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ABSTRACT

Poly(3-hydroxybutyrate) (P3HB) is a biobased and biodegradable polymer that is primarily produced through biotechnological
fermentation processes. Its high crystallinity of around 70% and low thermal stability hinder its processing and application
in different sectors. In this work, blends of isotactic poly(3-hydroxybutyrate) (i-P3HB) with the chemically synthesized atactic
poly(3-hydroxybutyrate) (a-P3HB) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P34HB) were prepared via solution cast-
ing. The thermal, mechanical, and morphological properties of the blends were analyzed to evaluate the influence of a-P3HB and
P34HB on the processing window of i-P3HB. The obtained blends exhibited reduced glass transition temperatures, from 5.5°C
for neat i-P3HB to around —53°C with 50wt.% of a-P3HB, as well as reduced melting temperatures, reaching 155°C with 50 wt.%
of a-P3HB. Furthermore, blends containing all three polymers exhibited also a significant decrease in the degree of crystallin-
ity reaching 19% and an improved elongation at break of up to 70%. The reduced melting temperature facilitates processing at
temperatures below the melting temperature of neat i-P3HB (175.5°C), avoiding its thermal degradation. Consequently, these
blends broaden the processing window and enhanced the flexibility of i-P3HB, facilitating its application across various sectors,
including packaging and textiles.

1 | Introduction advantages, including excellent resistance to organic solvents,

a high melting temperature of 170°C-180°C, and good barrier

Polyhydroxyalkanoates (PHAS) represent an important group
of biodegradable biopolyester that are mainly produced bio-
technologically through fermentation by different bacteria as
intercellular carbon and energy reserve. The chemical structure
of PHAs is shown in Figure 1. Poly(3-hydroxybutyrate) is the
simplest and most known PHA which has been discovered and
characterized in 1925 by Maurice Lemoigne [1].

P3HB has attracted high attention since it is biobased, biode-
gradable, and biocompatible. In addition to its biodegradabil-
ity, isotactic poly(3-hydroxybutyrate) (i-P3HB) offers several

properties against gases such as oxygen and carbon dioxide
[2-4]. Moreover, its mechanical properties (especially tensile
strength) are comparable to those of polyethylene (PE) and poly-
propylene (PP), making it a suitable candidate to replace conven-
tional plastics [5-9].

Despite these advantages, i-P3HB's high crystallinity (~70%)
results in brittleness and a narrow processing window.
Postcrystallization at ambient temperatures exacerbates these
issues, leading to progressive embrittlement. Moreover, the ther-
mal degradation of i-P3HB at temperatures close to its melting
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point complicates its processing, further limiting its potential as
a replacement for traditional plastics [10-13].

To address these challenges, various strategies have been ex-
plored to reduce the crystallinity of i-P3HB and broaden its
processing window. These include synthesizing copolymers by
incorporating comonomers with longer side chains to improve
ductility [14], using chain extension reactions to create tailored
block copolymers with hard and soft segments [15], and blend-
ing with other polymers [16]. Among these approaches, blend-
ing is particularly attractive due to its practicality and industrial
scalability. However, previous attempts to blend i-P3HB with
polymers such as poly(e-caprolactone), poly(ethylene oxide), and

FIGURE 1 | Structure of PHAs. R=Alkyl; i-P3HB: R=CH,. [Color
figure can be viewed at wileyonlinelibrary.com]

isotactic poly(3-hydroxybutyrate)

poly(butylene succinate) (PBS) often resulted in phase separa-
tion, indicating poor compatibility, which limited the improve-
ment of mechanical and thermal properties [17-22].

A promising alternative is blending i-P3HB with poly-
mers of similar chemical structure, which enhances com-
patibility and interaction between the components. Atactic
poly(3-hydroxybutyrate) (a-P3HB) and poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) (P34HB) are particularly suitable candi-
dates. Both polymers share structural similarities with i-P3HB
but are amorphous, offering the potential to improve flexibility
and reduce crystallinity when blended with i-P3HB [15, 23].

Atactic poly(3-hydroxybutyrate) (a-P3HB) is an amorphous
polymer, which can be synthesized by self-polycondensation of
racemic ethyl-3-hydroxybutyrate. P34HB, on the other hand, is
an amorphous copolymer derived from 3-hydroxybutyrate and
4-hydroxybutyrate units, closely resembling i-P3HB in its chem-
ical structure. Figure 2 shows the chemical structure of i-P3HB,
a-P3HB, and P34HB [24-26].

