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ABSTRACT: The production of self-reinforced composites allows
for a targeted tailoring of the property profile for specific
applications and offers the physical-mechanical advantages of a
synergistic combination of the two components with a high value in
terms of their end-of-life scenarios. This study deals with the
preparation and evaluation of self-reinforced biocomposites of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with PHBV
microparticles produced for the first time by industry-oriented melt
processing. First, microparticles with a size of 4 μm were prepared
and characterized by using the miniemulsion/evaporation techni-
que. These microparticles were then incorporated into the PHBV
matrix by extrusion and injection molding. Electron microscopy
revealed particles in biocomposites. The results indicate heteroge-
neous nucleation, leading to higher crystallinity at higher melting temperatures. This leads to a slight embrittlement and an
improvement of the barrier properties against oxygen and water vapor. These industrially produced biocomposites benefit from
particles by showing, among other things, higher barrier properties while retaining their green character, making them promising and
easily accessible candidates for future packaging applications.

■ INTRODUCTION
More than millions of plastic pellets were swept onto the
northwest coast of Europe in spring 2024 due to a tanker
accident. This gives reason to the EU to rethink the guidelines
for handling plastic in order to further strengthen sustainable
use.1 The packaging industry accounts for a large proportion of
the global plastic production. However, especially widely used
multilayer packaging is challenging to recycle, and the
separation of the layers is both energy-intensive and costly.2

Here, bioplastics and their composites are playing an
increasingly important role, as they can comply with the new
regulations thanks to recent research on improved handling
and production.
With a predicted production volume of 133 million tons

worldwide in 2024, polyhydroxyalkanoates (PHAs) are one of
the most promising biobased and biodegradable biopolymers.3

They are a group of biobased polyesters that are formed by a
variety of microorganisms as carbon and energy stores and can
contribute to their stress robustness.4,5 The high price of PHAs
is still hindering their widespread commercial use. It currently
costs on average around five times more than comparable
commercially available plastics.6 This is mainly due to the high
production costs, with the feedstock accounting for almost
45%.7 It is therefore crucial for the future to make production
more cost-efficient. The industry is currently focused on

microbial fermentation, which determines the yield and quality
of PHAs through the choice of microbial strain, carbon source,
fermentation apparatus, agitation parameters, recovery meth-
od, and secondary crystallization factors.8 In order to improve
competitiveness, further developments that lead to higher
productivity and quality are therefore crucial. In addition to
more specialized bacterial strains for fermentation, these
include the use of waste streams as raw materials or the
introduction of new technologies. This includes, for example,
the use of genetically modified bacterial strains to increase
yields, obtain cheaper raw material, or improve recovery.
Cyanobacteria that enable the utilization of CO2 as a carbon
source or extremophiles that can be used in next-generation
industrial biotechnologies (NGIBs) are also currently part of
the research.3,7,9−15

Polyhydroxyalkanoates are a group of biobased isotactic
polyesters. They are commonly composed of R-hydroxy fatty
acids, each monomer of which contains a saturated alkyl group
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with side chains consisting of unsaturated or branched alkyl
groups.16 The material properties are mainly determined by
the length of the polymer chains, as well as the type and
distribution of the monomer blocks. More than 150 different
hydroxyalkanoic acid (HA) building blocks have been found.17

The simplest polyester in this group is poly(3-hydroxybuty-
rate) (P3HB) with a methyl group as a side group. This allows
a very high crystallinity, which results in high brittleness and
high melting temperatures but relatively low decomposition
temperatures resulting in a limited process range. Copoly-
merization with hydroxy valerate, respectively, an ethyl group,
helps to overcome these disadvantages.18 In general, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) exhibits lower
crystallinity, which results in lower melting temperatures19 and
a broadening of the process window; it also has a positive effect
on flexibility.20 The proportion of 3HV has a significant
influence on properties. The higher is the 3HV content, the
lower is the growth rate of the spherulites, the lower are the
melting temperatures,21,22 the lower is the crystallinity, and the
smaller are the spherulites23 and the higher is the ductility with
better strength and toughness. The mechanical properties are
comparable to those of conventional polymers such as
polypropylene (PP) or polyethylene (PE).8 The sensitivity of
the polymer chains to thermomechanical degradation is the
challenge for the melt processing of these polymers.24−28 To
prevent chain degradation, it is crucial to define adequate
manufacturing parameters. Plasticizers are used to reduce
melting temperatures and viscosity to prevent degradation.29,30

