties remained satis-
factory for up to 4 weeks, with a significant decrease in strength observed over time due to
water sorption and a reduction in molar mass.

PHAs remain a fascinating option for producing biodegradable bio-based fibers. PHB
and PHBV were introduced for fiber spinning by Liu et al. [157]. Qing et al. [158,159]
conducted melt-spinning experiments with PHBH (containing 5.4 mol% hydroxyhexanoate)
at various speeds ranging from 500 to 4000 m/min. They discovered that reducing the
processing temperature (below the melting point of PHB, which is 170 °C) and increasing
the take-up speed led to improved crystallization, primarily due to the orientation of
a-crystals and the formation of 3-crystals. It is widely recognized that the presence of a
crystalline structure, particularly the planar-zigzag conformation of PHAs, enhances the
mechanical properties of the fibers [160].

Moreover, the modification of biodegradable polymers through co-polymerization
or blending (considering miscibility-structure-property relationships for the best com-
patibilization) can be explored to facilitate melt-spinning or enhance the performance of
the compound [161]. While composite and blend fibers will be discussed separately, bio-
copolymers have shown promising results thus far. Saito et al. [162,163] demonstrated that
the mechanical properties of P(3HB-co-4HB) (PHBH) can be tailored, ranging from hard to
soft, by incorporating varying molar fractions of the 4HB comonomer. In a related study,
Omura et al. [164] produced marine biodegradable fibers with high strength and elasticity
through melt-spinning of a PHBH containing 16% comonomer. The spinning process
was conducted at a temperature lower than the polymer’s melting point (approximately
160 °C). In situ wide-angle X-ray diffraction (WAXD) and differential scanning calorimetry
(DSC) measurements revealed the presence of persistence crystals in the fibers. These fibers
exhibited complete degradation when exposed to seawater from Tokyo Bay or freshwater
from Sanshiro Pond in less than one month. The researchers observed the formation of
periodically stacked lamellar structures, with lamellae measuring around 200 nm and
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comprising at least 30 lamellae, following the biodegradation of the amorphous region on
the fiber surface. The results of their study are illustrated in Figure 5 below.
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Figure 5. SEM images of PHBH (16% comonomer) fibers: (a,e) before biodegradation, after (b) 1,
(c) 2, and (d) 3 weeks in Sanshiro Pond fresh water, and after (f) 1, (g) 2, and (h) 3 weeks in Tokyo
Bay seawater; (i) stacked lamellae structure; and (j) expected mechanism illustrating the presence of
oriented lamellae crystals [164]. Reprinted with permission.

Fiber direction

Miyao et al. [165] utilized a Liquid Isothermal Bath during the melt-spinning process
to enhance the mechanical properties of PHBH fibers containing 5.4 mol% comonomer.
By incorporating a liquid bath with temperatures ranging from 30 to 100 °C at a depth of
20 cm and 1 m from the spinneret, they successfully increased the strength of the fibers
from 100 MPa to 176 MPa. Similarly, Tanaka et al. [166] achieved high-strength fibers with
a tensile strength exceeding 1 GPa and a modulus of 8 GPa using PHBV (8% HYV content).
Notably, they achieved these exceptional results without the use of nucleation agents or
other additives. The fibers were directly quenched in ice water to obtain an amorphous
state, followed by a 24 h immersion in ice water to induce small crystal nuclei during
isothermal crystallization. The fibers were then subjected to drawing at room temperature
and annealing subsequently. It is worth mentioning that this procedure is time-consuming
and costly. Rebia et al. [167] adopted a similar approach by performing isothermal crys-
tallization on melt-spun monofilament PHBH fibers for 24, 48, and 72 h. They employed
dip-coating using a propolis-incorporated ethanol and acetone solution, followed by draw-
ing above Tg. However, the monofilaments dip-coated for 24 and 72 h exhibited a reduction
in tensile strength and an increase in elongation at break. The crystallinity of the dip-coated
monofilaments decreased, leading to an increase in the thickness of the lamellar crystal after
applying the dip-coating for 15 cycles. This method appears to result in more porous fibers,
which contrasts with the objective of achieving good mechanical properties. Selli et al. [168]
conducted monofilament melt-spinning of PHBH with the aim of understanding the rela-
tionship between structure and property in melt-spun fibers from three different copolymer
grades. They sought to develop an unscalable melt-spinning method for producing fine
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biodegradable PHBH filaments without the need for an ice water bath or offline drawing
techniques. Their findings revealed that a synergistic interaction between a highly oriented
non-crystalline mesophase and highly oriented x-crystals contributed to increased tensile
strength. Aging the filaments over a period of 33 months resulted in increased tensile
strength and decreased elongation at break due to an increase in crystallinity over time.
They also noted that although higher ultimate tensile strength (UTS) can be achieved for
PCL fibers, PCL is less biodegradable than PHBH and is more suitable for long-term degra-
dation applications. Bansode et al. [124] synthesized PLGA through polymerization and
performed melt-spinning to compare the resulting fibers with PCL fibers and electro-spun
fibers for applications in tissue engineering and drug delivery. Further research on electro-
spun PCL fibers is reported by Leonés et al. [169]. Gurarslan et al. [170] developed PCL
coalesced fibers by forming stoichiometric inclusion complex crystals in a urea medium,
followed by spinning and cold drawing. They demonstrated that the drawn coalesced PCL
fibers exhibited the highest crystallinity, orientation, and a 65% higher modulus compared
to the as-received PCL fibers, which can be attributed to the intrinsic alignment of the coa-
lesced polymers. They also reported a linear correlation between birefringence (orientation)
and tensile modulus.

Meanwhile, different bio-based and biodegradable polymers such as PLA, PHBH,
and PEF (poly(ethylene 2,5-furan dicarboxylate)) are considered by Kikutani [171] for the
replacement of PET fibers. They could reach an even take-up speed of 6000 m/min. PGA
is also a high-crystalline polymer with a high biodegradation rate (due to hydrolysis).
This makes it interesting for investigation by melt-spinning in homopolymer or modified
copolymer schemes. Yang et al. [172] could make PGA yarns with 645 mIN/tex tenacity
via melt-spinning as-spun yarns at 30 m/min speed and drawing five times afterward.
Hot water shrinkage measurement is used by them to assess internal stress. They asserted
that reducing the winding speed during the spinning process resulted in decreased in-
ternal stress within the as-spun fibers, ultimately leading to an increased drawing ratio.
Consequently, the drawn fibers exhibited notably superior mechanical properties. Mean-
while, they reported a lower orientation increment via increasing the windup rates (due to
processing close to the melting point, high viscosity, and fast crystallization, preventing
the molecular flow), which is in contrast with the processing of conventional synthetic
fibers in the literature by Ziabicki or others [173,174]. Moreover, they found that by in-
creasing the winding speed of as-spun yarns (from 30 to 400 m/min), the drawability
decreased (from 5 to 2) and the final tenacity of the yarn dropped (from 645 to 233 mN/tex),
while the water shrinkage (internal stresses) increased (from 3 to 40%). They obtained
the highest tenacity via drawing at 45 °C and 10 m/min as optimal conditions. They stated
the molecular entanglement as a barrier causing limited drawability. Therefore, Saigusa
et al. [175] modified the spinning process by adding a heating chamber in the vicinity of the
spinning head and lowering the take-up speed in the processing of PGA. This resulted in a
low Deborah number and better melt structure control in the spin-line, and accordingly,
they could obtain fibers with higher strength and toughness after in-line drawing. This
was attributed to a reduction in entanglement density. They used a spinneret with 24 holes,
and after extrusion at 245 °C, the yarn passed the heating chamber with a 120 cm length
and 120 °C temperature and was collected on the first godet via a speed of 100-300 m/min,
while the godet had almost the same speed and solid drawing happened between the
second and last godet, and the winding speed reached up to 1500 m/min. The yarn spun at
the modified spin line showed higher orientation (birefringence 0.018 versus 0.013), higher
thermal shrinkage, higher tenacity (780 versus 650 mIN/tex), and lower elongation at break.
Saigusa et al., in another work [118], investigated the effect of carboxylic acid content and
glycolic acid (generated during melt-spinning via glycolide due to the type and amount
of tin catalyst used in the polymerization process) on the hydrolysis of PGA fibers. They
also proved that hydrolytic degradation of the drawn fibers can be delayed by adding the
thermal stabilizer. They used molecular weight and tensile properties as an indication of
biodegradation after immersing in phosphate buffer solution. They also mentioned order
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structure and pH as some other parameters altering hydrolytic biodegradation. It was
also mentioned that hydrolysis starts from/via carboxylic end groups. Therefore, PLGA
is showing a lower hydrolytic biodegradation rate (compared to PGA), which is due to
capping carboxylic groups [176]. Malafeev et al. [177] produced absorbable sutures with
91 MPa strength via spinning of PLGA with 10% GA comonomer through a DSM microex-
truder within a 1 mm diameter die. Fu et al. [178] selected PGA to make a monofilament
for Acupoint catgut-embedding therapy due to its good formability and biodegradability.
They also applied 1-3% chitosan via dip-coating on PGA monofilaments. They resulted
in higher swelling and mechanical properties and improved antibacterial efficacy and
cytocompatibility for the coated fibers. However, the biodegradation rate is decreased
due to the protective function of the chitosan coating. In another work [179], they made
PGA monofilaments and coated them with chitosan while comparing the results with the
counterpart PLA monofilament. They used a maximum 300 m/min take-up speed while
applying a drawing ratio of 6. They resulted in filaments with about 250 pm diameter and
could achieve 76.8 cN strength for PLA and 57.3 cN for PGA monofilament.

In a different work, Khare et al. [180] polymerized PLGA, highlighting modification
possibilities via changing comonomer ratios. They produced PLGA microfibers through
centrifugal melt-spinning. Guo et al. [181] studied the effect of the inherent viscosity of PGA
along with melt-spinning parameters (including drawing ratio and drawing temperature)
on tensile strength and biodegradation rate in phosphate buffer solution (PBS-pH 7.4)
within two weeks. Their trials resulted in 923 mN/tex tenacity and 62% crystallinity for the
sample spun from a higher IV polymer with a lower drawing temperature and a maximum
drawing ratio of 6. Moreover, the degradation rate of PGA fiber was affected by various
factors. PGA fiber produced with a higher drawing ratio exhibited slower degradation,
while elevating the drawing temperature resulted in faster degradation. Additionally,
PGA fiber made from polymers with a higher inherent viscosity (IV) experienced a slower
degradation process. Miao et al. [182] investigated in vitro degradation of PGA and PLGA
(with 8% LA) fibers with different heat setting temperatures. They found that PGA fibers
are more susceptible to degradation than PLGA, and the biodegradation rate is reduced
by increasing the heat setting temperature. They suggested a four-step biodegradation
mechanism in their model. They also found that crystallinity is increased in the early stage
of biodegradation of PGA, indicating that hydrolytic biodegradation starts in amorphous
regions and is followed by further degradation in crystalline domains. Only a small
amount of mass from the PGA and PLGA samples was lost during the initial degradation
stages. However, the mechanical properties experienced a noticeable decrease due to the
rapid degradation of the amorphous regions. Moreover, cleavage-induced crystallization
occurred in the middle stage. Interestingly, the initial crystallinity of 70% is increased in
the first step and decreased afterwards. The initial tenacity was about 600 mN/tex which
was reduced gradually. However, the difference between these biodegradation steps is
reduced by introducing LA units into PGA (a different mechanism for PLGA). Gruter [6]
reported some recent studies about the biodegradation of PGA and PLGA (with different
LA content) in his group, which resulted in faster hydrolysis and soil biodegradation than
cellulose (the same trend as the high-Tg PISOX-HDO copolymer). He gave his opinion
about the future of polyesters, with particular emphasis on making lactide from biomass
and glycolic acid from CO, as the ultimate circular feedstock for making negative carbon
footprint materials to approach the net zero emission goal. He also mentioned fantastic
barrier properties, thermal stability, and non-enzymatic hydrolysis as highlighted factors
for making marine-degradable products from PGA.