Blending i-P3HB with these amorphous polymers, which will
be explored in this study, is expected to extend its processing

APYYE

atactic poly(3-hydroxybutyrate)

poly(3-hydroxybutyrate-co-4-hydroxybutyrate)

FIGURE 2 | Chemical structure of i-P3HB, a-P3HB, and P34HB.
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FIGURE 3 | Preparation of i-P3HB blends by solvent casting. [Color figure can be viewed at wileyonlinelibrary.com]
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window by affecting its crystallization behavior, allowing pro-
cessing at lower temperatures. This approach mitigates thermal
degradation and enhances the application potential of i-P3HB-
based materials.

2 | Material and Methods

Isotactic poly(3-hydroxybutyrate) (i-P3HB) with a weight aver-
age molecular weight Mw=250,000g/mol and a polydispersity
index (PDI)=2.7 was purchased from Biomer (Schwalbach/
Germany). Atactic Poly(3-hydroxybutyrate) (a-P3HB) was pre-
pared by polycondensation as described in the reference [24]
with a low weight average molecular weight of Mw=906g/
mol (PDI=2.8) and molecular weight range of 268-3268g/
mol (a-PHB Imw) and with a higher weight average molecular
weight Mw =2352g/mol (PDI = 2.3) and molecular weight range
694-31,021g/mol (a-PHB hmw) which are the same properties
of a-P3HB prepared in reference [24]. P34HB with a weight aver-
age molecular weight Mw =200,000g/mol (PDI=2.3) was pur-
chased from CJ Biomaterials (Seoul, Korea). Boron nitride (99%)
was purchased from Sigma Aldrich (Darmstadt, Germany) and
used as a nucleating agent. The weight average molecular weight
of the polymers used in this study was determined with gel per-
meation chromatography (GPC) using an Agilent chromato-
graph (Waldbronn, Germany) conducted in chloroform and
calibrated with polystyrene standards. The GPC results were
evaluated using the DataApex Clarity Software (Petrzilkova,
Czech Republic).

2.1 | Preparation of Films From i-P3HB Blends by
Solution Casting

To prepare the i-P3HB blends via solution casting as described
in Figure 3, a specified amount of each polymer was placed
in a (100 mL) single-neck round-bottom flask, to which 50 mL
of chloroform and a magnetic stirring bar were added. The
proportion of the second component varied between 15, 30,
and 50wt.%, with the total mass of each blend maintained at
(4g). The mixture was then heated under reflux at 80°C for
2h. After that, the mixture was cooled down to room tem-
perature (RT) (23°C) and then poured into a clean and labeled
petri dish and left to dry at RT for 24 h. To remove any residual
solvent, the resulting films (thickness 100 + 5um) were dried
under vacuum for 2days at 40°C and examined both after dry-
ing and after 1 month of storage at RT to observe any aging or
postcrystallization.

Since neat i-P3HB recrystallizes slowly, 1wt.%, (0.04 g) of boron
nitride was added as a nucleating agent to the i-P3HB blends to
facilitate faster crystallization. All blends were also prepared
without the nucleating agent to evaluate the stability of their
thermal properties and potential aging effects after storage for
30days at RT.

Sample labeling was conducted as listed in Table 1 by noting
the name and ratio of the second component in the blend next
to i-P3HB. Blends containing the nucleating agent were suffixed
with “NA,” while those evaluated after 30days were marked
with “30d.”

TABLE1 | samples designation and description.

Sample designation Description

i-P3HB Neat isotactic
poly(3-hydroxybutyrate)
P34HB Neat poly(3-hydroxybutyrate-

co-4-hydroxybutyrate)

Blend of i-P3HB with a-P3HB-
Imw in 85:15 weight ratio

a-P3HB-Imw-15

Blend of i-P3HB with a-P3HB-
Imw in 70:30 weight ratio

a-P3HB-Imw-30

Blend of i-P3HB with a-P3HB-
Imw in 50:50 weight ratio

a-P3HB-Imw-50

Blend of i-P3HB with a-P3HB-
hmw in 85:15 weight ratio

a-P3HB-hmw-15

Blend of i-P3HB with a-P3HB-
hmw in 70:30 weight ratio

a-P3HB-hmw-30

Blend of i-P3HB with a-P3HB-
hmw in 50:50 weight ratio

a-P3HB-hmw-50

P34HB-15 Blend of i-P3HB with P34HB
in 85:15 weight ratio

P34HB-30 Blend of i-P3HB with P34HB
in 70:30 weight ratio

P34HB-50 Blend of i-P3HB with P34HB

in 50:50 weight ratio

a-P3HB-hmw-50-P34HB Blend of a-P3HB-hmw-50 with

(15) P34HB in 85:15 weight ratio
a-P3HB-hmw-50-P34HB Blend of a-P3HB-hmw-50 with
(30) P34HB in 70:30 weight ratio
a-P3HB-hmw-50-P34HB Blend of a-P3HB-hmw-50 with
(50) P34HB in 50:50 weight ratio
-NA Sample containing

nucleating agent

-30d Sample after storage for
30days at RT (23°C)