In addition to thermal degradation,25 PHBV is also
characterized by biodegradability in many anaerobic and
aerobic environments across different media.31,32 Moreover,
it is nontoxic and has good biocompatibility with many
cells.20,33 PHBV is also characterized by very good barrier
properties, which are on a par with good commercial polymers
such as polyvinylchloride (PVC) and polyethylene tereph-
thalate (PET).34,35

Due to their diverse properties and versatile processing
options, PHAs are used in many areas, for example, in the
textile sector (spun fibers), in cosmetic products, in medical
applications (drug delivery, tissue scaffolds, membrane im-
plants, bone tissue engineering, cardiac implants, vascular
grafts, artificial nerve conduits, drug delivery matrices, and
nutritional and therapeutic applications), in agricultural
technology (mulch films, agricultural nets, and agricultural
grow bags) and others such as denitrification.36−41 One of the
main applications of PHBV is the packaging industry.42

Different types of packaging can be produced by using a
wide range of industrial manufacturing methods. Melt
processing, such as extrusion and injection, is already widely
used to produce films and rigid packaging. Electrospinning of
fibers, additive manufacturing of components, or coating
strategies are also explored.30,43−47

In order to be able to adapt the properties more specifically
to the requirements, PHAs are often used as blends with other
polymers or as biocomposites with different fillers such as
fibers or particles.48,49 These are, for example, nanofillers,
natural fibers, agricultural waste, clay, silicate, cellulose
materials, microparticles, etc.42,50,51 Furthermore, the incorpo-
ration of active substances such as antimicrobial, antioxidant,
or regenerative agents is being investigated in order to adapt
the functional performance.52,53 However, the incorporation of
fillers from other material classes often creates an end-of-life
problem, as recyclability is almost impossible, and depending

on the filler, the biodegradability of the complete material
system is no longer guaranteed.
Self-reinforced composites (SRCs), self-reinforced polymers

(SRPs), or single polymers provide an advantage in this
respect, as they have a high value as a recycle product due to
their homogeneity. Thanks to their pure chemical functionality
and excellent interface between the components, they offer
outstanding properties for many applications.54 Furthermore,
for PHBVs, this means preserving their green character and the
possibility of biodegradability/composting as an alternative for
the end of life.55 In the literature, SRCs are often used for
multilayered, fiber, or particle technologies.56,57 For example,
Wang et al.58 incorporate PP fiber into PP film, and
Zherebtsov et al.56 incorporate ultra-high molecular weight
polyethylene (UHMWPE) fibers in an isotropic UHMWPE
layer. Yadav et al.57 and Le Gall59 investigate (stereocomplex
or bicomponent) PLA fibers in PLA matrices for filament
fabrication, and they show a significant increase in mechanical
properties. In contrast, Jurczyk et al.60 successfully achieved a
reduction in crystallinity by incorporating oligoPHB particles
into P3HB and thus also an increase in elongation and
strength. Farrag et al.61 show an improvement in thermal
stability and an increase in barrier properties for starch
particles in starch film.
In this work, microparticles of PHBV are used as fillers.