Younes et al. conducted several studies [183-189] on melt-spinning, characterization,
and simulation of different properties of aliphatic-aromatic copolyester (AAC) fibers, focus-
ing on PBAT. They used a laboratory melt-spinning plant to produce multifilament yarns
(30 or 55 filaments). They employed a factorial experimental design and statistical analysis
to simulate and model the effects of various processing parameters, including polymer
grade or MF], extrusion temperature, drawing temperature and ratio, and speeds, on vari-
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ous fiber properties such as diameter, orientation, crystallinity, mechanical performance,
and shrinkage. Li et al. [109] performed multifilament melt-spinning of PBST with a take-up
speed of 2000 m/min. The spun fibers exhibited higher flexibility compared to PBT (poly-
butylene terephthalate) and had a melting point around 180 °C. This study also investigated
the isothermal crystallization kinetics at low supercooling and found that the Avrami expo-
nent (n value) for PBST fibers ranged from 2.9 to 3.3, indicating heterogeneous nucleation
and three-dimensional spherulitic growth. The equilibrium melting temperature of PBST
fibers was determined to be 206.5 °C using the Hoffman-Weeks method. The temperature
at the maximum crystallization rate for PBST fibers was found to be approximately 90 °C.
Kang et al. [190] conducted a study on a similar aliphatic-aromatic copolymer, PBAS/PBT
(poly(butylene adipate-co-butylene succinate)/polybutylene terephthalate) block copoly-
mer. They revealed that only the abundant component in the block copolymer could form
crystals. When the molar ratio of aliphatic to aromatic units approached 1:1, neither the
aliphatic nor aromatic units could crystallize effectively. Fuoco et al. [191] produced multi-
filament yarns from PLLA (poly(L-lactide)) and PLLA-co-PC (poly(L-lactide-co-propylene
carbonate)) with varying comonomer content (5, 10, and 18 mol%) through high-speed
melt-spinning with a fixed take-up speed of 1800 m/min. They investigated the relation-
ship between the composition, polymer structure, processing parameters, and physical
properties of the fibers. They found a linear correlation between the as-spun fiber properties
and the linear density. Increasing the comonomer content in the polymer structure resulted
in decreased crystallinity and tensile strength due to a reduced arrangement possibility.
Additionally, increasing the linear density led to lower fiber orientation. However, increas-
ing the drawing temperature could partially compensate for the decrease in crystallinity
and tensile strength. The researchers achieved improved tensile properties and higher
crystallinity by applying a second-stage hot drawing process, resulting in a degree of
crystallinity increase from 0-52% to 25-66%. The obtained tensile strength ranged from
302 to 610 MPa, while Young’s modulus reached values of 4.9-8.4 GPa. Notably, the first
godet in their spinning line had a surprising speed of 1760 m/min, while the winding
speed was 1800 m/min. This indicates that they applied more melt drawing during the
spinning step, taking advantage of the initial melt strength, and further oriented the fibers
in the solid state afterwards.

Baimark et al. [192] conducted a study on the synthesis and characterization of a
block copolymer composed of L-lactide (LL) and e-caprolactone (CL). The objective was
to develop an absorbable surgical suture with a balance between mechanical properties
and biodegradability. The block copolymer was processed through melt-spinning using
a piston and cylinder apparatus to produce a monofilament. The small-scale piston ap-
paratus allowed for the processing of samples as small as 10 g through a 1 mm diameter
capillary. The resulting monofilament was quenched in a water bath and subsequently
drawn and annealed. Annealing led to a minor reduction in strength, which was attributed
to crystal transformation. The final fiber, with a diameter of 160 um, exhibited a tensile
strength exceeding 500 MPa, approaching that of a commercial suture of similar size. The
authors highlighted the importance of controlling the copolymer’s chemical microstructure
(composition, monomer sequencing) during the synthesis steps as well as the fiber’s phys-
ical microstructure (matrix morphology, orientation) during the processing steps. These
factors were identified as key elements in developing a new biodegradable fiber for sur-
gical sutures. Another study by Murayama et al. [193] focused on the development of an
absorbable suture using PHBH. In addition to conducting in vitro and in vivo degradabil-
ity tests, the researchers performed a porcine abdominal wall suture test on melt-spun
fibers. They proposed the developed filament as a safe alternative to existing monofilament
sutures, as it effectively prevented unwanted knot loosening. Overall, both studies aimed
to create biodegradable sutures with appropriate mechanical properties and degradation
characteristics, highlighting the importance of material synthesis and processing techniques
in achieving desired fiber properties for medical applications.
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He et al. [194] conducted a study on the synthesis of a new aliphatic polyesteramide (PEA)
copolymer using e-caprolactone and 6-aminocaproic acid through a melt-polycondensation
method. The aim was to achieve good thermal and mechanical properties in the fibers by
incorporating amide groups and hydrogen bonds while maintaining biodegradability through
the aliphatic polyester structure. The fibers were produced via melt-spinning, extruding the
copolymer through a capillary rheometer with a diameter of 0.9 mm at a temperature of
105 °C. After extrusion, the fibers were drawn three times at 45 °C. The resulting fibers had
a diameter of 125 pm and exhibited over 2% moisture absorption, a strength of 125 MPa,
and over 60% weight reduction after alkaline treatment. The weight reduction and property
degradation were attributed to surface erosion in a concentrated alkaline solution. This erosion
enhanced water absorption and decreased the strength of the fibers (hydrolysis), leading to
increased biodegradability.

In another study by Shi et al. [82], fibers were produced from a random copolymer
called (PBTSA). The characterization of the melt-spun fibers revealed a PBT-like diffraction
pattern in wide-angle X-ray diffraction (WAXD). However, in 13C spin-lattice relaxation
time (T1C) measurements via NMR spectroscopy, two different components were observed
for the aliphatic units, where the longer and shorter T1C components corresponded to the
crystalline and amorphous domains, respectively. This indicated that the crystal structure
of PBTSA fibers was formed through the mixed crystallization of its comonomers. Despite
the random arrangement, the mixed crystallization behavior enabled the PBTSA fibers to
develop a well-formed PBT-like crystal structure. Additionally, the introduction of soft
segments (BA and BS) into the BT crystal lattice resulted in a lower melting temperature
for PBTSA fibers (115 °C), which was over 100 °C lower than that of PBT fibers. The crystal
structure of the PBTSA fiber was found to be predominantly formed by the BT unit, and it
exhibited a highly oriented crystal structure. The PBTSA fiber demonstrated a rubber-like
stress-strain curve, and its modulus and tensile strength were significantly lower compared
to those of PBT fibers. Notably, the PBTSA fiber had a crystallite size of up to 7.8 nm.
Alternating copolymers such as poly(butylene or tri-methylene terephthalate/succinate)
(PBTS or PTMTS) and poly(butylene or tri-methylene terephthalate/adipate) (PBTA or
PTMTA) exhibited a similar crystal structure to that of PBT. The crystalline structure of a
polymer strongly influences its properties, including biodegradability, thermal properties,
and mechanical properties. In the case of PBAT, solid-state '>*C NMR results indicated that
only the BT units were included in the crystalline region, while the BA units were excluded.

Profiled (non-solid) fibers are always interesting in melt-spinning. This can also
be found in reports on biodegradable man-made fibers. Naeimirad et al. [195] investi-
gated the effect of polymer throughput (gear pump speed), drawing ratio, and wind-
ing speed on the mechanical properties and diameter of melt-spun PLA hollow fibers.
Selli et al. [196] reported the production of hollow filaments from PCL in addition to solid
fibers. El-Salmawy et al. [197] produced ProNectin F-coated biodegradable hollow fibers
along with normal solid cross-sections from PLLA homopolymer and P(LA-co-CL) copoly-
mer and studied the coating efficiency, physical properties, and cell adhesion. The coating
efficiency was similar for both types of fibers; however, the ProNectin F-coated PLLA fibers
showed approximately seven times higher cytocompatibility compared to the coated copoly-
mer fibers. The molecular orientation in the hollow fibers was found to be much higher
than that in the drawn solid fibers. Mechanical testing revealed an increase in tensile
strength and a decrease in the thickness of the fiber wall with increased nitrogen flow rates
and melt draw ratios.

Bauer et al. [198] employed optimized melt-spinning techniques to fabricate high-
strength and highly oriented PCL monofilament and multifilament yarns with adjustable
cross-sectional geometries, including solid and snowflake-shaped fibers. These fibers were
designed for tendon and ligament tissue engineering applications. The researchers used
a braiding technique to create the final structure. During a 24-week exposure to PBS at
37 °C, the snowflake-shaped fibers showed a slightly faster strength loss compared to
the round fibers. However, the multifilament yarns did not exhibit accelerated strength



Sustainability 2023, 15, 14474

23 of 56

loss compared to the monofilament yarns, suggesting that the surface area alone did not
contribute significantly to the degradation rate. Park et al. [199] produced profiled fibers
with non-solid cross-sections by spinning PCL through circular, triangular, or cruciform
capillaries. The aim was to obtain fibers with a high surface-area-to-volume ratio for the
development of woven scaffolds for tissue engineering. The degradation of the shaped
fibers was notably faster than that of circular fibers due to the enlarged surface area of the
shaped fibers.

Regardless of recycling biodegradable plastics, Tavanaie et al. [200] mentioned com-
posting and depolymerization as conventional end-lives for PLA. However, these methods
can be costly. The researchers explored an alternative approach by performing melt recy-
cling of PLA plastic waste to produce biodegradable PLA fibers through a melt-spinning
process. The results showed that it is possible to spin PLA fibers from recycled waste
with acceptable properties. The drying pre-treatment of the recycled PLA flakes, melt
extrusion temperature, and drawing operations were found to have important effects on
the mechanical and structural properties of the recycled PLA fibers.

3.2. Blend and Composite Fibers

Polymers can be modified through blending with other polymers or by compound-
ing with additives, enabling improvements in processing, mechanical properties, specific
functionality, and biodegradation behavior [31,201]. However, when blending polymers to
enhance mechanical properties, it is important to consider the potential impact on biodegra-
dation behavior. While blending PLA with PCL can lead to improved mechanical properties
and biodegradability of PLA under home composting conditions [202], it may also result in
a decrease in the biodegradation potential of PCL. Hence, the final properties of blend fibers
depend on the nature of the blend components and their interfacial compatibility [31,201].

Furthermore, Furuhashi et al. [203] blended PLLA and PDLA and investigated the
influence of drawing temperature on the crystallization of PLA blend fibers. So far, thanks
to annealing and hot drawing, fibers mainly consisting of the stereocomplex crystal phase
with a higher melting point have been achieved. Their findings revealed that PLA fibers
drawn at 90 °C exhibited higher crystallinity and mechanical properties (520 MPa strength
and 8.5 GPA modulus). However, higher drawing temperatures resulted in a decrease in
the intensity of crystal reflections, indicating reduced crystal orientation. Padee et al. [204]
employed a twin-screw extruder to blend PLA and poly(trimethylene terephthalate) PTT
at various PTT contents (0-50 wt%) for fiber melt-spinning. The spinning of PLA/PTT
blend fibers posed challenges due to the differing melting characteristics of PLA and PTT.
However, successful spinning of PLA/PTT blend fibers was achieved at a 10 wt% PTT
content with a barrel temperature of 250 °C, making them suitable for textile applications.
Jompang et al. [205] and Panichsombat et al. [206] investigated the melt spinnability of
PLA /PBS blends at different ratios (90:10, 80:20, 70:30, 60:40, and 50:50). The spinnability
was found to depend directly on the miscibility of the blends. At a 90:10 PLA /PBS ratio,
the blend exhibited miscibility and could be processed into fibers. However, spinning
became difficult when the PBS content exceeded 10 wt% due to the immiscibility of the
blend matrices. Park et al. [207] blended 5-15% PBAT in PBS to enhance the tensile strength
and elongation of extruded monofilaments at a speed of approximately 80 m/min. Their
results showed that the monofilaments achieved optimized physical properties when the
PBAT content was 5%. Hassan et al. [208] conducted research on PLA fibers and observed
an increasing trend in elongation at break due to the overall ductility of the material
imparted by PBS (a highly ductile polymer). As expected, an increase in PBS loadings
resulted in a decrease in tensile strength and modulus due to reduced crystallinity and
the presence of highly ductile PBS. Similarly, Pisva et al. [209] utilized PBSA as a blend
component (10-50%) with PLA to enhance toughness. The blends exhibited a sea-island
morphology (see Figure 7d), with a finely dispersed PBSA phase in the PLA matrix at
low PBSA content and dispersed as large droplets at high PBSA content. The rubbery
behavior of PBSA improved the brittleness of PLA, while the tensile strength decreased
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with increasing PBSA content. In a different study, Li et al. [210] prepared blends of
polyoxymethylene (POM)/PLLA at ratios of 95/5, 90/10, and 80/20 through melt extru-
sion. The spinnability of the blends was confirmed through rheological characterization,
successive self-nucleation, and annealing thermal fractionation analysis. Morphological
observations revealed that the prepared fibers exhibited a smooth surface and uniform
diameter distribution at the ultimate draw ratios. Although the presence of PLLA reduced
the crystallinity of the POM domain in the fibers, the post-drawing process enhanced the
crystalline orientation of lamellar folded-chain crystallites, resulting in a relatively high
tensile strength of 791 MPa and partial hydration capability in both acid and alkali media
for the blend fibers.