2.2 | Differential Scanning Calorimetry

Thermal properties of the blends, including melting tempera-
ture (Tm), glass transition temperature (Tg), crystallization
temperature (Tc), their specific enthalpies and crystalline ratio
(Xc), were determined with a Phoenix F1 204 differential scan-
ning calorimetry (DSC) from NETZSCH (Selb, Germany) under
nitrogen flow (20mL/min) and a heating/cooling rate of 10°C/
min from —50°C to 200°C and also from —80°C to 50°C to de-
termine the Tg. The degree of crystallinity of P3HB blends was
estimated from the melting enthalpy values (AH_) of the sam-
ples and the melting enthalpy of 100% crystalline PHB (AH®_,
1461J/g) [27] using Equation (1).

AHm

X[%]=———
oL%] AH? xw,

X 100 (1)
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where w; is the weight fraction of i-P3HB in the blends.

2.3 | Thermogravimetric Analysis

To determine the degradation temperature of P3HB blends,
thermogravimetric analysis (TGA) was performed with a
PerkinElmer TGA 4000 (Rodgau, Germany). The samples (10—
30mg) were heated from 30°C to 600°C in nitrogen atmosphere
(40mL/min) at a heating rate of 10°C/min. The onset of ther-
mal degradation was also calculated using the software Pyris of
PerkinElmer (Rodgau, Germany).

2.4 | Tensile Tests

Tensile tests were conducted according to EN ISO 527-3, which
is applicable to films, at RT using a Zwick testing machine
equipped with a 10kN load cell. For each sample, five specimens
(length=80mm, width=10mm, thickness=0.1mm) were
tested with a crosshead speed of 5mm/min, and the thickness of
the specimen was measured by a micrometer. The average val-
ues and the standard deviations for tensile strength and elonga-
tion at break were calculated using the test-expert software from
Zwick (Ulm, Germany).

2.5 | Digital Microscopy

The morphology of the i-P3HB blends was examined using
Keyence VHX-7000 digital microscope (Neu-Isenburg,
Germany). The samples were heated on a heating plate to melt
temperature, which was determined previously by DSC, and
then placed under the microscope to observe the crystallization
while they cool down. Upon reaching RT and the completion
of crystal formation, photographs of each sample were taken.
Images were captured at a magnification of 100x, with a scale
bar representing 100 um. These images were subsequently com-
pared with those of pure i-P3HB to identify differences in crys-
talline structure.

3 | Results and Discussion

The biodegradability of i-P3HB in the presence of microorgan-
isms, coupled with its excellent mechanical properties makes
it a promising alternative to conventional petroleum-based
plastics. However, challenges such as its narrow processing
window and brittleness, due to high crystallinity, hinder the
application of i-P3HB in different sectors, including the pack-
aging industry. For this reason, i-P3HB was blended with a-
P3HB and the amorphous copolymer P34HB in an attempt to
disturb its crystallization behavior to achieve a greater differ-
ence between the melting temperature and the thermal degra-
dation temperature. This approach is expected to extend the
processing window of i-P3HB and avoid its thermal degrada-
tion during processing. In the next section, the thermal, me-
chanical, and morphological properties of the obtained blends
will be explored and discussed.

3.1 | Thermal Characterization
3.1.1 | A-P3HB

i-P3HB was blended with a-P3HB-Imw (Mw=906g/mol) and
a-P3HB-hmw (Mw=2352g/mol), in proportion of 15, 30, and
50wt.%. It was expected that blending with a-P3HB will improve
the processing window of i-P3HB, due to the similarity in the
chemical structure.

