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Abstract 

In response to the increasing environmental concerns, significant efforts have been made to reduce 
the reliance on fossil fuel-based plastics, driving the development of sustainable alternatives such as 
polyhydroxyalkanoates (PHAs). This study investigates the processing of various PHAs into fibres, 
focusing on their morphological, thermal, and mechanical properties. Different PHAs were spun into 
fibres at a 15% (w/v) concentration using wet spinning techniques. Among the PHAs studied, 
commercially available PHBHHx, used as a reference, exhibited a spongy morphology in the fibres 
and demonstrated thermal vulnerability due to its rapid degradation. Blended fibres showed 
enhanced morphological and mechanical properties compared to neat fibres. In Fourier-transform 
infrared spectroscopy (FTIR), no differences were observed between the unprocessed polymers and 
the wet spun polymeric fibres, indicating that the wet spinning process did not affect the molecular 
structure of the polymers. Thermal and mechanical evaluations confirmed the miscibility between 
the polymers in the blends. Overall, these results highlight the potential of polymer blending to 
enhance fibre functionality and broaden their application potential. However, the study also 
emphasizes the need to explore optimized feed rates to improve fibre production efficiency and 
increase their resistance, to enlarge their suitability for various applications. 

Keywords: polyhydroxyalkanoates; biodegradable polymers; wet spinning; fibre morphology; 
thermal properties; mechanical properties; sustainability 
 

1. Introduction 

Owed to the excellent properties of plastics, such as high versatility, high strength-to-weight 
ratio, low weight, resistance to physical and chemical degradation and low cost, they can be found in 
various sectors [1]. Packaging, construction, textiles, electronics, transportation, food, healthcare, and 
energy are just some examples of the industries widely using plastics [2]. However, increased 
environmental awareness has led to the reduction and replacement of fossil fuel plastics, which has 
consequently contributed to the development of bioplastics [3]. It is estimated that the global 
bioplastic market size will grow at 24.2% till 2029, when it will reach USD 45.2 billion (from USD 
27.84 billion in 2025). Regarding the bioplastic’ European market, it is expected to expand at a 
compound annual growth rate of 18.3% up to 2030 [4]. Bioplastics can be defined as plastics that i) 
are made from renewable resources (‘bio-based’), ii) are biodegradable, iii) are made through 
biological processes, or iv) a combination of these [5]. These bioplastics have various benefits over 
petroleum-based plastics, including a lower carbon footprint, energetic efficiency, biodegradability, 
and might have improved material properties. Nonetheless, bioplastics often exhibit lesser properties 
such as thermal instability, low melt strength and poor processability that can limit their application 
[6]. In addition, their cost, production scale, recyclability, and legislation are some current challenges 
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that bioplastics still face [7]. The most widely used bioplastics in the global market comprise non-
biodegradable polymers such as, polyethylene (bio-PE), polyethylene terephthalate (bio-PET), 
polypropylene (bio-PP), and biodegradable polymers, including polybutylene succinate (PBS), 
polybutylene adipate terephthalate (PBAT), polylactic acid (PLA), thermoplastic starch and 
polyhydroxyalkanoates (PHAs) [8,9]. Among these bioplastics, polymers from the PHAs group have 
attracted significant attention as alternatives to petroleum-based plastics [10]. PHAs have important 
advantages, such as their production by biogenesis from different sources (renewable energy sources, 
production waste, fossil sources and organic acids) using different types of bacteria, as well as having 
superior biodegradability compared to other polymers [11]. PHAs are linear aliphatic polyesters, 
composed of monomeric units of R-hydroxyalkanoic acids. More than 150 different PHAs monomers 
have been identified, contributing to a materials group with tuneable characteristics in terms of 
mechanical properties and degradation rates [12,13]. A vast variation in the length and composition 
of the side chain of PHAs has been described and their molecular weights have been found within 
the range of 50,000 to 1,000,000 Da [14]. Based on the monomer structures, PHAs are divided into 
short chain length (scl), medium chain length (mcl) and long-chain length (lcl). The formers consisting 
of C3-C5 hydroxyl fatty acids such as 3-hydroxybutyrate (3HB), 3-hydroxypropionate (3HP), 4-
hydroxybutyrate (4HB), and 3-hydroxyvalerate (3HV), the mcl containing C6-C14 hydroxyl fatty 
acids typically including 3-hydroxyhexanoate (3HHx), 3-hydro-xyheptanoate (3HHp) to 3-
hydroxytetradecanoate (3HTD), and the lcl having more than C14 in their chain, e.g., 3-
hydroxyhexadecanoate and 3-hydroxypentadecanoate [15,16]. Although poly(3-hydroxybutyrate) 
(P3HB) is the most widely studied PHA, its use at industrial scale is limited due to some drawbacks, 
such as its relatively narrow processing window as its thermal degradation occurs at temperatures 
only slightly higher to the melt temperature. On the other hand, P3HB presents high stiffness which 
results in a high fragile polymer due to its recognized high crystallinity [17–19]. By adjusting the 
composition of the monomers, PHAs with improved thermal and mechanical properties can be 
obtained. The incorporation of mcl monomers into P3HB has resulted in the production of 
commercially attractive copolymers since these combine the strength of P3HB and the flexibility of 
mcl PHAs [20]. So far, random copolymers including poly(3-hydroxybutyrate-co-3-poly-
hydroxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-4-hydro-xybutyrate) (P3HB4HB), and poly(3-
hydroxybutyrate-co-3-poly-hydroxyhexanoate) (PHBHHx) have been found to exhibit advantageous 
thermal and mechanical properties, although they still suffer from property detrimental aging effects 
[15,21,22]. In addition to these structural changes to PHAs, the investigation of new processing 
techniques is important to further expand the potential application of these biopolymers [7]. 