PHBV microparticles are already used as drug release systems,
vaccine engineering applications but also as purification of
recombinant proteins,62,63 or as protective coating.64 There are
different ways to produce microparticles, such as nano-
precipitation, disc rotation, electro spraying, solvent exchange,
monomer polymerization, emulsion, or the miniemulsion
technique, which is used in this study.62,65 In order to scale
up the production of micro- and nanoparticles to an industrial
scale, Shegokar and Nakach66 consider, for example, the use of
a reliable and robust technology, the absence of contaminants,
low energy consumption, safe and cost-effective production,
and stability studies. A basic distinction is made between top-
down and bottom-up processes. Top-down processes are, for
example, wet media milling or high-pressure homogenization
(HPH),66,67 which is already approved for parenteral
nutrition.68 These robust, adaptable, reproducible manufactur-
ing processes are characterized by their simple adaptability and
their homogeneous particle size distribution.66 Bottom-up
approaches are commonly used in the pharmaceutical industry,
such as precipitation, antisolvent diffusion, solvent emulsifica-
tion, spray drying, etc.66,69 These methods provide the
advantage of being able to encapsulate substances and thus
can be used as release systems. However, the upscaling process
is more sensitive, small changes can lead to strong product-to-
product variations, reproducibility can be limited, and organic
solvents are also necessary for implementation.66 Here,
continuous processing approaches are becoming increasingly
popular to minimize batch-to-batch differences.67 Hoogendijk
et al.70 and von Bomhard et al.71 have described the feasibility
of a continuous production of an emulsion solvent evaporation
technique, while Kakkar et al.72 described the scale-up
possibilities and limitations for a microemulsification technique
for the production of lipid nanoparticles. In the end, the choice
of the production method is influenced by the requirements of
micro- and nanoparticles. In this work, the particles are
produced by using the miniemulsion evaporation technique. In
this technique, the polymer is dissolved in the solvent and
mixed with a polar aqueous phase containing an emulsifier.
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Both phases are stirred to form an emulsion by external energy
input.73 Due to local polarity differences between the two
phases, micelles of the polar phase are formed in which the
polymer chains accumulate.74 The resulting emulsion with the
polymer droplets must have sufficient stability to prevent
disintegration processes during further particle produc-
tion.75−77 The particles precipitate by evaporation of the
solvent and are then separated from the emulsifier by
centrifugation.78 The resulting properties are influenced with
regard to their physico-chemical characteristics of the particles
such as porosity sphericity size and dispersity surface
appearance and shape79 by various factors such as molecular
weight, polymer and emulsifier concentration, and energy
input.80,81

In biocomposites, PHA particles are mainly found in the
medical sector,62 where they are being researched in creams as
UV protection82 or skin exfoliation83 or injectable scaffolds for
tissue regeneration.84 The possibility of encapsulating anti-
oxidant, antimicrobial, or anti-inflammatory substances in the
PHA particles and achieving a targeted release make them
interesting components of active materials or drug release
systems.62 However, applications have so far been limited to
soft composites such as those based on hydrogels for drug

carriers,85−87 although the encapsulation of a wide variety of
substances is also being promoted for other applications, such
as in the packaging sector.52,88,89

The PHBV microparticles produced and characterized in
this study are incorporated into the PHBV matrix using
industry-related melt production processes. In a previous
study,90 the production of self-reinforced PHBV films with
PHBV particles was successfully demonstrated using labo-
ratory-scale solvent casting. In contrast to the production of
the materials in small quantities, this study aims to provide
insights into manufacturing techniques that are easily scalable
to the industrial level with conventional processing methods in
order to avoid additional investment costs and thus lower the
inhibition threshold for the use of these composites. The
composites produced with different particle concentrations are
tested extensively for their thermal, mechanical, dynamic-
mechanical, and barrier properties in order to assess a possible
future application as a new, suitable material in the packaging
industry.

■ MATERIALS AND METHODS
Materials. PHBV biopolymer with 12 wt % hydroxyvalerate

(3HV) content (Mw: 240.000) and 10 wt % of citric acid

Figure 1. Miniemulsion-solvent-evaporation technique.

Figure 2. SEM images of PHBV microparticles with different magnifications (a) 3.0 k, (b) 10.00 k, (c) 30.00 k, and (d) 50.00 k.
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plasticized pellets was purchased from Goodfellow (Cam-
bridge, UK). Sodium dodecyl sulfate (SDS) and dichloro-
methane solvent (DCM) with 99.9% of purity were purchased
from Scharlab, Spain. The water used in both techniques and
washing was purified on a Milli-Q ultrapure system (Millipore,
Molsheim, France).