DSC results of these blends (Table 2) showed that the incorpora-
tion of both a-P3HB-Imw and a-P3HB-hmw significantly altered
the thermal and crystalline properties of i-P3HB. Blends with a-
P3HB-Imw exhibited a pronounced reduction in glass transition
temperature, decreasing from 5.5°C for neat i-P3HB to around
—53°C across all proportions of a-P3HB-Imw. This Tg is similar to
that of neat a-P3HB-Imw (—56°C). Similarly, blends with a-P3HB-
hmw demonstrated a decrease in Tg, with a blend containing
50wt.% a-P3HB-hmw reaching a Tg —40°C. Even at lower con-
centrations of 15 and 30wt.%, the Tg (—33.8°C, —37.2°C, respec-
tively) is still lower than that of neat i-P3HB. The reduction in the
glass transition temperature is attributed to the ability of a-P3HB
to act as a plasticizer. This behavior is due to its low molecular
weight and the structural similarity between the two polymers,
as they share identical repeating units but differ only in tacticity.
The plasticization effect increases the mobility of polymer chains,
lowering Tg. Previous studies have demonstrated the same effect
for polymers with low molecular weight, which can effectively
reduce Tg when blended with other polymers [28-30].

Additionally, it was noticed that blending with both variants
of a-P3HB lead to blends with reduced Tm, compared to that
of neat i-P3HB (175.5°C). Blends containing 15wt.% of a-P3HB
showed a minor reduction of Tm (170°C), while those with
30wt.% and 50wt.% of a-P3HB showed Tm values of 164°C and
155°C, respectively. This reduction was observed for both Imw
and hmw variants (Figure 4). Moreover, a second melting peak
was noticed across all blend compositions as shown in Figure 4.
The depression of the melting temperature, which facilitates
processing at lower temperatures, can be attributed to the good
compatibility between the two polymers [31-33]. Furthermore,
the formation of crystals with different stabilities, indicated by
two melting peaks, is likely due to the disruption of the crystal-
lization behavior of i-P3HB [34].

The addition of boron nitride as a nucleating agent eliminated
the second melting peak in blends with lower proportions of a-
P3HB but retained it in blends with higher proportions (30wt.%
and 50wt.%). This suggests that the crystallization of i-P3HB is
more affected at a higher proportion of a-P3HB and less stable
crystals are only formed when higher amounts of a-P3HB are
present. The hindered crystallization also led to a decrease in
the crystallization temperature (Tc), with the Tc of neat i-P3HB
dropping from 94°C to a range of 53°C to 47°C in the blends.
Notably, blends containing 50 wt.% a-P3HB-hmw showed a crys-
tallization peak in the second heating curve, indicating incom-
plete recrystallization during cooling at 10°C/min. However,
this effect was not observed after adding the nucleating agent
(Tables 2 and 3).
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TABLE 2 | Thermal properties of i-P3HB blends after drying.

Tg [°C] Tm, [°C] Tm, [°C] Tc [°C] Xc [%] Td [°C]
i-P3HB 5.5+0.05 175.5+1.4 94.1+£0.35 68+0.2 285.6+1.2
a-P3HB-Imw —56.0+1
a-P3HB-hmw —324+1.2
P34HB —15.7+0.4 2809+1.8
a-P3HB-Imw-15 —51.2+0.85 164.6 +0.26 170.1+0.4 73.3+0.2 56+0.3 280.4+2
a-P3HB-Imw-30 —53.1+£0.85 153.3+£0.3 164.2+0.3 65.2+0.15 48+0.8 276.7+1.1
a-P3HB-Imw-50 —53.5+1.5 135.5+0.45 155.5+0.3 53.5+0.85 37+0.5 276.8+2.5
a-P3HB-hmw-15 —33.8+4.3 160.4 +0.55 170£0.1 61.8+1.85 54+0.9 282.9+2.8
a-P3HB-hmw-30 —37.2+1.75 146.8+0.1 164.5+0.01 53.5+0.35 49+0.8 280.7+2.7
a-P3HB-hmw-50 —40.7+0.1 125+0.3 155+0.01 42.9+0.40 37+0.3 282.1+2.5
P34HB-15 —16.7+1.3 168 +0.05 176.2+0.1 80.5+0.55 54+0.1 285.7+3
P34HB-30 —15.2+0.01 165+0.35 174.8 £0.1 80.8+0.1 48+0.3 284.3+3.4
P34HB-50 —15.6+0.9 173.8+1.1 75.7+2.6 30+0.3 284.1+1.8
a-P3HB-hmw-50-P34HB (15) —32.1+0.35 160+0.3 47+0.3 30+0.1 279.7+1.4
a-P3HB-hmw-50-P34HB (30) —30£0.35 161.6+0.4 46+0.2 26+0.4 278.2+1.9
a-P3HB-hmw-50-P34HB (50) —24.8+1.05 164.7+0.8 47.7+1.45 19+14 279.1+2.1