After the production of hollow fibers from PHB [211], a blend of PCL in PHB (70/30 wt%)
was created through dissolution and precipitation from the solvent to enhance the mechanical
properties, particularly the flexibility of the melt-spun hollow fibers (Figure 7g). It was
demonstrated that the blend obtained from precipitated material exhibited good processability,
while granulate material or powder mixtures were not suitable for spinning due to phase
separation phenomena [211]. Additionally, Huang et al. [202] performed the blending of
PCL with PLA using electron-induced reactive processing, followed by fiber production
through piston spinning. The modified PLA /PCL blends exhibited improved melt strength
and elastic behavior, attributed to the formation of long chain branches and enhanced chain
entanglements. The PLA /PCL blends treated with 12.5 kGy demonstrated 2.4-fold higher
impact toughness compared to neat PLA, indicating superior interfacial adhesion and chain
interactions between the two phases. However, fibers spun from irradiated blends showed
similar initial modulus but reduced tenacity compared to fibers spun from non-irradiated
blends. Barral et al. [212] performed melt-spinning of monofilament (1 mm diameter) and
multifilament yarn (80 filaments, 50-70 pm diameter) from PLA /PCL (including 1040 wt%
PCL) with different settings. Moreover, Vieira et al. [213,214] studied the viscoelastic properties
of PLA /PCL monofilament (including 10% PCL) with a 400 um diameter to understand the
elastic-plastic deformation of the compound in creep and fatigue conditions. They found that
a good approach for dimension stability validation of biodegradable parts for application in
biomedical devices In vitro biodegradation of fibers was studied in Dulbecco’s Modified Eagle
Medium (DMEM) media at 50 °C for 35 days. The blend filament is also compared with PCL,
PLA, and PGA. The results showed that the incorporation of PCL slowed down the hydrolytic
degradation of PLA. Moreover, multifilaments showed slower MW reduction (compared to
monofilaments). Furthermore, Visco et al. [215] used Ethyl Ester l-Lysine Tri-isocyanate (LTT)
as a compatibilizer in PLA /PCL blend extrusion. They could produce 1.5 mm monofilaments
and result in 0.3 mm diameter threads after drawing. They reported a 1% (phr) concentration
of LTT as the best ratio for crosslinking and miscibility, while suggesting changing the ratio
of PCL/PLA to modify the stiffness. They suggested this approach for making absorbable
sutures due to their bioactivity and prohibition of bacterial growth along with hydrolytic
degradation in simulated body fluid (SBF).

Blends of PHAs and PLAs are commonly used to optimize both polymers in various
aspects. Chen et al. [216] conducted a study on the spinnability and fiber properties of
a PHBH/PLA blend with a ratio of 35/65 [217]. The presence of the 4HB phase in the
comonomer disrupted the stereoregularity in the 3HB phase, resulting in reduced overall
crystallinity. However, their efforts led to fibers with exceptional mechanical properties,
including high tensile strength (904 MPa), tensile modulus (28.42 GPa), and elongation
at break (81%). They also reported good spinnability, with no apparent adhesion or fiber
breakage during the spinning process. Li et al. [218] investigated the dependence of
the orientation crystallinity factor (fc) of PLA/PHBYV blend fibers on the PHBV content.
However, in the drawn fibers, the fc of PLA showed less dependence on the PHBV content
and take-up speed. Tavanaie et al. [97] evaluated the biodegradability of PP fibers modified
with disposable recycled r-PLA plastic flakes. They incorporated 30% r-PLA in the fiber
melt-spinning of PP and assessed the spun fibers via disintegration and biodegradation
methods such as soil burial tests, CO, evolution analysis, weight loss, mechanical properties,
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average molecular weight measurements, and analysis of surface morphology changes.
While different testing methods yielded varying values for the biodegradation process, the
results from CO, evolution analysis, weight loss, and variation of mechanical properties
showed good agreement among different degradation methods. After incubation in soil for
an extended period, the modified fibers exhibited a significant decrease in initial moduli (up
to 72%) and tenacity (up to 53%). Furthermore, dye uptake of the PLA-modified PP fiber
samples improved, and some showed excellent washing and light fastness properties [219].
However, there are concerns about the biodegradability of PP fibrillates at the end of their
life cycle or the potential release of microplastics into the environment.

Using previous research [220] as a reference, Takasaki et al. [221] conducted melt-
spinning of racemate polylactide (r-PLA, an equal blend of PLLA and PDLA) at high
speeds of up to 7500 m/min to study the formation of stereocomplex crystals. Stereo-
complex crystals have a higher melting temperature than homocrystals. The amount of
stereocomplex crystals was higher under spinning conditions involving higher take-up
velocity, a lower throughput rate, and a lower extrusion temperature. The high winding
speeds applied higher tensile stress to the spinning line, leading to orientation-induced
crystallization. Additionally, annealing improved the fibers’ mechanical properties and
thermal stability. These findings contradict the reported {3 to « retransformation observed
elsewhere [166].

Composite fibers, in line with this concept, exhibit optimized and combined properties
that arise from the incorporation of filler particles into a host polymer material [222,223].
When biodegradable plastics are filled with particles, it alters their rheological behavior,
including melt strength and spin head pressure, as well as affecting crystallization, stretch-
ability, ultimate diameters, and surface morphology. This approach is commonly used to
introduce specific functionalities such as conductivity, color, or hydrophobicity to compos-
ite fibers. It is important to consider the size of the filler particles, which should typically be
smaller than one-third of the final diameter of the fiber, and ensure their proper dispersion
and distribution during the spinning and compounding processes. Incorporating fillers
into the polymer matrix increases the resistance to flow, which can lead to fibers with larger
diameters. The mechanical properties of biocomposite fibers heavily rely on the dispersion
of fillers and their interaction with the polymer matrix, with interfacial adhesion playing a
crucial role in controlling the transfer of stress between the polymer and the fillers during
loading [31]. Additionally, the biodegradation of all added fillers (such as chain extenders,
colors, reinforcing agents, modifiers, etc.) should be taken into account in the development
of biodegradable fibers. Achieving good dispersion and interaction between the filler and
the polymer matrix is essential for enhancing the resulting mechanical performance. The
efficiency of dispersion, surface morphology, and size of the fiber blends depend on the
composition and miscibility of the blend/compound, while processing parameters such
as take-up speed and drawing ratio also significantly impact the final properties of the
fibers. Gozdemir et al. [224] added low-cost soy fillers (reside and flour) to PLA to reduce
material costs and increase the degradation rate. The presence of soy fillers accelerated the
overall degradation of PLA /soy fibers by approximately 2-fold in a basic medium. This
acceleration was attributed to the preferential dissolution of soy, leading to an increased
surface area within the PLA matrix. However, due to the partial thermal degradation of
both soy fillers at PLA melt temperature, they could only be melt-compounded into PLA up
to a maximum of 5 wt%. Despite the reduction in melt drawability caused by the incorpo-
ration of solid soy fillers, it was still sufficient to produce fibers as thin as 25 to 50 pm using
a nominal draw ratio of 100. In another study by Xue et al. [225], nano-hydroxyapatite
was incorporated into PCL during melt-spinning to enhance the mechanical and medical
performance of the fibers for bone tissue engineering applications.

Chen et al. [226] focused on producing thermochromic functional biodegradable fibers
using PLLA and microcapsules through scalable melt-spinning. They achieved a yarn
of 36 filaments with a hot drawing ratio of 3.6 and a take-up speed of 800 m/min. The
PLA fibers exhibited excellent tenacity ranging from 370 to 470 mN/tex and demonstrated
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reversible and stable thermochromic behavior over a temperature range of 31 °C. The
performance of the fibers was attributed to the mesophase content and the nucleating effect
of the microcapsules, which promoted the formation of microcrystals between the lamellae.
However, the presence of a high concentration of microcapsules within the PLA fibers
led to their agglomeration, hindering the formation of the mesophase and resulting in a
decrease in fiber tenacity.

In addition to low thermal stability, PHAs also have low crystallization behavior,
which is crucial in melt-spinning. To improve the crystallization behavior of PHAs for
melt-spinning, researchers have explored various approaches such as polymer structure
modification, nucleating additives, and processing adjustments. Hufenus et al. [227,228]
modified the drawing setup for fiber-spinning of PHB by incorporating an intermediate
godet in the draw-off direction. They used boron nitride (BN) as a nucleating agent and
tri-n-butyl citrate (TBC) as a plasticizer. This approach led to improved melt strength, al-
lowing the fibers to withstand the subsequent drawing procedure. The resulting crystalline
structure exhibited a highly ordered amorphous phase trapped between the aligned lamel-
lae of the crystalline x-phase. These fibers showed long-term stability, with a maximum
tensile strength of 215 MPa at a 20% tensile strain. The researchers also found that TBC plas-
ticizer inhibited secondary crystallization, which otherwise leads to brittleness and poor
mechanical performance, as well as the conglutination of as-spun fibers. This approach
resulted in PHB fibers with highly oriented crystalline morphology and acceptable mechan-
ical properties. Hinuber et al. [211] investigated the melt-spinning of hollow PHB fibers
using different nucleating agents such as boron nitride (BN), hydroxyapatite (HAP), and
thymine (THY). However, when using a conventional extrusion spin line, the nucleation
effect was not observed, and the fibers became sticky and unprocessable. Conventional
nucleating agents such as boron nitride or talc cannot be used in medical applications due
to their blood incompatibility. Vogel and coworkers [217] employed reactive extrusion
with dicumyl peroxide (DCP) to enhance the crystallization behavior of PHB. The addition
of DCP at concentrations of 0.2, 0.3, and 0.5 wt.% improved the crystallization behavior,
allowing for higher draw ratios up to 7.5. The resulting fibers exhibited increased tensile
modulus, tensile stress at break, and elongation at break compared to neat PHB. In a similar
vein, Xiang et al. [229] used DCP and tungsten disulfide (WS2) as initiators and hetero-
geneous nucleating agents in the reactive melt processing of PHBV. The composite fibers
demonstrated high mechanical performance, a higher nucleation temperature, and a rapid
crystallization rate due to the synergistic effect of heterogeneous nucleation, long chain
branched structure, and draw-induced crystallization. The incorporation of WS2 resulted
in higher tensile strength (189 MPa) compared to neat PHBV fibers (34.01 MPa). In an
unpublished internal work, Orotic Acid (OTA) was found to induce faster crystallization
compared to other nucleating agents added to PHB powders [230].