Methods. Preparation of Microparticles. A miniemulsion-
evaporation technique according to Farrag et al.91 was used to
produce PHBV particles. It is schematically illustrated in
Figure 1 and is described briefly in the following. The organic
phase containing 1 wt % of the PHBV was dissolved in DCM
by magnetic stirring and ultrasonic treatment. Then, the
aqueous phase with 5 wt % SDS as emulsifier was mixed with
the organic phase using mechanic stirring in a closed container
for 1 h. In order to remove the solvent, the container was
opened and stirred at 40 °C overnight to evaporate the DCM
completely. Subsequently, the emulsifier was separated by
centrifugation at 9000 rpm for 20 min and washing under the
same conditions before the water was removed by lyophiliza-
tion.
Preparation of the Biocomposites. Self-reinforced bio-

composites with particle content of 1, 3, and 5 wt % PHBV
particles were produced and labeled PHBV1MP(PHBV),
PHBV3MP(PHBV), and PHBV5MP(PHBV), respectively; a
control sample (PHBV) without particles was prepared with
the same parameters. The PHBV was dried at 70 °C for 24 h
prior to compounding. Extrusion was performed by a twin-
screw extruder (Haake Force Feeder Minilab II, UK) with
conical, counter-rotating screws and an integrated backflow
channel. A processing temperature of 165 °C with a rotation
speed of 60 rpm and a circulation time of 7 min was chosen.
The injection was performed by using a mini-injection molding
device (Thermo Scientific HAAKE MiniJet II, Karlsruhe,
Germany). The pistol cylinder temperature was 165 °C, and
the mold temperature was 50 °C with an injection pressure of
800 bar and a holding time of 10 s and a post pressure of 500
bar for 5 s. Dumbbell-shaped specimens according to DIN EN
ISO 527-2, 5A were produced. Films of approximately 100 μm
were manufactured by a heating press IQAP-LAB PL-15
(IQAP Masterbatch Group S.L., Barcelona, Spain). In the first
step, the biocomposites were melted at 165 °C for 5 min and 8
kN, and then, the film was pressed with a mold for 3 min with
30 kN and finally cooled for 5 min and 8 kN.

■ CHARACTERIZATION
Scanning Electron Microscopy (SEM). The images of

the microparticles were taken with a JEOL-JSM 7200F FESEM
device (Jeol, Tokyo, Japan). The samples were sputtered with
palladium, and an accelerating voltage of 5 kV was used. To
perform a quantitative analysis, all particles of a representative
image (Figure 2b) were analyzed with ImageJ.

Thermogravimetric Analysis (TGA). The TGA was
conducted on the PerkinElmer TGA 4000 (PerkinElmer
Spain SL, Madrid, Spain) apparatus to determine the thermal
stability of the prepared samples. Approximately 10 mg of
material was loaded in an aluminum pan. The sample was
heated from ambient temperature to 500 °C at 10 °C/min
under 20 mL/min N2 flow. The temperature at 1% weight loss
T99 is shown. The temperature of the maximum degradation
rate was calculated at the DTG peak maximum (Tmax). The
residual weight was measured at the temperature of 450 °C.
For the calculations, the software OriginPro 8 was used.

Differential Scanning Calorimetry (DSC). Thermal
transitions of the composites were examined by a PerkinElmer
Pyris Diamond/DSC 7 instrument (PerkinElmer Spain SL,
Madrid, Spain) using the power compensation principle under
nitrogen flow (80 mL/min) and liquid nitrogen-controlled
cooling. Samples were placed in aluminum-sealed crucibles and
heated from ambient temperature to 210 °C at a heating rate
of 10 K/min (first heating scan), then maintained for 1 min at
210 °C, cooled rapidly at 30 K/min to −50 °C, equilibrated at
−50 °C for 2 min, and heated up again to 200 °C at 10 K/min
(second heating scan). The first and second heating scans
examine the thermal behaviors of the samples with and without
previous thermal history, respectively. The degree of
crystallinity Xc of the samples was determined from the
second melting enthalpy values according to the following
equation:

= *
*

X
H

H w
100c

m

m
0

where ΔHm is the second melting enthalpy of the polymer
matrix, w is the polymer weight fraction of PHBV in the
sample, here, 90% was calculated for raw PHBV in accordance
with the manufacturer’s material specification, and Hm

0 is the
melting enthalpy of pure crystalline PHBV ( Hm

0= 109 J/
g).18,92 The crystallinity of the first melting peak Xc1 and the
second melting peak Xc2 and the total crystallinity Xc as sum of
both were calculated. The analysis was realized with OriginPro
8 software.

Tensile Test. The mechanical properties were investigated
as described in ASTM D 638-91 on dumbbell-shaped
specimens using an Instron 5566 universal testing machine
(Instron Canton, MA). The analysis was done by Bluehill
software. Eight specimens of each material were tested at a
cross head speed of 5 mm/min and an initial gauge length of
40 mm. Nominal stress at break (σb), nominal elongation at
break (εb), and Young’s modulus (E) were calculated from
resulting stress−strain curves. The average value ± standard
deviation of the eight samples is given in the table. Tensile
strain was monitored over the pathway of the axes.

Dynamic Mechanical Analysis (DMA). Dynamic me-
chanical analysis (DMA) was performed in three-point
bending mode with PerkinElmer DMA 7. The specimens
were heated from −50 to 120 °C at a heating rate of 5 K/min,
while a static force of 250 mN and a dynamic force of 200 mN
at a frequency of 1 Hz were applied. The analysis was done by
using the software OriginPro 8.

Polarized Optical Microscope (POM). An optical
microscope in a transmission setup (Leica DM 2500 M,
Leica Microsystems GmbH, Germany) was used to investigate
the crystallization process of the samples. For this test, it was
equipped with a Linkam hot stage. The samples were cut into
thin slices with a thickness of 20 μm. Samples were heated
from ambient temperature to 200 °C at a heating rate of 20
°C/min and maintained for 2 min to eliminate any crystals.
The specimen was then cooled at a rate of 5 °C/min until 50
°C. Images were taken in a molten state at 210 °C.
Furthermore, videos were taken throughout the crystallization
period.

Transmission Electron Microscopy (TEM). Transmis-
sion electron microscopy (TEM) images were taken with a
JEOL-JEM 2010 (JEOL Inc., USA). It was operated at an
accelerating voltage of 100 keV. In this regard, samples were
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cut byultramicrotome Leica Ultra Cut R with cryo-chamber
Leica EM FCS (Austria) with a thickness of 80 nm.

Barrier Tests. The films, prepared in the heating press of
around 110−120 μm thickness, were tested regarding their
barrier properties.
The oxygen permeation measurements were performed

according to ASTM DIN 3985 with the Mocon OX-TRAN
model 1/50 G apparatus (Mocon, USA) at 23 °C with 1%
relative humidity (RH) under 2.4 bar of pressure with a testing
area of 5 cm2. Nitrogen was used as the carrier gas with a
pressure of 2.4 bar. Tests were performed until obtaining a
steady line for the oxygen transmission rate under continuous
mode (OTR, in cc(m2day)−1).
The water vapor transmission rate (WVTR) was measured

with a Permatran-W, model 1/50 G, Mocon equipment
(Mocon Inc., USA) complying with the ASTM E-398
standard. Masks with a 5 cm2 test area were used for putting
samples in the cell of the equipment at 37.8 °C. Relative
humidities of 10 and 100% were applied in two sides of the
films as the driving force of the test. The WVTR was calculated
by counting the passing molecules carried to the counting
chamber of the equipment with nitrogen gas as a carrier, which
was purged continuously during the test with nitrogen at 2.0
bar. Tests were performed until obtaining a steady line for the
water vapor transmission rate under continuous mode
(WVTR, in g(m2day)−1).