1 a-P3HB-hmw
1a-P3HB-Imw
4 a-P3HB-hmw (50 wt.%)
. S N
_e-P3HB-hmw (30 wt.%) 125, 155 °C ™\ /
O
_|a-P3HB-hmw (15 wt.%) .
§ ] 146.8 , 164.5 °C
€, larsHBimw (50 wt.%)
—_ . 160.4, 170 °C
; .
O - a-P3HB-Imw (30 wt.%) 135.5, 155.5 °C
TR
®  le-P3rBmw (15 wt%) W
o 3,164,
r |
i-P3HB
1 164.6, 170.1 °C
] 175.5°C
1 i I 1 1 i I ! 1
-50 0 50 100 150 200

Temperature [°C]
FIGURE4 | DSC Curves of i-P3HB blends with a-P3HB. [Color figure can be viewed at wileyonlinelibrary.com]

Importantly, the incorporation of both a-P3HB-lmw and a-
P3HB-hmw notably leads to i-P3HB blends with reduced melt-
ing temperature (Figures 4 and 6). The obtained blends are
therefore processable at temperatures below the melting tem-
perature of neat i-P3HB avoiding its thermal degradation.

3.1.2 | P34HB

i-P3HB was also blended with the amorphous copolymer
P34HB, with an average molecular weight of 200,000 g/mol,
which is significantly higher than that of the used a-P3HB.
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TABLE 3 | Thermal properties of i-P3HB blends with nucleating agent.

Tg [°C] Tm, [°C] Tm, [°C] Tc [°C] Xc [%]
i-P3HB-NA 5.5%x0.05 173.5£0.4 117.4£0.1 70x0.7
a-P3HB-Imw-15- NA —-53.7+£0.1 168.4+0.3 114+0.05 61+0.01
a-P3HB-Imw-30- NA —53.4+0.35 160.9+0.3 102.5x£1.1 50£1.5
a-P3HB-Imw-50- NA —53.5£0.55 146.4£0.4 157.6 £0.05 90.1£0.8 35£1.3
a-P3HB-hmw-15- NA —35x1.95 169.5£0.4 111.6 £0.01 60+0.7
a-P3HB-hmw-30- NA —38.4+0.45 156.9+0.2 166 £0.15 103.6 £0.05 46+0.7
a-P3HB-hmw-50- NA —39.2%0.5 140.2+2 156.3+£1.15 94.2+1.8 34+0.1
P34HB-15- NA -171x1.1 172£0.45 107.9+0.7 60£0.5
P34HB-30- NA —15.3+£0.2 167.2x1 175.6 £0.6 98.4+0.8 44+0.01
P34HB-50- NA —16.4+0.65 163.8+0.6 175.2+0.1 85.2+0.2 33+1.3
a-P3HB-hmw-50-P34HB (15)- NA —324%£1.3 140.1+0.4 159.2+0.45 51.8+0.85 31+0.1
a-P3HB-hmw-50-P34HB (30)- NA —30=x1.15 162.1+£0.4 529+04 26+£0.2
a-P3HB-hmw-50-P34HB (50)- NA —25.8+£2.45 164.7£0.3 46.8£1.25 20x1.2

Blending with P34HB also aimed to improve the processing
window of i-P3HB.

The results of DSC analysis revealed that blends with P34HB
exhibited a glass transition temperature similar to that of
pure P34HB, approximately —15°C, indicating a comparable
plasticizing effect to a-P3HB, despite its higher average mo-
lecular weight. Unlike blends with a-P3HB, blends containing
P34HB showed almost no reduction in melting temperature
and crystallization temperature. The Tm of these blends
ranged between 173°C and 176°C, while Tc ranged between
80°C and 76°C, demonstrating no significant changes in the
thermal properties of neat i-P3HB. However, blends with 15
and 30wt.% of P34HB showed a second melting peak at 168°C
and 165°C, respectively (Figure 5). Furthermore, blends
with P34HB showed a reduced degree of crystallinity, which
was nearly proportional to the P34HB content (Tables 2 and
3). This behavior suggests weak interactions between the
two polymers, which decrease by increasing the amount of
P34HB. This can be attributed to the higher molecular weight
of P34HB compared to that of the used a-P3HB, resulting in
higher intermolecular interactions within P34HB and lim-
iting effective blending. It also indicates that blends with
P34HB are physical mixtures showing decreased crystallinity
without significantly affecting the crystallization behavior of
i-P3HB [35].

In summary, the melting temperature of i-P3HB blends contain-
ing P34HB remained unaffected. Consequently, these blends
do not offer improved processability compared to those with
a-P3HB.