The processing of PHAs into fibres can be a beneficial strategy to create and design more suitable 
applications and to add specific functional properties [23]. Wet spinning is an industrialized fibre 
producing technique, which involves the injection of a polymeric solution into a coagulation bath 
composed of a non-solvent or a poor solvent of that polymer. It results in a fast precipitation of the 
polymer, as well as a solvent removal, and coagulant penetration, forming solid microfibers [24,25]. 
This technique, comparatively to the melt spinning, allows low processing temperatures, being a 
preferable method for the processing of PHAs to avoid their thermal degradation [26]. Production of 
PHAs wet spun fibres, such as P3HB [27], poly-4-hydroxybutyrate (P4HB) [28], PHBV [29,30], 
PHBHHx [7,31], poly(3- hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) [32] and blends thereof 
[33] have already been reported in the literature. The produced wet spun fibres are characterized by 
presenting high porosities, different dimensions, wide rays of organizations and physical and 
chemical properties [34,35]. 

In this study wet spun fibres were developed from newly developed and partially synthesized 
PHAs. The primary objective was to identify the proper conditions for the dissolution and 
coagulation and to assess the properties of the produced fibres. To this effect, a comprehensive 
physicochemical characterization was conducted on both neat and blended fibres using scanning 
electron microscopy (SEM), Fourier transform infrared spectroscopy with attenuated total reflectance 
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(FTIR-ATR), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and stress-
strain testing. 

2. Materials and Methods 

2.1. Materials and Reagents 

PHBHHx powder was purchased from Bluepha (Beijing, China) and partially synthe-sized 
P3HBs (PHA.C.3.3.1.4 and PHA.A.2.3.1.1) in granules form were kindly provided by the University 
of Kaiserslautern (Germany). The weight average molecular weight (Mw) and the polydispersity 
(PD) expressed by the ratio of Mw/Mn (where Mn means number average molecular weight) of each 
polymer are shown on Table 1. Glacial acetic acid, chloroform and ethanol were obtained from Fisher 
Scientific™, while calcium chloride was purchased from Carlo Erba Reagents. Plastic luer lock 
syringes of 5 mL and 21G needles with, bevelled tips with dimensions of 0.80*40 mm were acquired 
from VWR. All reagents were used without further purification. 

Table 1. Characteristics of the raw materials. 

Polymer Mw (Da) Mw/Mn 
PHBHHx 291000 4.51 

PHA.A.2.3.1.1 256423 3.30 
PHA.C.3.3.1.4 215659 2.10 

2.2. Study On Processing Parameters of The Wet Spinning Technique 

Concentrations of 10%, 15%, and 20% (w/v) were selected to evaluate the solubility of each PHA 
in chloroform. The boiling point of chloroform (61.2 °C) was considered to prevent complete solvent 
evaporation during the dissolution process [36,37]. PHBHHx powder and PHA granules were mixed 
with chloroform and heated to its boiling point in a covered beaker under continuous stirring. The 
mixtures were maintained under these conditions until complete dissolution of the respective PHAs 
was achieved. 