Statistical Analysis. The results of some of the tests
performed are given as average values ± the standard
deviation. A statistical analysis of the results of the tensile
and barrier tests was performed using OriginPro 8. First, the
values were tested for normal distribution using the Shapiro−
Wilk test, and then, a one-way ANOVA analysis was performed
using Tukey’s test for means comparisons and Levene’s test for
homogeneity of variance. If the homogeneity of variance was
significant, then a Kruskal−Wallis test was performed to test
the significance of the values. The significance level for all
statistical analyses was α = 0.05.

■ RESULTS AND DISCUSSION MICROPARTICLES
In this first part of the article, the results of the manufactured
PHBV microparticles in comparison to the neat polymer are
presented.

Scanning Electron Microscopy Analysis. Controlling
the size and morphology of the microparticles is crucial for the
resulting properties of the particle composite for the following
incorporation of the particles into the matrix. To gain a better
understanding of the PHBV microparticles, SEM images were
taken (Figure 2). The particles are well-separated with a rather
smooth surface. Although most of them are spherical, some
hollow particles (capsules) can also be found as shown in
Figure 2c,d. The particle diameters are in the nano- to
micrometer range and reach up to about 5 μm. During the
more precise analysis of the images with ImageJ, as shown in
Figure 3, the particle diameters were measured. The measure-
ment showed a monomodal distribution, which resembles a
log-normal distribution (dashed curve). Accordingly, the
particles had a mean diameter of 0.44 μm, with a standard
deviation of 0.77 μm.
The particles showed similar morphology and size to those

reported in the literature.73,90,91,93,94 Malmir et al.90 produced
PHBV particles using the miniemulsion evaporation technique
with SDS as an emulsifier, resulting in a similarly smooth
surface. Zalloum et al.94 observed a rougher surface with a

similar size distribution for prepared PHBV particles. Senhorini
et al.93 also produced similar diameters but with a rougher
surface with more pores, while Pettinelli et al.87 produced
slightly smaller and smoother PHBV particles. Leimann et al.76

showed smaller, agglomerated nanoparticles, while Barboza et
al.95 and Volant et al.79 showed particles with an average
diameter of 5 and 25 μm, respectively. Farrag et al.91 also
produced similar particles using SDS and poly(vinyl alcohol)
(PVA) as emulsifiers, and they showed some hollow particles.
Im et al.96 and Mahaling and Katti97 investigated hollow
polymer particles and saw the polymer concentration gradient
during extraction of the solvent as the basis for this
phenomenon. Im et al.96 emphasized that this can be observed
with larger P3HB particles. Compared to the P3HB granules in
living cells as described and investigated by Vadlja et al.,98 the
produced microparticles are significantly larger.
The size and morphology of the particles are influenced by

many factors in the miniemulsion-solvent technique. Some of
these conditions have already been investigated in the
literature. For example, Farrag et al.91 showed smaller particles
with a smaller distribution for lower polymer solution
concentrations or higher surfactant concentrations. Maia et
al.99 demonstrated the influence of surfactant concentration
and processing conditions such as temperature and solvent
composition. Leimann et al.76 and Volant et al.79 showed a
dependence of the molar mass and the complexity of the PHA
molecular chains on the size of the particles. You et al.100

presented in a comprehensive study the influence of the
polymer concentration, stirring speed, and surfactant content
on PHBV particles with dimethylisosorbide as the solvent.
According to the literature, porosity is mainly influenced by the
evaporation rate.99 Besides that, Farrag et al.91 also observed a
correlation of the porosity with the polymer concentration.
The roughness of the surface was influenced by a variety of
factors such as the stirring speed, the choice of surfactant and
additives, and the molar mass and complexity of the molecular
chains and thus the crystallinity of the particles.79,91,94 Zalloum
et al.94 described a local gelatinization for PVA as a surfactant
which binds to the surface of the microparticles and influences
properties of the microparticles such as hydrophobicity and
degradation properties. However, this behavior has not yet
been proven for SDS. Nevertheless, Koosha et al.101 showed
that despite cleaning steps in the solvent evaporation process
during the P3HB particle preparation, small fractions of SDS
remained on their surface.