3.1.3 | A-P3HB-Hmw-50-P34HB

To make use of the reduction of Tm caused by a-P3HB and the
reduction of the crystallinity caused by the presence of P34HB,

the blend a-P3HB-hmw-50 was mixed with P34HB. The propor-
tion of P34HB was 15, 30, and 50wt.%.

Notably, the blend a-P3HB-hmw-50 with 15wt.% P34HB showed
a Tg of —32°C, increasing to —25°C with a 50wt.% P34HB con-
tent, indicating that a higher P34HB proportion leads to shift-
ing the Tg to higher temperatures. On the other hand, blends of
a-i-P3HB-hmw-50 with P34HB showed a reduced Tm, ranging
between 160°C and 165°C which is around 15°C lower than the
melting temperature of pure i-P3HB (Figure 5). These blends
also showed the lowest degree of crystallinity at 26% and 19%
for 30 and 50wt.% P34HB, respectively. The reason for that is
the presence of both amorphous polymers a-P3HB and P34HB
in the blends. The low degree of crystallinity also causes shifting
of the crystallization temperature to lower temperatures main-
tained around 46°C (Tables 2 and 3).

Based on these findings, blending i-P3HB with a-P3HB pro-
duces blends with a reduced melting temperature and crystals
of varying stability, enabling processing at lower temperatures
while avoiding thermal degradation. In contrast, blending with
P34HB results in reduced crystallinity without altering the
melting temperature, thus not expanding the processing win-
dow of i-P3HB. However, combining a-P3HB and P34HB results
in blends with melting temperatures lower than that of neat i-
P3HB and adjustable crystallinity depending on the proportion
of P34HB in the blend. These blends offer an improved process-
ing window and can be tailored for various applications depend-
ing on specific requirements. The improved processing window
of i-P3HB due to the reduction of the melting temperature is il-
lustrated in Figure 6.

Additionally, the influence of the nucleating agent was observed
by a significant variation in the crystallization temperature of
i-P3HB blends. While the crystallization temperature for blends
after drying spanned from 42.9°C to 94.1°C, it ranged for blends
with a nucleating agent from approximately 46.8°C to 117.4°C.
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FIGURES5 | DSC curves of i-P3HB with a-P3HB and P34HB. [Color figure can be viewed at wileyonlinelibrary.com]|
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FIGURE 6 | The reduction of Tm of i-P3HB by blending with a-P3HB and P34HB causing higher difference to the onset of thermal degradation
and improving its processing window. [Color figure can be viewed at wileyonlinelibrary.com]

This variance suggests that boron nitride as a nucleating agent
markedly influences the crystallization behavior, beneficially
accelerating the crystallization process during manufacturing
(Table 3).

The thermal properties of i-P3HB blends with a-P3HB and
P34HB including glass transition temperature, melting tem-
perature and degree of crystallinity, remained stable also after
30days of storage at RT showing almost no deviation, indicat-
ing a successful suppression of postcrystallization typically ob-
served in pure i-P3HB over time at RT (Table 4).

Thermal stability of the i-P3HB blends was also observed by TGA
measurements by determining the onset of the thermal degrada-
tion temperature (Td). The Td for blends with a-P3HB ranged
between 277°C and 282°C without a significant decrease in the
thermal degradation temperature of pure i-P3HB (Table 2). The
degradation temperature of blends between a-P3HB-hmw-50
and P34HB blends approximated the Td of pure i-P3HB, also
showing no deterioration in its thermal stability. On the other
hand, the thermal degradation temperature of i-P3HB-P34HB
blends was around 5°C higher than that of pure i-P3HB, indicat-
ing an improvement in thermal stability (Figure 7).
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TABLE 4 | Thermal properties of i-P3HB blends after 30days of storage at room temperature.