To identify the optimal coagulation bath conditions, drop tests were conducted in various baths. 
The coagulation baths tested included water (at temperatures ranging from cold to hot), ethanol, 
acetone, propanol, methanol, sodium hydroxide, ethyl acetate, and hexanol. During the drop tests, 
polymer solutions were added dropwise to the potential coagulation baths in glass vials, and 
tweezers were used to stretch the polymer drop during coagulation. 

2.3. Production of Wet Spun PHA Fibres 

Polymeric solutions of the different PHAs were prepared at 15% (w/v) in 100% chloroform. 
These solutions were continuously stirred at room temperature (RT) for 2 h. Each polymer was wet 
spun firstly individually to produce neat fibres, and later in blends, which consisted of 70/30 % (v/v) 
of PHA.C.3.3.1.4/PHBHHx and PHA.C.3.3.1.4/PHA.A.2.3.1.1 15% (w/v) solutions in 100% 
chloroform, respectively. 

All PHAs solutions were extruded at 0.07 mL/min into an ethanolic coagulation bath at RT. Spun 
fibres were submerged into the coagulation bath before being pulled out and collected manually 
(using tweezers), dried for 24 h at RT and washed for 5 min in dH2O for removal of some coagulation 
bath and solvent. After production, the fibres were stored in a desiccator. 

To ensure clear identification, the powder, and granules PHAs will be referred to as unprocessed 
PHAs from now on. Fibres produced from 100% of each PHA will be labelled as neat fibres. When 
necessary, the fibres will be specifically identified by the PHA from which they originated. 
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2.4. Morphological Analyses 

Morphological analyses of the fibres produced were performed on a scanning electron 
microscopy (Zeiss Evo 10) at an acceleration of 20 kV. Fibres were initially coated with a thin layer of 
Au using a BIO-RAD SC502 sputter coater. The average of fibres diameters was determined by 
conducting 100 measurements on three micrographs. Images at a magnitude of 500× were used and 
processed using the ImageJ® software (version 1.44, National Institutes of Health, USA). 

2.5. Chemical Analysis 

A Spectrum One, Perkin Elmer spectrophotometer with a diamond crystal was used. Each 
spectrum was obtained in transmittance mode, by accumulation of 45 scans with a resolution of 4 cm-

1 in the range of 400 to 4000 cm-1. Spectra were collected in triplicate. 

2.6. Thermal Analysis 

Thermal degradation behaviour was assessed by weight loss monitoring with a temperature 
increase in the range of 30-700 °C, at a heating rate of 20 °C/min under synthetic air atmosphere and 
flow rate of 40 mL/min on a TGA 209 F1 Libra by Netzsch, using alumina pans. Results were plotted 
as the percentage of weight loss vs. temperature. Differential thermogravimetric (DTG) analysis was 
additionally conducted to identify the ranges of temperature at which the most significant 
degradation peaks were registered. 

Thermal properties of unprocessed PHAs and fibres were also evaluated using a Mettler Toledo 
DSC 3+. Samples were submitted to two heating cycles: the first heating step from -40 to 200 °C at 5 
°C/min, followed by holding at 200 °C for 3 minutes before cooling to -40 °C at 5 °C/min. Samples 
were reheated to 200 °C with the same heating rate. All tests were performed under a dynamic 
nitrogen atmosphere. 

2.7. Mechanical Analyses 

The fibres were tested for their linear mass, tensile strength, elongation, and tenacity by the 
vibroscope method according to EN ISO 1973:2021+EN ISO 5079:2020 and their lengths were 
determined according to NP 1874:1982 using a Favigraph from Textechno Herbert Stein GmbH & Co. 
KG (Monchengladbach, Germany). The tests were conducted at a clamping length of 10 mm and 5 
mm/min test speed. The pre-load weight needed to stretch the fibres according to the linear density 
was 100 mg. Twenty-five measurements were conducted for each sample. 