In addition to nucleating agent-modified PHAs, Zhang et al. [88] employed tetram-
ethylenedicarboxylic dibenzoylhydrazide (TMC-306) as a nucleating agent for PLLA. TMC-
306 could be dissolved completely in the PLLA melt and, upon cooling, reorganize into
fine fibrils. The presence of these nucleating agent fibrils acted as templates, inducing the
growth of kebab-like PLLA lamellae perpendicular to their long axis. This resulted in PLLA
fibers with superior mechanical strength (a significant increase of 78% in tensile strength)
and enhanced heat resistance (a decline of 1069% in boiling water shrinkage). In a similar
approach, Siebert et al. [231] utilized N,N'-bis(2-hydroxyethyl)-terephthalamide (BHET)
as a nucleating agent by incorporating 1-2% in PLA. The objective was to compare its
nucleating effect with talc, which served as a reference material, for industrial-scale melt-
spinning. The fibers were spun at different take-up velocities (800, 1400, and 2000 m/min)
and subjected to drawing at various ratios (1.1-4.0) until reaching a final winding speed
of 3600 m/min. This study revealed that the fiber draw ratio and take-up velocity were
the most influential factors impacting tenacity and elongation. However, the addition
of BHET as a nucleating agent resulted in a reduction in the mechanical performance of
the fibers. Consequently, BHET was not considered an efficient nucleating agent in this
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context. Gu et al. [232] developed biodegradable fibers with good mechanical properties
through the melt-spinning and hot drawing of in situ PBST /NP (NP = titanium tetraiso-
propoxide and silica nanoparticles) nanocomposites. The nanoparticles (NPs) served as
nucleating agents, enhancing the crystallization rate. The evolution of the fibers during
uniaxial stretching was investigated in real-time using synchrotron radiation small-angle
X-ray scattering, coupled with a thermomechanical setup, to analyze the effects of drawing
temperatures and NPs on the lamellar structure. It was observed that the presence of NPs
and high drawing temperatures facilitated the formation and perfection of new lamellae.

In their study, Aouat et al. [233] conducted the melt-spinning process to produce
PLA fibers, as well as PLA /cellulose nanowhiskers (CNWs) and PLA / microcrystalline
cellulose (MCC) composites loaded at 1 and 3 wt.%. They utilized PLA-grafted maleic
anhydride (PLA-g-MA) as a compatibilizer and polyethylene glycol (PEG) as a plasticizer.
The findings indicated that the incorporation of MCC into the PLA matrix, regardless of
the loading rate, was not favorable for multifilament fiber spinning compared to CNWs.
This was due to the limited drawability and inadequate dispersion of MCC within the PLA
matrix. In contrast, Zhang et al. [234] employed twin-screw reactive extrusion followed by
melt-spinning to perform in situ graft co-polymerization of L-lactide onto cellulose. This
modification led to the formation of PLA long-chain branches, which hindered the thermal
and photodegradation of regenerated cellulose and impeded cellulose crystallization. The
resulting cellulose-graft-polylactide blend fiber exhibited a smooth surface and ductile
cross-section, attributed to the disruption of the hydrogen bond network of cellulose and
the improved thermoplastic properties conferred by the PLA branches. In comparison to
other commercially available cellulose fibers, the in situ graft copolymerization of cellulose
with PLLA yielded cellulose-based fibers with superior mechanical properties.

In a different approach, Tran et al. [235] obtained PLA nanofibrils with an average
diameter of 60 nm by processing PLA /polyvinyl alcohol (PVA) blends at a weight ratio of
30/70, followed by the removal of the PVA matrix. Different blend ratios were tested using
a twin-screw microextruder before melt-spinning through a spinneret and subsequent
continuous drawing to obtain PLA fibrils in a PVA matrix. The filament yarns were then
woven into three-dimensional textile structures. Similarly, Zhang et al. [236] melt-spun
PLLA /low density polyethylene (LDPE) blend fibers (24 filaments, 400 m/min take-up)
using a similar approach, resulting in immiscibility and the formation of fibrillated PLA
nanofibers with a minimum diameter of 92 nm after drawing and removal of the LDPE
component. The fibers exhibited 60% crystallinity and high orientation. However, the
removal of LDPE presented a significant challenge. In another work by Huang et al. [237],
PLA/PGA blend fibers were produced to extract PGA nanofibers via dissolving PLA ma-
trix in Chloroform. The same approach has been used by You et al. [238] on electro-spun
PGA /PLA nanofibers. The melt-spinning process was conducted using a PGA /PLA ratio
of 92/8 through a spinneret containing 24 holes (260 pm diameter) via a 1000-2500 m/min
take-up speed. Their findings suggested that the PGA phase begins as minuscule granules
within the molten PLA, transforms into nanoscale granules during the extrusion of fila-
ments, and ultimately undergoes deformation into nanofibers in the resulting as-spun and
drawn fibers. So far, nanofibers with a diameter of 93 nm have been achieved. They high-
lighted the miscibility of PLA and PGA. Meanwhile, Magazzini et al. [239] indicated the
costly production of PGA and tried to blend it with PLA and PCL. They observed PGA
domains with size-dependence to the polymer ratio. PGA content was even at 30%, while
it accelerated the hydrolysis rate, particularly in the case of PLA. They indicated them
as promising combinations. However, due to the rheological behavior and melt point
difference, the processing of PGA /PCL might be challenging, especially for making a
fiber. Liu et al. [240] used bifunctional isocyanate (HDI) along with multifunctional epoxy
oligomer (ADR) as hybrid chain extenders for blending PLA /PGA through the reactive
extrusion process. In addition, Deshpande et al. [241] blended PGA /PLA with different
ratios and compared it with PLA /PCL. The blend of PLA /PCL is also used in electrospin-
ning to make nanofibers [242]. Moreover, Akhir et al. [243] used polyethylene glycol (PEG)
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in the 5-30 wt% range to blend with PLA and make finer fibers. This is attributed to the
plasticization effect of PEG. Further studies on the blending of PLA, e.g., with PGA, PCL,
PHB, PBAT, and other copolymers are reviewed elsewhere [244,245]. In a different work by
Gupta et al. [246], poly(e-caprolactone-co-lactide) PLCL is blended in 10-50 wt% with PCL.
The compound is converted to a monofilament and drawn afterwards to make a filament
130 pm in diameter. Although the pure PCL filament showed 60% crystallinity and 500 MPa
strength, adding amorphous PLCL caused a reduction in both of these characteristics. The
morphological results showed a rougher surface at higher PLCL content and also limited
miscibility between PCL and PLCL. Furthermore, Li et al. [247] used hyper-branched
polyesters (HBP) for the modification of PBAT, enabling the production of hydrophilic
microfibers through centrifugal melt-spinning.

3.3. Bicomponent Filament Yarns and Staple Fibers

In addition to blending or compounding, two or more different polymers can make a
single fiber with a distinguished boundary between them, known as a multicomponent with
the desired configuration(s). Bicomponent fibers are a common example of multicomponent
fibers comprising two co-extruded polymers forming a single fiber with one or more
interfaces. The aim of this approach is to use/modify the properties of two polymers or to
use the functionality of additives for specific purposes. Some more details can be found
elsewhere [142,248,249]. Figure 6 shows typical examples of different cross-sections, which
include the core/heath (C/S) (concentric or eccentric), side-by-side (S/S), islands-in-the-sea
(I/S), and segmented-pie configuration [54,248,250,251].

(a) (b) (c) (d) (e)
Figure 6. Different cross sections of bicomponent fibers: (a) core/sheath (concentric), (b) core/sheath

(eccentric), (c), side-by-side, (d) islands-in-the-sea, and (e) Segmented pie [31]. Reprinted
with permission.

The Advanced Fibers group at Empa (Switzerland) has performed several studies
on the melt-spinning of bicomponent fibers from bio-based and biodegradable polymers,
particularly PHAs. They reported that PHB and PHBV exhibit the crystallization rates
required for extrusion processes [252]. They produced mono- and bicomponent filaments
from PHBV (Enmat Y1000) and PLLA (Natureworks 6200D). According to their findings,
PHB with a molecular weight of approximately 500,000 Da could not be drawn into fibers,
mainly due to its low crystallization rate. This resulted in the formation of large spherulitic
structures, leading to brittle fibers with poor mechanical properties. The presence of
HYV (hydroxyvalerate) in the PHBV copolymer could be controlled during biosynthesis
and resulted in a reduction in crystallinity. However, it was not possible to produce
pure PHBV fibers due to winding issues caused by the stickiness of the fiber. Similarly,
Hufenus et al. [253] demonstrated the influence of the configuration of PLA and PHBV in
bicomponent fibers on their processability. They found that fibers could be successfully
produced when PHBV was used as the core and PLA as the sheath, whereas the opposite
configuration resulted in processing difficulties. In their study, they achieved fibers with
a maximum tensile modulus of 7.1 GPa using a core composition of 46 wt% PHBV and a
sheath composition of 54% PLA. Additionally, they conducted in vitro biocompatibility
tests as part of their investigation [228].

In their study, Shi et al. [126] conducted ultra-high-speed bicomponent spinning of
PBT as the sheath and biodegradable PBAT as the core. They discovered that PBAT fibers
exhibited a well-developed and highly oriented crystal structure similar to that of PBT,
despite the inherent randomness and the 1:1 composition of PBAT. This phenomenon was
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attributed to the unique mixed crystallization behavior of the butylene adipate and butylene
terephthalate units present in PBAT. The bicomponent spinning process enhanced the pro-
cessability of both polymer components in PBT/PBAT fibers due to the mutual interaction
between the two polymer melts along the spin line. This improvement in processability was
observed compared to the spinning of corresponding single-component fibers. Moreover,
the structure development of the PBT component in PBT/PBAT fibers was significantly
enhanced, resulting in improved thermal and mechanical properties. On the other hand,
the structure development of the PBAT component was largely suppressed, leading to a
nearly non-oriented structure in both the crystalline and amorphous phases. However,
the sheath of the PBT/PBAT filament remained tacky even during winding, which posed
challenges for filament take-up. This tackiness issue was attributed to the elastic nature
and slow crystallization kinetics of PBAT, particularly when processed together with PBT.
In the study by Prahsarn et al. [254], a bicomponent melt-spinning process was successfully
employed to produce fibers from a blend of PLA and PBS in a high ratio of 50:50. The
resulting bicomponent fibers exhibited a segmented-pie configuration and did not split,
indicating good compatibility between PLA and PBS. Similarly, Yang et al. [255] utilized
bicomponent melt-spinning to produce side-by-side fibers from PLLA and low-melting
point PLDA (LM-PLA) with the aim of creating biodegradable 3D self-crimped yarns.
They used a spinneret with 24 holes of 300 um diameter, and the spun yarns were drawn
and collected at a take-up speed of 2000 m/min. The resulting filaments had a diameter
of 400 um, and the strength and elongation at break were measured to be 3.01 cN/dtex
and 15.1%, respectively. The effects of dry and wet heat treatment on the structure and
properties of the filaments were also studied. It was observed that the crystallization ability
of LM-PLA was weaker than that of PLA under the same conditions, which played a key
role in the formation of the three-dimensional crimped structure of the fibers during heat
treatment. Meanwhile, PVA is a water-soluble polymer that is sometimes mistakenly con-
sidered biodegradable in certain reports. In the study by Song et al. [256], the solubility
of PVA was utilized to produce PA6/PVA islands-in-the-sea fibers and environmentally
friendly ultra-fine PA6 fibers (2-5 um) through a water-splitting process. The effects of
sea/island mass ratios and different spinning speeds on the properties of PVA /PA6 islands-
in-the-sea partially-oriented yarn (POY) were investigated. This technique can be used to
produce microfilaments and ultra-fine fibers from bio-based or biodegradable polymers by
combining them with PVA after plasticizer-assisted thermoplastic modification.

Some selected images of the discussed works are illustrated in Figure 7, while all the
reported research is summarized in Table 2.
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Table 2. Summary of recent studies on melt-spinning of biodegradable fibers, including materials, processing, physical performance, biodegradation, and application.