Tg [°C] Tm, [°C] Tm, [°C] Tc [°C] Xc [%]
i-P3HB-30d 5.6£0.05 172.5+0.7 96.05£0.05 68 0.1
a-P3HB-Imw-15-30d —-52.8%1 164.3+£0.01 170.3+£0.1 75.3+1.53 50£0.8
a-P3HB-Imw-30-30d —53.6x0.35 155.6 0.5 164.7 £0.01 67.9+1.99 44+0.9
a-P3HB-Imw-50-30d —-529+04 135+0.15 154.2+0.2 54.1+2.40 35+£0.2
a-P3HB-hmw-15-30d —33.2x0.01 160.5+0.95 169.5£0.4 64.1x3.15 52+0.4
a-P3HB-hmw-30-30d —39.2£0.65 147.3+0.35 164.4+0.1 58.3+1.75 46+0.2
a-P3HB-hmw-50-30d —39.8+0.05 125.8£0.22 154.9+0.1 34.7+0.01 33+£0.2
P34HB-15-30d —18.6+0.45 168.3+0.29 176.5£0.9 83.1x2.22 52£0.2
P34HB-30-30d —159+0.45 163.4£0.5 172.7£0.8 82.9%0.12 45+0.3
P34HB-50-30d —15.1£0.65 170.9£0.2 89.7+2.02 35+1.1
a-P3HB-hmw-50-P34HB (15)- 30d —31.9+0.25 158.8+£0.5 47.1+£0.29 30£0.2
a-P3HB-hmw-50-P34HB (30)- 30d —29.6x1.05 162.1+0.01 45.5+£1.54 26+0.4
a-P3HB-hmw-50-P34HB (50)- 30d —24.6x0.2 164.4+0.4 49.8£0.65 19£0.01

300 4 i-P3HB
— P34HB
O a-PHB-Imw
2. a-PHB-hmw
o i-P3HB-P34HB
% a-P3HB-hmw-50 (P34HB)
5 290
o
§ - .
= * IS
kel v
T 280 4 v
8 < <
53 A
3 A
©
£
@
£ 270 —
B |
© |
2] |
j o |
o

260 T T T T ‘mml - mml‘

0 10 20 30 40 50

Proportion [wt.%]

FIGURE 7 | TGA results showing the onset of the thermal degrada-
tion of i-P3HB blends with a-P3HB and P34HB. [Color figure can be
viewed at wileyonlinelibrary.com]

3.2 | Mechanical Characterization

The mechanical characterization of plastic materials plays
a crucial role in determining their potential in applications.
Pure i-P3HB exhibits high brittleness, due to its high crys-
tallinity, which limits its application. However, blending
i-P3HB with a-P3HB and P34HB has shown promising re-
sults in enhancing elongation at break, proportionate to the
ratio of a-P3HB or P34HB (Table 5). Notably, blends contain-
ing 50wt.% of a-P3HB-Imw demonstrated the highest elon-
gation at break (78%) after drying, followed by the blend of
a-P3HB-hmw-50-P34HB (50wt.%) with an elongation of 70%
(Figures 8 and 9).

Semi-crystalline polymers experience physical aging, and i-
P3HB undergoes postcrystallization over time, which increases
its brittleness. For this reason, tensile tests of the same samples
were conducted after 30days to observe changes in the mechan-
ical properties of the blends and to evaluate the influence of a-
P3HB and P34HB on the crystallization behavior of i-P3HB.

The results of tensile tests conducted after 30days revealed
a clear increase in the tensile strength values of pure i-P3HB
from 21MPa to 26 MPa, indicating its typical postcrystalli-
zation behavior over time. Blends with 15wt.% of a-PHB or
P34HB experienced a notable decrease in elongation. This
means that 15wt.% is not enough to hinder a second crystalli-
zation. On the other hand, those with 30 and 50wt.% of a-P3HB
and P34HB showed minimal deviation in their mechanical
properties after the storage period (Figures 8 and 9). Notably,
blends of a-P3HB-hmw-50 with P34HB exhibited stable values
of tensile strength and elongation at break even after 30days.
Therefore, 30 and 50wt.% of the amorphous polymers compli-
cate the second crystallization, resulting in fewer changes in
mechanical properties over time.

These findings suggest that incorporating a-P3HB and P34HB
leads to materials with enhanced flexibility, indicated by higher
elongation at break, attributed to the reduction of i-P3HB crys-
tallinity. Moreover, blends of a-P3HB-hmw-50 with P34HB
demonstrated improved and stable mechanical properties even
after 30days of storage, indicating successful suppression of
postcrystallization.

3.3 | Morphology
Microscopic examinations were conducted to evaluate the im-

pact of a-P3HB and P34HB on the crystallization behavior of
i-P3HB and assess their compatibility. Pure i-P3HB samples
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TABLE 5 | Results of tensile tests of i-P3HB blends.