3. Results and Discussion 

3.1. Optimization of the PHA Fibre Production Process 

In the wet spinning technique, factors such as the type of solvent used, the type and conditions 
of the coagulation bath, the concentration of the solution, and the spinning rate all play a major role 
in determining the morphology, molecular alignment, and mechanical properties of the resulting 
fibres [38,39]. 

Among the solvents used, chloroform was the most suitable to fully dissolve the PHAs in all 
concentrations tested in a faster rate of dissolution. Chloroform was also the only solvent that enabled 
fibre production from ethanolic coagulation baths. Ethanol was also the coagulation bath most 
efficient between those tested. It was also determined that among the various polymer concentrations 
tested, 15% (w/v) was the most suitable. The concentrations of 10% and 20% (w/v) did not permit an 
effective fibre production for all polymer types. and therefore, these concentrations were excluded 
from the comparative analysis. In some cases, 20% (w/v) of different PHAs caused needle clogging. 
Additionally, the 10% (w/v) PHAs fibres produced showed to be very fragile and difficult to remove 
from the coagulation bath. Due to its viability and structural integrity after the collection process, 
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only the 15% (w/v) concentration was selected to produce all fibres. Therefore, all results presented 
are relative to this concentration. 

A proper coagulation rate is crucial for producing fibres with structural integrity [40]. Therefore, 
identifying the right combination of processing parameters is essential to form stretchable polymeric 
fibres. This study found that PHA solutions prepared in chloroform and extruded into an ethanol-
based coagulation bath at a flow rate of 0.07 mL/min successfully produced wet spun fibres from all 
PHAs studied and their blends. 

3.2. Morphological and Diameter Analysis of the PHA-Produced Fibres 

SEM micrographs and fibre diameters are presented in Figure 1. High-magnification 
micrographs of the produced fibres reveal distinct morphological and shape differences. A spongy 
morphology was observed exclusively in neat PHBHHx fibres (Figure 1A). This morphological 
characteristic in PHBHHx wet spun fibres was previously reported by Puppi et al. [35] and Mota et 
al. [41]. This effect has been attributed to solvent/non-solvent counter-diffusion during polymer 
solution coagulation, leading to phase separation into a polymer-rich and a polymer-poor phases 
[25,38,41]. The spongy effects have been identified as beneficial features, as they positively influence 
the biodegradation rate [35]. 

Neat PHA.A.2.3.1.1 (Figure 1B) and PHA.C.3.3.1.4 (Figure 1C) fibres, despite showing some 
surface irregularities and not being entirely smooth, did not exhibit polymer-poor phases like the 
spongy effect observed in neat PHBHHx fibres. Among the individual fibres, the neat PHA.C.3.3.1.4 
fibres exhibited a more uniform and rounded geometry. The average fibre diameters, summarized in 
Figure 2, were determined by randomly measuring 50 points on each fibre. The calculated average 
diameters for neat PHBHHx, PHA.A.2.3.1.1, and PHA.C.3.3.1.4 fibres were 65.54 ± 7.34 μm, 164.98 ± 
18.12 μm, and 84.88 ± 11.05 μm, respectively. As shown, the fibres produced from the commercial 
polymer PHBHHx exhibited the smallest diameters. Similar diameter values for PHBHHx fibres, 
ranging between 47–76 μm, were also reported by Puppi et al. and Mota et al. [38,41]. Among both 
PHA.C.3.3.1.4 and PHA.A.2.3.1.1 fibres, the former also exhibit smaller diameters. 

For the blended fibres (Figure 1D,E), the combination of PHAs enhanced fibre geometry and 
reduced diameter, resulting in more rounded and thinner fibres, compared to the neat ones. 
Moreover, the blended fibres exhibited greater uniformity in diameter, as reflected by the smaller 
standard deviation values from the diameter measurements. These benefits of blended polymeric 
fibres can be attributed to improved spinnability and favourable phase interactions between the 
PHAs, which facilitate better packing and enhance stretching and thinning during spinning. 
Additionally, the presence of different polymers has been reported to influence solvent evaporation 
and polymer coagulation processes, often leading to tighter packing and smaller diameters [42,43]. 