Author(s) Polymer(s) Processing Performance(s) Application Ref.
Monocomponent fibers

Mezghani et al. (1997) PLLA High-speed melt-spinning (up to 5000 m/min) Best results at 3000 m/min, 43% crystallinity, 385 MPa, 6 GPa Development for textiles [89]
Schmack et al. (1998) PLA Yarn melt'sf’mg(i)r(‘)% gz/fn ;)300 wm, DR? 6, UTS * 430 MPa, UTM 5 6 GPa, 20% crystallinity Textiles [150]
Yuan et al. (2000) PLLA Monofilament spinning (1 mm, 1 m/min), drawing MW reduction, @ 110 um, 63% crystallinity, UTS 600 MPa Textiles [153]
Nazhat et al. (2001) PLLA Monofilament spinning through 1 mm die, DR of 4.8 Fibers with 260-300 pm diameter Composite for bone tissue [259]
Schmack et al. (2003) PLA (1-8% D, 2-7 PDI) Yarn melt-spinning (12 F, 300 pm, DR 6, 5000 m/min) Better fibers at lower D content and PDI, higher speed, and DR Textiles [151]
Takasaki et al. (2003) PLA (1.5,8.1,16.4% D) Monofilament spinning (500 pm, 5000-10,000 m/min) Better at low D%, high speed and DR (45% crystallinity, 570 MPa) Textiles [152]
Nishimura et al. (2004) PLLA 12 Filaments spinning and 2-stage drawing in water 18 times drawing, 70% crystallinity, UTS 810 MPa Technical [154]
EL-Salmawy et al. (2004) PLLA, P(LA-co-CL) ProNectin F-coated hollow monofilament spinning Higher adhesion PLLA fibers, better orientation hollow fibers Nerve tissue regeneration [197]
Baimark et al. (2005) P(LL-co-CL) 2-step synthesis, piston-spinning 1 mm, water bath Drawn filament, 160 pum, 530 MPa, 168 °C MP, Absorbable surgical suture [192]
Fambri et al. (2006) PLDLA Melt-spinning at below 100 m/min speed Filaments 120 um in diameter and UTS 200 MPa Tissue engineering [156]
Park et al. (2007) PLA Spinning at high speeds and batch heat treatment Speed and heat, 69% crystallinity, 6 g/den, lower biodegradation N/A [144]
Kim et al. (2008) PLLA One-step melt-spinning process Well-developed o-crystallites at high take-up speeds (3500 m/min) Textile [260]
Paakinaho et al. (2009) PLDLA Multifilament (8 and 12 F) spinning and hot drawing High MW, faster thermal degradation, hydrolysis effect of lactide Tissue repair [155]
Tavanaie et al. (2014) r-PLA Monofilament spinning (1 mm, 70 m/min), cold draw Strength: 491 MPa, orientation: 0.96, durability Textiles and clothing [200]
Naeimirad et al. (2018) PLA Hollow multifilament yarn Liquid-filled, higher hollowness by increasing throughput Agriculture and drug delivery [195]
Ali et al. (2019) PLA POY and FDY spun filament yarns Lower diameter and higher crystallinity @ 600 m/min Textile and technical [147]
Fuoco et al. (2019) PLA, PLA-co-TCM Melt-spinning (1800 m/min) and after drawing 17 pum filaments (125 den), 60% crystallinity, 302-610 MPa Clothing textiles [191]
Fuetal. (2019) PLA Spinning (300 m/min, DR 6) and chitosan dip-coating @ 253 um, Strength 78.6 cN, EAB 57% Acupoint catgut embedding [179]
Chirag et al. (2021) PLA 69 filaments melt-spinning with different parameters 62-1000 dtex, 25-340 mN/tex, 14-62% crystallinity Textiles [148]
Gordeyev et al. (2000) PHB High-drawn melt-spun yarns DR of 2, and hot drawing and annealing resulted in 330 MPa Research only [261]
Yamane et al. (2001) Non-pure PHB Melt-spinning Impurities for nucleating, fast crystallization, 300 micron fibers Load bearing in medicine [262]
Schmack et al. (2000) PHB Spinning with DR of 6.9 and speed up to 3500 m/min Low crystal size with high rate, Strength of 27 cN/tex Development [263]
Iwata et al. (2004) UHMW-PHB Spinning, ice quenching, drawing, and annealing Fiber diameter 40 pum, strength 1.3 GPa, modulus of 18.1 GPa High-performance [264]
Antipov et al. (2006) PHB and copolymers Optimized melt-spinning Min thermal degradation, UTS 330 MPa, UTM 7.7 GPa R&D [265]
Tanaka et al. (2006) PHBV Spinning, ice quenching, drawing, and annealing Suitable copolymer and spinning: UTS 1 GPa, UTM 8 GPa High performance [166]
Qing et al. (2015) PHBH Spinning at different temperatures, 500 um spinneret Better crystallization (x-crystal orientation) at high speeds Technical [158]
Krins et al. (2021) PHA Melt-spinning of different biodegradable filaments Marine degradable Maritime [143,266]
Perret et al. (2019, 2020) P3HB Melt-spinning, stress-annealing Low stress: viscoelastic (o« crystal to mesophase transformation) high Shock-absorbing ductile textiles [267-271]

stress: high strength (UTS 184 MPa)
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Author(s) Polymer(s) Processing Performance(s) Application Ref.
Rebia et al. (2020) PHBH Monoﬁlament—spinnmgc,hi;zslille;mal crystallization, and Dip-coated biodegradable fibers Drug delizre);)yr 2;1;}11 the dying [167]
Miyao et al. (2020) PHBH Liquid isothermal bath, mono (1 mm) melt-spinning Better crystallization, 1000 m/min speed, UTS 170 MPa Technical and textile [165]
Omura et al. (2021) PHBH Gram scale spinner, 1 hole 1 mm, 1.8 m/min, DR 5 Elastic, marine biodegradable, UTS 200 MPa, 200% elongation Agricultural, fishery, or medical [164]
Selli et al. (2022) PHBH Monofilament spinning (500 pm, L/D 4, 140-160 °C) @130 um, UTS 291 MPa, orientation 0.98, 35% crystallinity Textile and medical [168]
Murayama et al. (2023) PHBH Monofilament spinning, knot making 250 um knots, UTS 167 MPa, biodegradable (in vitro and in vivo) Absorbable and safe suture [193]
Mochizuki et al. (1997) PCL Melt-spinning Effect of draw ratio on the mechanical properties of PCL filament Biomedical [113,114]
Charuchinda et al. (2003) PCL Small-scale monofilament melt-spinning Effect of processing parameters on fiber properties like diameter Biomedical and others [115]
Park et al. (2013) PCL Profiled fibers via piston spinner Faster degradation in NaOH solution due to high SSA Tissue engineering [199]
Krishnanand at al. (2013) PCL Intrinsic birefringence UTM 3.473 GPa for crystalline and 0.071 GPa for amorphous Amorphous orientation [272]
Pal et al. (2013) PCL Reactive monofilament extrusion (BCY crosslinking) Fiber diameter 66 pm, UTS 2500 MPa, lower degradation Tissue engineering [257]
Gurarslan et al. (2014) PCL-coalesced Treatment in urea, monofilament spinning, drawing Higher modulus and crystallinity due to intrinsic alignment Tissue engineering [170]
Selli et al. (2020) PCL Monofilament spinning, modified drawing 600 m/min, mesophase, 55% crystallinity, 59 um, 315 mN/tex Technical and mechical [273]
Selli et al. (2019) PCL Melt-spinning with different cross sections Hollow fibers and solid fibers with smooth surface Technical and medical [196]
Bauer et al. (2022) PCL Cross-section modified mono and multifilament DR 9.25, 65% crystallinity, 690 mN/tex, Hermans orientation 0.9 Tendon and Ligament [198]
Yang et al. (2007) PGA Melt-spinning (255 °C, 30 m/min) Less internal stress, DR 5, UTS 654 mN/tex Medical sutures [215]
Guo et al. (2011) PGA Melt-spinning (240 °C, 20 m/min), DR (2-6 @40-50 °C) Different degradation rates via IV, DR, and Drawing temperature Biomedical [181]
Fu et al. (2018) PGA Monofilament spinning and chitosan dip-coating Higher mechanical, swelling, antibacterial, lower biodegradation Acupoint catgut embedding [178]
Fuetal. (2019) PGA Spinning (300 m/min, DR 6) and chitosan dip-coating @ 245 pm, Strength 57.3 cN, EAB 18% Acupoint catgut embedding [179]
Saigusa et al. (2020) PGA Optimized melt-spinning (24F, 250 pum, 245 °C) Guide roller at 300 m/min, take-up at 1500 m/min, UTS 780 mN/tex Biomedical [118,175]
Miao et al. (2021) PGA, PLGA (8% LA) Extrusion (250 °C, DR 4.5 @ 60 °C, set @100-140 °C) Faster degradation of PGA in PBS starting from amorphous Biomedical [182]
Shi et al. (2005) PBAT (44% BT) High speed melt-spinning (5000 m/min) PBT-like crystal structure and good mechanical properties Tough products [82]
Yunes et al. (2011) PBAT Factoriaal DOE, spinning (30/55 F, 0.4 mm, 36 m/min) Simulation (temperature, MFI, speed, orientation, crys%, etc.) Biodegradable textiles [184-189]
Mantia et al. (2017) PBAT (Bioflex, Mater-Bi) Extrusion via capillary, cold and hot after drawing Orientation, high modulus, strength, and thermomechanical resistance High performance mission [274,275]
He et al. (2004) PEA Copolymerization, monofilament spinning, drawing 125 pum, UTS 125 MPa, Alkaline reduction N/A [194]
Shi et al. (2006) PBTSA 4 filaments yarn, 2000 m/min Elastic yarn Testing new copolymer [126]
Li et al. (2010) PBST 36F melt-spinning (1 mm), isothermal crystallization UTS 360 MPa, 35% crystallinity, Tm 180 °C Sustainable textiles [109]
Bansode et al. (N/A) PLGA Melt-spinning and electro-spinning Fine fibers (21-27 um), biocompatible, and degradable Tissue engineering, drug delivery [124,180]
Malafeev et al. (2017) PLGA (90/10) Microextruder spinning (@ 1 mm, 20 m/min) UTS 91 MPa Bio-resorbable suture [177]
Schick et al. (2023) PBS TPS, and PBAT Melt-spinning via FET-100, 48F, max 1000 m/min DPF 4, 100 mN/tex < PP (500 mN/tex), 70% crystallinity Lower mechanical performance [87]
Kim et al. (2023) PBSA Provided by National Institute of Fisheries Science 80% biodegradation and physiochemical reduction via composting Fish nets [130]
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Author(s) Polymer(s) Processing Performance(s) Application Ref.
Blends and composite fibers