After drying After 30days
Sample Ts? [MPa] eb® [%] Ts [MPa] eb [%]
i-P3HB 21.8+3.7 1.6x+0.2 26.0£3.8 0.96+0.2
a-P3HB-Imw-15 9.6x+1.5 20.5+1.4 8.5+1.3 8.8+3.3
a-P3HB-Imw-30 6.7£1.3 46.2+3.5 5.6x0.7 32.0+8.3
a-P3HB-Imw-50 3.2x0.5 78.0x13.5 2.4+£0.3 52.2%x1.0
a-P3HB-hmw-15 10.2+1.6 16.1+2.2 10.3£2.0 9.1+3.1
a-P3HB-hmw-30 4.7£0.9 31.6+0.4 6.5£1.1 31.4+5.2
a-P3HB-hmw-50 34+0.4 41.4+6.8 41+£0.5 36.1x11.5
P34HB-15 16.4x2.3 189x2.5 15.7x3.7 9.4x4.5
P34HB-30 6.5+0.9 53.3+7.7 6.7+0.6 56,8 +13.8
P34HB-50 29+0.8 67.4+12.8 3,714 759+79
a-P3HB-hmw-50-P34HB (15) 2.1+0.7 40.7£2.5 1.9+0.3 32.8+12.3
a-P3HB-hmw-50-P34HB (30) 2.8+£0.7 48.4£16.3 29x+04 42.6+10.1
a-P3HB-hmw-50-P34HB (50) 2.7£0.5 70.1+17.6 2.6x09 69.9+19.9
Ts: tensile strength.
beb: elongation at break.
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FIGURE 8 | Tensile strength of i-P3HB blends and after 30days. [Color figure can be viewed at wileyonlinelibrary.com]

exhibited a uniform crystalline structure upon completion
of crystallization, with a spherulite diameter of 80+3um.
In contrast, introducing a-P3HB to the i-P3HB matrix re-
sulted in spherulites with two distinct diameters of 90 um
and 395+ 5um (Figure 10). This observation confirms the
presence of two melting peaks in the DSC curves, attributed

to the influence of a-P3HB on the crystallization behavior
of i-P3HB and the formation of crystals with varying stabil-
ities. In the case of P34HB blends, there was no substantial
alteration in spherulite size. The diameter of the spherulites
remains uniform (85+2um), without significant deviation.
This also supports the observation of poor interaction between
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FIGURE 10
(P34HB)-50. [Color figure can be viewed at wileyonlinelibrary.com]

i-P3HB and P34HB, indicated by unaltered melting tempera-
ture. Interestingly, when a-P3HB-hmw at a 50% weight ratio
was blended with P34HB, the formation was predominantly
of small, evenly dispersed spherulites with a diameter of
12+ 3 um. This behavior is likely due to the higher proportion
of amorphous polymers, which complicates the crystallization
process of i-P3HB.

| Microscopic images of i-P3HB blends, (a) pure i-P3HB, (b) a-P3HB-Imw-50, (c) a-P3HB-hmw-50, (d) P34HB-50, (¢) a-P3HB-hmw-50

4 | Conclusions

In this study, the impact of a-P3HB with different average mo-
lecular weights and P34HB on the thermal and mechanical
properties of i-P3HB blends was investigated. DSC results in-
dicated good compatibility between i-P3HB and a-P3HB, due
to their similar chemical structures, resulting in a depression
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of the melting temperature to 155°C with 50wt.% of a-P3HB.
Additionally, the crystallization behavior of i-P3HB was dis-
rupted, leading to crystals with varied stabilities, as evidenced
by two melting peaks. In contrast, blending with P34HB did
not affect the melting temperature, showing no improve-
ment in the processing window of i-P3HB. By combining a-
P3HB and P34HB, blends with reduced melting temperatures
(150°C-160°C) and adjustable crystallinity were obtained.
These blends can be processed at lower temperatures without
risking thermal degradation. Additionally, thermal gravimet-
ric analysis demonstrated no deterioration in the thermal sta-
bility of i-P3HB, supporting an improved processing window
for i-P3HB. Furthermore, incorporating boron nitride as a
nucleating agent shifted the crystallization process to higher
temperatures, indicating accelerated crystallization and im-
proved processing conditions.

Mechanical tests showed improved elongation at break for
blends containing a-P3HB and P34HB. Notably, blends with
both polymers achieved an elongation at break of up to 70%,
which remained stable after 30days of storage.

The results observed in this study demonstrated a significant
improvement in the processing window of i-P3HB, primarily
due to the reduction in the melting temperature, which helps
avoid thermal degradation during processing. Additionally,
the mechanical properties showed a notable enhancement in
elongation at break, making these materials more adaptable for
different applications. Therefore, the obtained blends provide a
toolbox for further development of materials with tailored prop-
erties, depending on the requirements of sectors such as packag-
ing, textiles, and medical devices.
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