In that regard, PHA.C.3.3.1.4/PHBHHx blended fibres displayed the most uniform cylindrical 
shape (Figure 1D), a result further supported by the smallest standard deviation values observed 
among all fibres (Figure 2). Notably, these fibres despite having PHBHHX on their composition did 
not present a spongy structure as observed on neat PHBHHx fibres. This absence of the spongy 
morphology may be attributed to the higher concentration of PHA.C.3.3.1.4, which likely mitigates 
the phase separation typically induced during the coagulation process by the presence of PHBHHx. 
In terms of diameter analysis, the PHA.C.3.3.1.4/PHBHHx fibres exhibited the smallest diameters 
amongst all fibres produced, measuring approximately 31.46 ± 4.22 μm. PHA.C.3.3.1.4/PHA.A.2.3.1.1 
blended fibres also displayed low diameters of approximately 37.48 ± 4.66 μm. These data shows that 
PHA.C.3.3.1.4 exhibits excellent blending and packing capabilities with the other polymers used, 
enhancing their spinnability and, consequently, their final morphological properties. 
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Figure 1. SEM micrographs of the wet spun fibres produced: PHBHHX (A), PHA.A.2.3.1.1 (B), PHA.C.3.3.1.4 
(C), PHA.C.3.3.1.4 / PHBHHX (D) and PHA.C.3.3.1.4 / PHA.A.2.3.1.1 (E). All left micrographs are shown with a 
magnification of 500×, while all right micrographs present a magnification of 1500×. 

 
Figure 2. The Kruskal-Wallis test was used, with multiple comparisons between different fibre formulations, to 
determine the statistical significance of the diameter distribution of the different PHA wet spun fibres. A p-value 
< 0.001 was observed for all formulations (see supporting information). 

3.3. Chemical Analysis 

Distinct absorption peaks were observed in similar regions of the FTIR spectra of both 
unprocessed PHA and their fibres (Figure 3). A prominent absorption band at 1720 cm⁻¹ corresponds 
to the carbonyl (C=O) stretching of the ester group, while another band at 1276 cm⁻¹ is attributed to 
the -CH group [44,45]. These bands are commonly recognized as characteristic markers for PHA. 
Additionally, a series of bands between 1000 and 1300 cm⁻¹ represent the stretching of the C-O bond 
in the ester group. The bands at 2981 and 2928 cm⁻¹ signify the presence of methyl (CH₃) and 
methylene (CH₂) asymmetric and symmetric stretching modes, respectively [46]. 

No differences were observed between the FTIR spectra of unprocessed PHAs and their wet 
spun fibres, indicating that the polymer molecular structure was not affected by the wet spinning 
process. 
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(a) (b) 

Figure 3. ATR-FTIR characterization of the PHAs, between unprocessed and PHA fibres (a) and between only 
the fibres produced (b). 

3.4. Thermal Characterization 

TGA and DSC analyses were conducted to assess the thermal stability and structural 
characteristics of both the unprocessed polymers and their wet spun fibres. 

In this context, Figure 4A,B display the TGA and DTG thermograms, respectively, of the 
unprocessed polymers (UnpPHAs) and the produced fibres (FbPHAs). Table 2 presents the main 
degradation events of TGA, as well as glass transition temperature (Tg), melting temperature (Tm), 
and level crystallinity (Xc) from second heating scans. 

TGA evaluations revealed that the unprocessed PHAs exhibited higher degradation 
temperatures and lower mass loss compared to the produced fibres (Table 2). This is likely due to 
their more compact molecular structure and higher crystallinity [47]. Among the unprocessed 
polymers evaluated, PHBHHx (the commercial polymer) was found to be the most thermally 
vulnerable. Its degradation step occurs fastest, and starts from almost 260 °C, being complete at 
approximately 284 °C. These values are also aligned with the low Tm and Xc determined for 
unprocessed polymer PHBHHX, as shown in Table 2. These thermal structural features are consistent 
with some studies already carried out [48–50]. The thermal degradation behaviour of PHBHHx has 
been characterized by the formation of shorter chain fragments with carboxylic terminal groups. 
Crotonic acid is produced as a by-product through a random chain scission mechanism [51]. In 
contrast, the partially synthesized P3HB polymers used, such as PHA.A.2.3.1.1 and PHA.C.3.3.1.4, 
exhibited higher thermal resistance. These unprocessed polymers displayed the highest onset and 
maximum degradation temperatures, as easily seen in Figure 4. These features may be attributed to 
the renowned high crystallinity of PH3B [52,53]. Among the unprocessed polymers, PHA.A.2.3.1.1 
demonstrated the highest Xc. In contrast, PHA.C.3.3.1.4 exhibited the lowest Tg and Xc, suggesting it 
holds the most flexible chains or smaller side groups [54]. However, its high Tm may indicate stronger 
bonding between its chains, a result clearly reflected in its outstanding elongation capacity observed 
during mechanical analysis [55]. 