Takasaki et al. (2003) r-PLA (PLLA + PDLA) Monofilament spinning (0.5 mm, 7500 m/min) @ 40 um, 40% crystallinity, including stereocomplex, UTS 500 MPa Technical [221]
Furuhashi et al. (2006) PLLA/PDLA Melt-spinning, drawing, and annealing Draw @90 °C, stereocomplex crystals, UTS 520 MPa, UTM 8.5 GPa Textiles [203]
P-Artet al. (2011) PLA/PHBV (90/10) Blend biofiber multifilament spinning Effect of draw speed on tenacity and linear density Socks knitting [71]
M-Garcia et al. (2016) PLA/(CNC)-g-PLLA Composite fiber spinning along with grafting Smooth surface, alignment of the CNC and PLA molecular chains Specific high properties [276]
Jompang et al. (2013) PLA/PBS Multifilament blend yarns Miscibility at 10% of PBS Modified textile yarns [205]
Padee et al. (2013) PLA/PTT Blend fiber spinning via different ratios Successful spinning at 10% PTT, Crystallinity improvement Textile fibers [204]
Persson et al. (2013) PLA/HAP Composite fibers Rough surface Biomedical [277]
John et al. (2013) PLA/CNW Compounding (10 wt%) and melt-spinning (1-3 wt%) Rough fibers, 90-95 um, concentration of CNW, crystallinity Biomedicine [278]
Zhang et al. (2014) PLLA-g-Cellulose Reactive co-extrusion, direct spinning 500 m/min Smooth surface, ductile cross-section, better properties 41 mN/tex Textile [234]
Tavanaie et al. (2014) r-PLA /PP (0-50%) Monofilament spinning (1 mm, 70 m/min), cold draw Tenacity 430 mN/tex, 42% crystallinity, dyability Textiles and clothing [97,219]
Zhang et al. (2014) PLLA/TMC-306 NA Compoundlhs‘g fgklr;?ﬁ,ﬁzfgigiffgi?gﬁgz.(sl)g F, 0.4 mm, Optimum at 0.3 wt%, 57% crystallinity, UTS 600 MPa, High performance textile fibers [88]
Rizvi et al. (2014) PLA/MWCNT Composite fibers Rough and irregular surface Smart textiles [279]
Hoai et al. (2014) PLA/PVA Blending, spinning (<100 m/min), water dissolving Nanofibrils 60 nm in diameter, filament & 164 pum (243 DPF) Scaffolds for tissue engineering [235]
Zhang et al. (2014) PLA/LDPE Blend spinning (24 F, 0.3 mm, 400 m/min) and DR 2 Immiscible, Extraction, 92 nm PLA fiber, 60% crystallinity Filtration [236]
Li et al. (2015) PLA/PHBV Blend melt-spinning and hot drawing Higher heat-resistance, softness, and tenacity Textile [218]
Pisva-Art et al. (2016) PLA/PBSA Blending, fiber spinning, drawing 4 times, annealing Modify brittleness of PLA, UTS 300 MPa Textile [209]
Hassan et al. (2017) PLA/PBS Blend fiber spinning Effect of PBS ratio (ductility) Healthcare products [208]
Huang et al. (2018) PLA (92%)/PGA (8%) Blend spinning (24F, 260 um, DR 1.4, 2500 m/min) 93 nm diameter nanofibers Tissue Engineering [237]
Aouat et al. (2018) PLA/MA/CNW, MCC Composite fiber spinning Poor dispersion for MCC (Vs. CNW), fillers alter the diameter Biomedical, technical [233]
Panichsombat et al. (2019) PLA/PBS Blend fibers Miscibility via PBS below 10% Textile fibers [206]
Gilmore et al. (2019) PLA/PLA-co-PCL Blend modified process Grooved fibers with wicking performance Wicking [280]
Visco et al. (2019) PLA/LTI/PCL Reactive extrusion (160 °C, air quench, after drawing) Thread filament 300 um diameter, UTS 45 MPa, EAB 450% Absorbable antibacterial sutures [215]
Li et al. (2019) PLLA/POM Blending, melt-spinning (72 F, 300 um), Drawing Modification, higher crystallinity via drawing, 791 MPa, hydration Technical [210]
Chen et al. (2020) PLA/PHBH 65/35 the best ratio for crystallization UTS 904 MPa, UTM 28.42 GPa, EAB 81% Balanced performance [216]
Giizdemir et al. (2020) PLA/Soy Composite biofiber, 3 spinning holes-500 wm Larger and non-uniform diameter, 56 MPa Disposable nonwoven fabrics [224]
Akhir et al. (2021) PLA/PEG Fine melt-spun fibers Diameter reduction by PEG concentration (18 pum) Ductility, and surface roughness [243]
Barral et al. (2021) PLA/PCL (10 to 40%) Mono (1 mm), and multifilament (80 F, 50-70 pm) Adding PCL reduced hydrolytic degradation of PLA in DMEM Bioresorbable implants [212]
Chen et al. (2022) PLLA /microcapsules Compounding, powder mixing, melt-spinning Mesophase content, 470 mN/tex, Thermochromic effect Smart textiles [226]
Siebert et al. (2022) PLA/BHET 48 F, 250 um, spinning through FET-100, 3000 m/min Slow nucleating effect, 50% crystallinity, 270 mN/tex Textile and technical [231]
Huang et al. (2022) PLA/PCL EIReP, piston spinning (0.3 mm, 2000 m/min) Better melt strength and elastic behavior, lower crystallinity Testing the compound [202]
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Table 2. Cont.

Author(s) Polymer(s) Processing Performance(s) Application Ref.
Vogel et al. (2007) P3HB/DCP Melt-spinning and drawing by max ratio of 7 Nucleating effect, about 200 MPa UTS Textile [217]
Hintiber et al. (2011) PHB/PCL Blend hollow fibers Phase separation in spinning due to Tm difference Biomedical [211]
Hinuber et al. (2011) P3HB/NA Nucleating-assisted hollow fiber piston-spinning Regular surface and an inner diameter of between 50 and 500 pm Nerve repair with artificial tubes [211,258]
Kabe et al. (2012) PHB/UHMW-PHB Blend film casting, nucleation via 5-10% UHMW Faster crystallization, 3-form crystals, slower degradation Biodegradable alternatives [281]
Hufenus et al. (2015) P3HB/NA Nucleating, intermediate draw-off spinning Induced oriented crystallization, stability, and 215 MPa strength Textile yarns [227]
Xiang et al. (2019) PHBV/DCP/WS2 Monofilament spinning (0.5 mm, 550 m/min) UTS 189 MPa, heterogeneous nucleation, branching, 73% crys Textiles [229]
Gupta et al. (2012) PCL/PLCL (10-50%) Monofilament extrusion and drawing UTS 500 MPa, 60% crystallinity. Reduction by PLCL content. Biomedical [246]
Xue et al. (2019) PCL/HAP Composite fibers Enhanced mechanical performance Bone scaffold [225]
Park et al. (2010) PBS/PBAT Blend monofilament melt-spinning (80 m/min) Tensile strength reduction in more than 5% PBAT content Technical [207]
Zhou et al. (2016) PBS/MEFC Composite yarns Effect of drawing and take-up speed on dispersion of filler Extensive [282]
Gu et al. (2019) PBST/NP In situ polymerization and spinning 150 dtex yarn, UTS 240 MPa, 42.3% crystallinity, orientation 0.54 High-performance [232]
Li et al. (2021) PBAT/HBP Centrifugal melt-spinning Hydrophilic microfibers Medical [247]

Multicomponent fibers

Shi et al. (2006) PBAT/PBT Bico (core/sheath) Structure development of PBT (via PBAT) Thermo-bonds [126]
M. Zinn et al. (2010) PHBV/PLA Bico (PHBV only in core possible) No toxicity Medical tendon repair [252]
Hufenus et. al. (2012) PHBV/PLA Bico melt-spinning (PHBV core and PLA sheath) UTS 410 MPa for PLA, 340 MPa for bico Medical [228,253]
Prahsarn et al. (2016) PLA/PBS Hollow segmented-pie bicomponent fibers Good compatibility, 132 mN/tex, EAB 101%, 25 um diameter Biomedical, technical [254]
Yang et al. (2020) PLA/LM-PLA Side-by-Side bicomponent melt-spinning (24 F) 3D structure after self-crimping, 400 pm, 300 mN/tex, Alternative of PET/PTT [255]

2 Filaments. 3 Drawing Ratio. 4 Ultimate Tensile Strength. > Ultimate Tensile Modulus.
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Figure 7. Some photos from melt-spun biodegradable polymer fibers: (a) PBS fibers with 30 micron
diameter [117], (b) BC- treated PCL fiber [257], (c) PLA fibers containing 5% soy [224], (d) 3D woven
structure from PLA fibers derived from PLA /PVA blend [235], (e) PLA/PLA-g-MA /MCC composite
fiber [233], (f) PCL monofilament with Snowflake cross-section [198], (g) Hollow fiber of PHB/PCL
70/30 [211], (h) PHBH monofilaments one-step-drawing after 24 isothermal crystallization [167],
(i) Surgical knot on PHBH monofilament [193], (j) Irregularity (necking point) on drawn r-PLA
filament [200], (k) Extracted PLLA nanofibers from PLLA /LDPE [236], (1) Hollow PHB fibers [258],
(m) PLA/PEG fibers [243], (n) F-actin (magenta) and cell nuclei on PGA fibers [123], and (o) porous
ultrafine PGA fibers by dissolving PLA in spun blend fiber [238]. All the figures were reprinted with
permission from the publishers.
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4. Discussion

The extensive work that has been performed so far, which is summarized in this
literature review, shows the complexity of making biodegradable fibers via melt-spinning
biodegradable plastics. Furthermore, the complexity of environmental parameters and
biodegradation steps can be considered in application (if the fiber is spun with the desired
performance). This is due to interconnection (illustrated in Figure 8) between different
aspects of the polymer itself, processing parameters, mechanical properties of the fibers, the
target application requirements, biodegradation, and the effect of the end-of-life environ-
ment. Meanwhile, there are different barriers, such as thermal instability of biodegradable
polymers, low crystallization rate, low Tg and melting point, and low intensity for biodegra-
dation in some environments, particularly the oceans, that are the final destination of most
of the microplastics. Therefore, a detailed understanding of all the aspects and the subse-
quent discussion about the relations between the parameters are essential [283].
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Figure 8. Schematic illustration of the complex correlation between effective parameters (with polymer or compound origin, processing parameters, and
environmental conditions) and the processability, performance, and biodegradation of melt-spun biodegradable fibers. * Functional groups, aromatic/aliphatic
segments, branches, copolymer type (block, random), etc. ** Compositing (industrial or home), soil, fresh water, marine, in vitro (PBS), in vivo, etc.
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4.1. Processing

For good process control and sufficient fiber properties, Hufenus et al. [54] suggested
five crucial properties a polymer should have:

1.  Thermal stability: The polymer should have sufficient thermal stability to withstand
the extrusion temperature and shear strain during processing without significant
degradation or cross-linking.

2. Low polydispersity index: The polymer should have a relatively low polydispersity
index to ensure consistent melt flow rheology. A polydispersity index below three is
often desired for a stable melt-spinning process.

3.  Appropriate molecular weight: The polymer should have an appropriate molecular
weight that provides enough melt strength to prevent filament breakage during
processing. It should not be too viscous to impair processability.

4. Uniformity and purity: The polymer should be uniform and free from impurities
to prevent clogging of the processing equipment and fluctuations in the processing
conditions.

5. Linear structure: Linear polymers (versus branched) are preferred for melt-spinning
because their molecular chains can easily unfold and align along the strain direction,
facilitating orientation and crystallization and improving fiber properties.

For instance, PHAs have garnered interest in addressing the processing challenges
associated with thermal degradation and low crystallization behavior, thereby enabling the
production of desirable filament yarns at desired speeds. Researchers such as
Gordeyev et al. [261] and Schmack et al. [263] have explored the influence of tempera-
ture and drawing speed on the crystallization behavior of PHB. Some research groups have
even patented biodegradable aliphatic polyester fibers [284,285]. Iwata et al. [264] have
also successfully produced high-strength PHB fibers (1 GPa) through sophisticated quench-
ing, drawing, and annealing techniques. This complex procedure may be challenging for
industrial implementation. Their investigations, utilizing wide-angle X-ray diffraction
(WAXD) and various microscopy techniques, revealed the core-sheath structure of the
fibers, with the sheath consisting of x-form crystals and the core consisting of both «-
and p-form crystals. The quenching process resulted in faster cooling of the fiber sheath,
leading to higher crystallinity in the core region. Subsequently, Kabe et al. [281] prepared
blend films by solvent-casting of PHB and UHMW-PHB (ultra-high molecular weight
poly(3-hydroxybutyrate)) at different ratios (95/5 and 90/10) and subjected them to cold-
drawing. Their results showed that the maximum radial growth rate of spherulites and the
corresponding temperature were identical for films of different compositions.

However, the blend films exhibited a shorter half-time of crystallization compared to
PHB alone, attributed to UHMW-PHB acting as a nucleating agent. Through 12 rounds of
stretching, the resulting films demonstrated a tensile strength of 242 MPa. X-ray diffraction
analysis indicated that the cold-drawn films with high tensile strength contained both helix
(o-form) and planar zigzag (3-form) conformations, suggesting a correlation between film
strength and the amount of 3-form structure. The researchers also proposed a mechanism
for the crystallization process.

Indeed, the use of nucleating agents is a well-known technique to promote crystal-
lization in polymers. Nucleating agents introduce inhomogeneities into the polymer melt,
serving as sites for nucleation and leading to an increase in the number of nuclei and the
crystallization rate while simultaneously reducing the spherulite size [286]. Typically, the
size of nucleation agents is around 3 pum, and boron nitride has been identified as one
of the most effective nucleating agents for PHB [287]. In addition to nucleating agents,
the processability of copolyesters can be significantly improved by incorporating a stiff
chain segment through the copolymerization of aliphatic polyesters with an aromatic liquid
crystal element [95]. This incorporation of a rigid component enhances the polymer’s
ability to align and crystallize, leading to improved melt-processing properties. These
strategies, such as nucleating agents and copolymerization, contribute to the optimization
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of polymer processing by promoting crystallization and improving the processability of
the materials.

As a summary, melt-spinning, particularly of biodegradable plastics, is a sensitive
polymer processing method (shown in Figure 8), for which all the relevant parameters
(such as MW, moisture content, melt viscosity, thermal degradation, melt strength, crystal-
lization behavior, Tg, etc.) need to be considered for successful trials toward the proposed
yarn/fiber desired for the target application. However, some approaches are mentioned
for overcoming the challenges, such as using the most suitable biodegradable thermo-
plastic polymer or the right (high) MW, controlling the processing temperatures, using
an isothermal bath to alter the quenching rate, adding nucleating agents to alter crystal-
lization, blending with complementary polymers or additives, adjusting the speeds or
drawing the filaments in molten, cold, or hot states, and many other possibilities that need
to be tested. Furthermore, the fiber diameter tends to decrease with increasing winding
speed and spinning temperature. As the spinning temperature increases, the melt viscos-
ity decreases and the extent of fiber stretching increases; hence, the diameter decreases.
Furthermore, the higher processing temperature may cause lower head pressure (due
to viscosity decrement), thermal degradation of biodegradable plastics, and dripping or
spinning instabilities, while at a higher temperature, it takes longer for heat to dissipate
when the fiber cools. In contrast, a lower processing temperature will result in higher melt
viscosity, pressure build-up in the spin beam (due to the elastic behavior and incomplete
melting), and faster crystallization due to the nucleating action of persistent crystals [143].

4.2. Crystallinity and Orientation

The properties of melt-spun biodegradable fibers, such as thermal properties, me-
chanical performance, and biodegradation rate, are strongly influenced by the degree of
crystallinity and molecular orientation within the fiber structure. While crystallinity affects
the mechanical properties of polymers, molecular orientation is considered a secondary fac-
tor in controlling the overall mechanical properties of fibers [31]. However, both crystallinity
and orientation are influenced by various factors, including the polymer’s molecular struc-
ture, crystallization rate, and nucleating additives, as well as processing parameters such
as temperatures, drawing techniques, drawing ratios, take-up speed, quenching rate, and
annealing [31,82]. By carefully tailoring these processing parameters, crystallinity and
crystal orientation can be enhanced, leading to improved fiber properties [265,273].

It is important to note that while crystallinity and crystal orientation contribute to the
mechanical properties of fibers, there is evidence suggesting that crystals may persist during
biodegradation. For example, studies have shown that increasing spinning speed and heat
treatment can result in higher crystallinity and tenacity in melt-spun PLA fibers but lower
biodegradation rates [144]. Similarly, highly oriented non-crystalline mesophases have
been observed in drawn PCL filaments, indicating the influence of crystallinity, crystal
size, and crystal perfection on the mechanical properties [273]. Additionally, optimizing
the polymer structure and its processing parameters can minimize thermal degradation
effects, as observed in as-spun PHB fibers with higher crystallinity displaying hard elas-
ticity [265]. Copolymers with high comonomer content, on the other hand, exhibit lower
crystallinity [164,265]. The presence of stiff benzene rings in PBAT fibers contributes to
their high molecular orientation and crystallization behavior, leading to high intrinsic bire-
fringence and molecular rigidity [82]. Furthermore, well-developed crystallites and crystal-
lite orientations have been achieved in PLLA fibers at higher uptake speeds, highlighting
the importance of molecular orientation in crystallization and mechanical properties [260].

Zhou et al. [282] observed the formation of a shish-kebab structure in PBS/MFC
(Microfibrillated cellulose) fibers at high take-up speeds, which was attributed to interfacial
crystallization. They investigated the effect of hydroxyl apatite (HAP) filler loading and
drawing ratio on the fiber properties and found that the crystallinity of the as-spun fibers
increased with HAP concentration. However, for drawn fibers, the crystallinity showed a
remarkable improvement but decreased with increasing HAP content [277].
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Melt-spinning of virgin PHAs, particularly PHB, poses several challenges, including
rapid thermal degradation, low melt elasticity, and control of the crystalline structure.
PHB has a low crystallization rate due to its low nucleation density and brittleness, as well
as variations in molecular weight and polymer quality [70,288]. To address these challenges,
researchers have explored various approaches. One approach is the use of plasticizers or
copolymers that lower the melting temperature, thereby increasing the processing window
and preventing thermal degradation [289]. Additionally, researchers have investigated
different parameters, such as temperature and drawing conditions, to control crystallization
during melt-spinning. Various additives and electron beam techniques have also been
explored [70]. These strategies aim to enhance the processability and improve the crystalline
structure of PHA fibers.

Modifying the physical properties of PHA fibers can also be achieved by controlling the
type of crystals that form within the fibers. Applying mechanical stresses to the fibers while
maintaining a specific temperature can induce changes in crystal structure, specifically
between spherulite-o and fibril-f forms [290]. Research by Isaka et al. [166] has shown that
the second drawing of PHA fibers increases crystal orientation and promotes the conversion
of amorphous phases to 3-form crystals, resulting in improved tensile properties (Figure 9).
On the other hand, annealing and relaxation processes lead to a reduction in f-form
crystals and a conversion to a-form crystals, resulting in lower tensile properties. The
emphasis is placed on increased chain orientation rather than solely focusing on reducing
thermal degradation. These findings align with the research conducted by Yang et al. [93],
which investigated the -to-« phase transition in PHBV films through in situ WAXD,
SAXS, and DSC analyses. The mesophase content within the fibers is another important
factor influencing fiber structure and final properties, as observed in both PCL and PHB
fibers [168,268,291].

Small crystal
nuclei
|sc|lhermal One step Annealing
crystallization drawing
Amor- formation of
Dh?US small crystal .
polymer nuclei Sommiion of formation of
the alpha-
the beta- structure
structure

Figure 9. Schematic illustration from the conversion of x-crystals (represented by red boxes) and
B-crystals (represented by zigzag lines) during quenching, drawing, and annealing steps [166].
Reprinted with permission.

As a summary, crystallization and orientation are crucial for achieving desirable
mechanical properties in the melt-spinning of biodegradable plastics. However, some
polymers, such as PHAs, have limitations (thermal degradation and low crystallization
rate) that show up via sticking to the godet or other challenges in the spinning process.
Adding nucleating agents can solve the problem; however, only to some extent. To the best
of our knowledge, no multifilament yarn has been made from pure PHA so far. With the
concept, some copolymerization designs may help crystallize or even have an inverse effect.
Moreover, processing parameters, e.g., drawing temperature, drawing ratio, quench rate
and annealing, and take-up speed, can affect crystallinity. The most preferable crystal types
in fibers are in -form, while spherulites can cause brittleness of the fibers. Orientation-
induced crystallization and mesophase contents can affect crystallinity in fiber processing
positively. A narrow crystal size distribution, crystal perfection, and orientation of crystals,
as well as mesophase content, are all important factors that influence the mechanical
properties of polymer fibers [273].



Sustainability 2023, 15, 14474

40 of 56

4.3. Physical-Mechanical Characteristics

The processability of polymer materials and the properties of fibers are influenced by
various factors. Intrinsic properties of the polymer, such as viscosity and melt strength, have
an impact on melt processability. Additionally, the crystallization behavior of the polymer
can affect both the spinnability of the fibers and their final performance. The processing of
biodegradable polymers poses challenges due to their poor melt strength and low thermal
stability. To overcome these challenges and improve processability and performance,
techniques such as blending biodegradable plastics (e.g., PLA/PHA) or incorporating
comonomers during synthesis (e.g., PHBV) are commonly employed. Achieving good
miscibility between the polymer components and controlling the crystallization rate are
important considerations. It is worth noting that thermal degradation can occur during
processing, leading to a reduction in molecular weight, particularly in the pre-compounding
stage [31,266]. The physical and mechanical characteristics of fibers, such as cross-section,
diameter or fineness, strength, elongation, stiffness, and crystallinity, are influenced by both
the inherent properties of the polymer and the processing parameters employed during
fiber formation (details can be seen in Figure 8).

Mantia et al. [275] emphasized the challenges in obtaining biodegradable polymer
fibers with suitable mechanical properties for specific applications. They highlighted the
importance of crystallinity and orientation control as key factors in tailoring the mechanical
properties of the fibers. To investigate this further, they conducted a systematic study on the
influence of cold stretching on the mechanical and thermomechanical properties of fibers
made from different biodegradable polymer systems. Additionally, they examined the
effect of hot drawing on the mechanical properties of the same fibers, which were melt-spun
from Mater-Bi and Bioflex (commercial PBAT) [274]. The results revealed that orientation
significantly affected the mechanical properties, and factors such as relaxation time, crystal-
lization temperatures, and cooling rates had contrasting effects on the mechanical behavior
of the fibers. Furthermore, mechanical properties were found to be influenced not only by
the relative amounts of «- and 3-form crystals but also by molecular orientation and total
crystalline content [263]. These findings demonstrate that by controlling the processing
conditions and altering the fiber structure, it is possible to achieve high tensile strength in
biodegradable fibers [166]. The molecular weight of a polymer typically influences the ten-
sile strength of melt-spun fibers. However, Taneka et al. [292] reported that the molecular
orientation achieved through drawing has a greater impact on the mechanical properties
than the molecular weight itself. In another study by Pal et al. [257], using bilactone, bis-(e-
caprolactone-4-yl) (BCY) in melt-spinning of PCL resulted in crosslinking of the polymer,
compensating for the molecular weight reduction that occurs under melt-spinning condi-
tions. This approach led to monofilament fibers with a tenacity as high as 2500 MPa. The
inclusion of BCY through covalent attachment to PCL chains provided additional stability
to the macromolecular architecture, and the polymer chain orientation remained relatively
unaffected during fiber formation. This compensation for molecular weight reduction is
particularly significant for PCL, which is highly sensitive to melt-spinning conditions. In
another report by the same group, Aminlashgari et al. [293] mentioned in situ crosslinking
of PCL by BCY to compensate for molecular weight reduction during melt-spinning. They
also performed electrospray ionization-mass spectrometry to understand the effect of BCY
loading and crosslinking on the final biodegradation rate. Antipov et al. [265] observed re-
versible recovery of spun PHA sample dimensions upon loading and unloading, indicating
a behavior characteristic of hard-elastic fibers. They also observed the reversible formation
of a strain-induced columnar mesophase with a pseudohexagonal arrangement of confor-
mationally disordered chains, along with the orthorhombic crystalline and amorphous
phases of the initial material. This strain-induced reversible formation of the mesophase
in both PHA homopolymers and copolymers was classified as a mechano-thermotropic
phenomenon. In a separate study, Persson et al. [277] observed a remarkable increase in
elongation-at-break from 11% to 186% by varying the drawing temperature.
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As a summary, in addition to the biodegradable plastics’ intrinsic characteristics, e.g.,
chemical backbone, copolymer structure and type, blend composition, molecular weight,
crystallinity and re-crystallization behavior, and so on, melt-spinning parameters such
as spinning temperature, take-up speed and draw ratio, and draw temperature have a
significant role in determining the final structure and properties of the fibers, including fiber
diameter, mechanical properties, molecular orientation and crystallinity, and composting
or biodegradation rate in different environments [31,195].

4.4. Biodegradation

Biodegradability is a significant advantage of melt-spun fibers, particularly in situa-
tions where the end-life or recycling options are uncertain [53]. The ability to undergo true
and fast biodegradation without the release of toxic chemicals can be beneficial in settings
where other forms of recycling may not be available. However, further research is needed
to fully understand the impact of microplastics as intermediates in the biodegradation
process [1]. The rate and time of biodegradation depend on various factors, such as physico-
chemical and microbial aspects, material properties, processing history, and environmental
conditions [70]. Factors including polymer crystallinity, surface morphology, side-chain
length, shape, moisture, temperature, UV exposure, nutrition levels, mechanical stress,
types of available bacteria, pH, and oxygen levels can influence the biodegradation process
within its different steps [36].