Regarding the fibres produced, their thermal stability is lower compared to the unprocessed 
polymers which may occur due to increased amorphousness, processing-induced defects, and the 
presence of solvents [56,57]. These effects may have also arisen due to the low feed rate used during 
the extrusion. It may have contributed to an incomplete polymer chain alignment, leading to a higher 
mass loss during degradation, ranging from 97% to 100%. According to the literature, a faster rate of 
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coagulation quickly forms a 'skin', followed by the coagulation of the core. This process creates an 
oriented fibrous structure, which enhances the thermal properties of the fibres [58,59]. By this reason, 
wet spun fibres typically demonstrate higher crystallinity compared to their corresponding 
polymeric granules due to molecular alignment during spinning [60,61]. However, the highest Tm 
values were observed on fibres, suggesting that the bonds established during extrusion were stronger 
than those on unprocessed PHAs. 

Notably, evidence of excellent miscibility between the polymers was observed in the blended 
fibres, as indicated by the presence of a single maximum degradation temperature and Tm. The 
blended fibres composed of PHA.C.3.3.1.4/PHA.A.2.3.1.1 exhibited the highest crystallinity values. 
This, coupled with the recorded Tm values, underscores the exceptional ability of these polymers to 
achieve efficient chain blending and alignment. This data is aligned with the lowest diameters and 
roundest shape obtained on these blended fibres. 

Table 2. Data relevant to thermal characterization by DSC and TGA analysis (n = 3; S.D. < 1%). 

  
*Tonset 

(°C) 

ªTMax 

(°C) 

% Mass 

Loss 
Tg (ºC) Tm (ºC) Xc (%) 

Unprocessed 

polymers 

PHBHHX 263.4 275.7 2.80 -3,44 103.3/119.9 24.9 

PHA.A.2.3.1.1 286.8 297.8 6.20  135.8/157.6 42.9 

PHA.C.3.3.1.4 288.2 300.4 4.60 -24,8 167.2 19.7 

Fibres 

PHBHHX 240.1 270.0 97.46 - 110.8/130.6 10.9 

PHA.A.2.3.1.1 252.3 272.0 100.71 - 162.6 25.1 

PHA.C.3.3.1.4 267.3 292.0 98.71 - 171.1 25.0 

PHA.C.3.3.1.4 

/ PHBHHX 
248.3 274.0 100.28 - 158.3 11.0 

PHA.C.3.3.1.4 

/ 

PHA.A.2.3.1.1 

243.4 272.0 98.06 - 166.6 46.4 

PHBHHX 240.1 270.0 97.46 - 110.8/130.6 10.9 

 

(a) (b) 

Figure 4. TGA thermograms showing weight loss (a) and derivative weight loss (b) profiles of the unprocessed 
PHAs (UnpPHAs) and PHAs fibres (FbPHAs). 
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3.5. Mechanical Properties of the PHAs-Produced Fibres 

The mechanical testing results presented in Table 3 were analysed in terms of linear mass, 
tenacity, and elongation at break for all five types of fibres. Notably, the neat PHA.A.2.3.1.1 and 
PHC.3.1.1.4 fibres exhibited the highest linear mass. Although all fibres were produced under 
identical technical conditions, these polymers demonstrated higher swelling of their extruded 
polymeric chains as they exited the needle. These values surpass those reported by Singhi et al. in 
their development of wet spun PH4B fibres [28]. 

In contrast, the blended fibres exhibited a lower linear mass compared to the neat fibres. This 
observation aligns with the findings from morphological and diameter analyses, which revealed that 
the blended fibres were thinner and more uniformly rounded. 

The tenacity values of all the fibres were similar and notably low. This could be attributed to the 
low feed rates used during the extrusion process. Insufficient feed rates may disrupt the consistency 
of polymer flow, resulting in incomplete coagulation and improper alignment of the polymer chains 
[62,63]. These factors led to fibres with reduced tenacity. 