Researchers have made efforts to enhance the strength and properties of biodegradable
plastics without compromising their biodegradability. It is crucial to find a balance between
improving mechanical properties and maintaining biodegradability, which requires further
investigation [294]. In some studies, the focus has been on processing and mechanical
evaluations, while the biodegradation aspect has been referred to material certificates,
other studies, applications, or future works [192]. Chen et al. [95] conducted a review
on aromatic/aliphatic copolyesters based on aliphatic and aromatic diacids, diols, and
ester monomers, aiming to combine excellent mechanical properties with biodegradability.
Kabe et al. [281] demonstrated enzymatic degradation of cold-drawn blend films using
PHA depolymerase, suggesting that the rate of enzymatic degradation can be controlled by
the addition of ultra-high molecular weight PHB (UHMW-PHB). Kim et al. [130] conducted
an industrial composting test on PBEAS fishnets, resulting in 82% mineralization after
45 days in aerobic conditions with a weight loss of 78.4%. They also reported a significant
reduction in the molecular weight and mechanical properties of these fishnets. XRD
and DSC analysis showed no significant changes in crystallinity and crystal properties
even after decomposition, indicating simultaneous biodegradation in the crystalline and
amorphous regions (this is in conflict with some other aforementioned reports about PGA
fibers). This approach was suggested as a replacement for Nylon 6,6 fishnets to address
pollution in the seas and oceans. The incorporation of fertilizers can be beneficial for
soil fertility upon degradation of the material. For example, PLA-based geotextiles have
shown improvements in soil fertility as the polymer degrades in soil [31]. However, this
bio-based polymer does not include any elements such as phosphate or sulfur for this
purpose. Gonsalves et al. [295] investigated the hydrolytic degradation in buffer solution
and the biodegradation by fungi of two types of non-alternating PEAs. They found that
the random PEAs were readily degradable under the attack of the fungus Cr. laurentii.
Biodegradation of this copolymer occurred through surface erosion catalyzed by enzymes,
while abiotic hydrolysis occurred both on the surface and in the bulk of the copolymer [194].

As a summary, some studies reported exactly the amount of CO, evolution as the right
evidence of biodegradation. However, there are also studies that investigate the oxygen
demand. Moreover, weight loss, MW, crystallinity, and mechanical property reduction
are considered; however, they are mostly looking at disintegration (the first phase of
biodegradation). That means, as long as the polymer is not converted to biomasses (CO,,
water, and methane), there can be no claim on biodegradation. This became more critical
when disintegrated polymer parts or oligomers became more hazardous when they could
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not be utilized by the aforementioned organisms. Another issue for consideration is that
biodegradation needs to happen in the desired condition and after the life of the product.
Meanwhile, different material parameters, e.g., polymer structure, crystallinity, surface-
to-volume ratio (SSA), hydrophilicity, and so on, are effective in biodegradation, while
end-life environmental conditions (either composting, soil, fresh water, or marine) such as
temperature, moisture content, oxygen level, light and UV, pH, available microorganisms
and fungi, and many others can influence the biodegradation pathways and rate.

5. Applications

According to a report published by European Bioplastics [4], about 13% of all bio-
based and biodegradable plastics produced are used for fiber production (almost close to
the number of 14.9% mentioned in Figure 1 for the portion of the textile market from plastic
production). This equates to around 300,000 tons per year, of which PLA alone accounts for
a considerable portion. Biodegradable polymers other than those mentioned previously
are often considered to have limited importance in textile applications due to factors such
as high cost or poor textile properties [117]. While biodegradable polymers have the poten-
tial to replace conventional fibers in certain applications, they still face limitations such as
low melt strength, thermal degradation, limited processing temperature range, moisture
absorption and hydrolysis sensitivity, high cost, processability challenges, and low me-
chanical properties, which hinder their widespread use [296]. However, efforts have been
made to address these drawbacks through various strategies, including the development
of biphasic structures such as copolymers, blends, or composites through compounding.
These approaches, including copolymerization during synthesis, as mentioned in previ-
ous sections, significantly contribute to property modifications, particularly in terms of
biodegradation rate and mechanical properties, while also helping to lower the cost of
the final product. Compounding and structural modifications of polymers with chain
extenders have proven beneficial in enhancing melt strength. Additionally, reducing the
melt-spinning temperature can increase the melt viscosity and strength of the material.
Blending with another bio-based or biodegradable polymer can also help to improve melt
strength. It is important to ensure that the material is adequately dried to remove any
excess moisture absorbed before processing. This drying process is necessary during melt
compounding as well as spinning [31].

Biodegradable polymers have applications in short-lived scenarios where end-of-life
biodegradation is not a concern [31]. Various biodegradable polymers can be suitable for
different application lifetimes. For example, Prambauer et al. [131] evaluated the potential
use of biodegradable polymers such as PBS, PHBV, and PBAT in short-life geotextile
applications. Melt-spun biodegradable fibers can also find applications in other short-term
uses, such as agricultural woven or non-woven bags for nut picking and horticulture
twines [297].

In the medical sector, biodegradable fibers are extensively used for absorbable surgical
sutures. PGA, PLGA, and PHAs are among the biodegradable polymer materials commonly
employed in these sutures. Chang et al. [69] provided a comprehensive review of medical
fibers, including the clinical applications of biodegradable plastic fibers. They noted that
PGA and PLGA sutures are resorbable within 60 days, while silk sutures are permanent.
Furthermore, biodegradable polymer fibers have been explored for tissue engineering
and biomolecule delivery systems. Miranda et al. [298] conducted a review highlighting
various spun fibers from biodegradable plastics for these applications. Gilmore et al. [280]
produced woven fabric using grooved wicking fibers made of PLA and PLA-co-CL for
medical purposes. Fan et al. [299] investigated the 3D orientation of microvascular struc-
tures using biodegradable plastic fibers. Additionally, PLLA fibers have been used for
reinforcing hydroxyapatite in bone tissue engineering, as reported by Nazhat et al. [259].
They performed dynamic mechanical analysis to simulate the physiological loading of the
composite. PHA materials/products, including melt-spun fibers, have shown potential
for pharmaceutical and therapeutic applications [300]. Andriano et al. [301] indicated



Sustainability 2023, 15, 14474

43 of 56

the fast biodegradation rate of PGA and the slow biodegradation of PLLA as limitations
for some biomedical applications, such as tissue engineering. Therefore, they developed
modified PLDLA copolymers (with 5-15% D content) for making melt-spun and drawn
(3-9 times) yarns for this purpose. Aromatic and aliphatic copolyesters are emerging
as a new class of biodegradable materials that can replace certain conventional plastics
in biomedical and environmentally friendly fields [95]. Melt-spun biodegradable fibers
find applications in melt-binding fibers, hygiene articles, and other products that require
less robust physical properties [87]. As already mentioned, geotextiles are another area
where melt-spun biodegradable fibers can be used [131]. Meanwhile, companies such as
Senbis Polymer Innovation have developed various bio-based polymer fibrous products
for technical applications in agriculture, gardening, fishing, and more. Some examples, e.g.,
biodegradable trimmerline (GreenLine), biodegradable artificial grass (GreenBlade), horti-
culture twine (GreenTwine), marine degradable mussel socks, and dolly rope, are shown in
Figure 10 [297,302].

Figure 10. Some melt-spun biodegradable developments: (a) marine degradable fishing net pro-
tection (Dolly rope), (b) compostable horticulture twine (GreenTwine); (¢) compostable hope rope;
(d) biodegradable textile yarn; (e) biodegradable artificial grass (GreenBlade); (f) marine degradable
mussel socks; and (g) biodegradable trimmerline (GreenLine) [297]. Reprinted with permission.

PGA has been applied for biomedical applications, e.g., surgical sutures, due to
its excellent biodegradability [118]. So far, many commercial products such as Dexon®,
Maxon™, Polysorb™, and Vicryl® are known on the market [237]. More information about
the biomedical applications of PGA can be found elsewhere [123].

Last but not least, textiles, including apparel products, remain the main market for
the application of spun biodegradable fibers, particularly as an alternative to polyester
fibers, which will pave the way for the green transition. Meanwhile, other functionalities,
e.g., flame-retardancy, soft finishing, sustainable dying, etc., on biodegradable fibers can be

considered for better textile performances.

6. Conclusions

Recent advances in the melt-spinning of biodegradable fibers are presented. Although
biodegradable polymers face certain barriers (e.g., thermal degradation, low crystalliza-
tion rates, and limited melt strength) when it comes to melt-spinning, researchers have
demonstrated the ability to achieve significant results by modifying either the co-polymer
structure/compound or the spinning process. These advancements include achieving even
take-up speeds exceeding 7000 m/min, tensile strength of 1 GPa, modulus of 10 GPa, and
70% crystallinity. Most studies focus on establishing correlations between polymer struc-
ture, melt-spinning parameters, and the biodegradation assessment environment, as these
factors profoundly affect processing, fiber performance, and biodegradation rates. These
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interconnections are illustrated schematically. Biodegradable fibers represent a promis-
ing solution for textiles and other fibrous products with unclear end-lives, especially in
addressing the issue of MP pollution in oceans. Furthermore, copolymers have yielded
more promising results compared to homopolymers or blends. This is due to the avoidance
of polymer incompatibilities and the preservation of mechanical strength and recyclabil-
ity /degradability, which tend to become more complex as the number of different materials
within a product increases. Additionally, copolymers offer greater flexibility in tailoring
performance attributes. However, the selection of the most suitable material should be
based on the intended application and the required performance criteria. Moreover, the
compilation of studies provides a comprehensive overview of the polymers used in this
context, as well as other process details and outcomes, which can serve as a foundation for
future research endeavors aimed at bridging existing gaps and facilitating the development
of biodegradable fibers for various sectors.

7. Outlook

There is a main issue to be pointed out for melt-spun biodegradable fibers, which is
that processability, mechanical properties, and biodegradation rate are often conflicting
objectives. In other words, generating materials with the desired mechanical performance
and spinnability while at the same time having a high biodegradation rate is a difficult
task. That means having a good processable polymer that results in a high-performance
fiber [303] and leads to a marine degradable product [45,304] is a mission with many
barriers [305]. For instance, high MW and crystallization behavior are necessary for thermal
stability and feasible spinning, and high mechanical properties and crystalline structures
are in conflict with biodegradability. Moreover, aromatic groups are needed in the polymer
backbone for better fracture toughness, while they can lower the biodegradation rate.
Furthermore, biodegradability may limit the lifetime or durability of the final product.
Likewise, degradable fibers are only desirable in some applications. However, optimization
is always possible, and there is hope for going toward a polymer fiber that is desirable
for the target application, durable for the long term, and biodegradable in the end-life
environment in accordance with sustainability goals. To achieve this, it is of utmost
importance to know the properties of polymers, especially those properties that interfere
with the processability or durability of the products that are manufactured with them, in
order to create new ways to improve them, taking into account the processes by which
their degradation mechanisms are carried out. So far, these suggestions can be mentioned
as an outlook:

- Using bio-based materials in parallel with biodegradation is more preferable, while
shifting to Carbon Capture Utilization (CCU) is considered.

- Adjusting the final performance of biodegradable fibers based on the final application
demands a balanced, smart strategy.

- Finding the best biodegradable alternative for polyester fibers for textiles and fashion
brands that is competitive in different aspects of physical properties, comfort, and
price while also being more sustainable.

- The influence of further textile-processing methods such as crimping or texturizing,
twisting, waving, or knitting, and finishing and dying (especially chemicals) on the
final textiles/clothes (from performance and biodegradation aspects) can be interesting
and should be more intensively investigated.

- Drawbacks such as low melting points and low glass transition temperatures, poor
degradation resistance to high temperatures and poor hydrolytic resistance to strong
alkaline conditions, high elongation requirements, and relatively poor storage stability
should be taken into account when finding an appropriate solution in production and
processing methods.

- Field tests in actual application situations such as comfort, wearing, washing, and
fastness of biodegradable textiles should be studied.
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- Decreasing the price of bio-based and biodegradable polymer fibrous products by
increasing production volume can also pave the way for marketing and expansion of
their applications.

Exploration of new synthetic routes is required to lower the price of biodegradable
materials with desirable physical properties. The design of new bio-polyesters [306-308] or
copolymers [108,309-311] and the incorporation of appropriate comonomers or functional
groups have to be conducted to expand the properties, elucidate the relationships between
the structures and properties, and optimize the spinnability of biodegradable polymers.
Finally, it is worth mentioning that some of these objectives are under consideration within
the running “PolyBioDeg” project [283,312] and also other proposed projects [28] by Senbis
Polymer Innovations for paving the way in the roadmap [313] for the development of
biodegradable polymers and fiber applications.
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