Among all the fibres tested, the neat PHA.C. 3.3.1.4 demonstrated the highest elongation at 
break, reaching around 136%. This exceptional elongation can be attributed to the enhanced polymer 
chain entanglements [64]. Additionally, this high elongation value aligns with the high Tm values and 
low crystallinity observed in its DSC curves, as shown in Table 2. It is well-documented in the 
literature that polymers with lower crystallinity typically exhibit higher elongation at break [65]. This 
condition is also supported by the mechanical values obtained for the PHA.A.2.3.1.1 fibres. As shown 
in Table 2, the PHA.A.2.3.1.1 fibre exhibited the highest crystallinity, which corresponded to the 
lowest elongation values. 

For the blended fibres, the inclusion of PHA.C.3.3.1.4 significantly improved their elongation 
properties due to its exceptional elongation characteristics. Specifically, elongation increased from 18 
± 180.4% (for neat PHBHHX fibres) and 0.9 ± 43.7% (for neat PHA.A.2.3.1.1 fibres) to 74 ± 98.1% and 
10 ± 144.7%, respectively, in blends containing PHA.C.3.3.1.4. These values are consistent with those 
obtained in previous analyses, further supporting the idea that blending enhances properties by 
promoting strong bond formation between the polymers. 

Table 3. Data relevant to thermal characterization by DSC and TGA analysis (n = 3; S.D. < 1%). 

Properties PHBHHx PHA.A.2.3.1.1 PHA.C.3.3.1.4 PHA.C.3.3.1.4 / 

PHBHHx 

PHA.C.3.3.1.4 / 

PHA.A.2.3.1.1 

Linear Mass 

(dtex) 

1.65±44.9 3.96±64.0 4.12±57.9 1.46±37.7 0.96±11.40 

Tenacity 

(cN/dtex) 

0.4 0.4 0.4 0.2 0.4 

Elongation 

(%) 

18±180.4 0.9±43.7 136±90.5 74±98.1 10±144.7 

Linear Mass 

(dtex) 

1.65±44.9 3.96±64.0 4.12±57.9 1.46±37.7 0.96±11.40 

4. Conclusions 

Wet spun fibres were successfully produced from different PHAs at a 15% concentration, 
demonstrating distinct morphological, thermal, and mechanical properties. Morphological analysis 
revealed that neat PHBHHx fibres exhibited a spongy structure due to phase separation during 
coagulation, a feature absents in neat PHA.C.3.3.1.4 fibres, which displayed a more uniform and 
rounded geometry. Blended fibres achieved smaller and more uniform diameters, with the 
PHA.C.3.3.1.4/PHBHHx blend showing the smallest and most consistent morphology. FTIR analyses 
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showed characteristics bands in both PHA unprocessed and fibres FTIR spectra. No differences were 
observed between those different structures, indicating that wet spinning processing does not affect 
the molecular structure of each polymer. 

Thermal analysis indicated that unprocessed PHA polymers were more thermally stable than 
the wet spun fibres, with PHBHHx identified as the most thermally vulnerable. Blended fibres, 
however, exhibited enhanced miscibility and efficient chain alignment, reflected in higher 
crystallinity, and melting temperatures compared to neat fibres. Mechanical testing further 
highlighted the superior elongation at break of neat PHA.C.3.3.1.4 fibres, likely due to improved 
polymer chain entanglements and stronger inter-polymer bonding. 

The findings also highlight the impact of low feed rates during extrusion, which can increase 
fibre amorphousness and introduce processing-induced defects, thereby compromising the thermal 
stability and mechanical tenacity of the fibres. Therefore, future studies should explore optimized 
feed rates to improve processing efficiency and fibre quality. 

Overall, these results demonstrate the potential of polymer blending to enhance fibre properties 
through stronger inter-polymer interactions, offering a pathway towards fibres with superior 
functionality and broader application potential. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1. Distribution of individual diameters of wet-spun fibres; Figure S2. 
Distribution of diameters of individual fibres; Table S1. Descriptive analyses of each PHA individual fibres 
produced; Table S2. Statistical significance of the diameter distribution among various PHA wet-spun fibre 
formulations. 
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