Thermogravimetric Analysis. Since thermal behavior
affects the processing window and the materials areas of

Figure 3. Distribution of particle diameter of PHBV microparticles by
ImageJ with a log-normal distribution curve (dashed line).
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application, the thermal stability was investigated here (Figure
4 and Table 1). In the present study, the thermal stability of

the particles has increased slightly compared to pure PHBV.
The start of the degradation at 1% weight loss was observed at
255.1 °C for pure PHBV and 256.8 °C for the PHBV
microparticles. The second degradation peak of the raw PHBV
could correspond to the plasticizer, which according to the
manufacturer is a citric acid ester, in the weight percentage of
about 10 wt % and with a Tmax of 363 °C.102 Due to the
purification of the PHBV during the manufacturing process,
these plasticizers were probably eliminated from the particles
and therefore responsible for the absence of the second
degradation phase. This could also come along with the smaller
residual weight at the 450 °C where raw PHBV has 1.2 wt %,
while the PHBV particles have just 0.9 wt %. The findings of
the TGA confirm the observations of other authors of no
significant or only slight tendencies toward a reduction in
thermal stability between the starting material and the
particles. While Senhorini et al.93 observed no change in the
onset temperature of degradation, Bouza et al.73 showed in
their work for PHBV pellets a temperature set of 285 °C which
slightly decreased to 279 °C for PHBV particles. They also
found for the raw PHBV material a two-step degradation, while
the decomposition of the PHBV particles took place in one
step. Rastogi and Samyn64 reported similar results. They
attributed this to the larger free surface area due to the
submicrometer size of the particles, which was less thermally
stable compared to the original compacted starting pellet.

Differential Scanning Calorimetry. The materials’
melting and crystallization behavior was assessed by means
of differential scanning calorimetry (DSC). Figure 5 shows the
composites’ first heating and first cooling curves, respectively.
Two melting areas were found for both, the original PHBV
polymer and the PHBV particles produced. As can be seen in
Tables 2 and 3, the prepared particles showed slightly higher
melting temperatures of 153.3 and 167.0 °C for the first and
second melting peaks, respectively, compared to raw PHBV,
which showed 150.3 and 162.1 °C, respectively. This is

accompanied by slightly higher melting enthalpies of 71.6 J/g
of PHBV microparticles compared to 68.3 J/g of pure PHBV.
However, the calculated crystallinity for the two materials is
very close to each other, based on the fact that the crystallinity
for the microparticles was calculated without the weight
proportion of the plasticizer based on the results of the TGA
tests. The crystallization temperatures are almost the same for
raw PHBV and MP(PHBV).
The presence of a split endothermic melting behavior for

PHBV has already been described in the literature for
PHBV90,103−105 and for PHBV particles.64,73,79 The possible
reason could be a complex superposition of different effects.
According to recent investigations, the different thicknesses of
the spherulite lamellae and the size of the unit cells105−107 had
a major influence. However, recrystallization processes and
different morphologies could also be involved. Only a
crystalline reorganization was excluded by Volant et al.79 and
Senhorini et al.93

Maia et al. also observed an increase in the melting
temperatures of the PHBV microspheres compared to the raw
material.99 Rastogi and Samyn106 mentioned the higher chain
mobility for the microparticles, which enabled a higher degree
of order in the spherulites and resulted in higher melting
enthalpies for P3HB microparticles in comparison with the
neat P3HB. Cai et al.108 described lower melting temperatures
for poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHB3HHx) with a higher content of more complex 3-
hydroxyhexanoate (3HHx) groups. Volant et al.79 also
mentioned the lateral side chain size as an influencing factor
for crystallinity. Furthermore, they showed a correlation
between the roughness of the particles and the crystallinity
of the particles through investigations with the AFM and FTIR.
In this work, the treatment of the polymer chains during the
preparation of the PHBV microparticles could have led to a
purification of the plasticizer, as described above in the TGA,
and a slight loss of complexity in the molecular chains
compared to the raw material, which would favor crystal-
linity.64

■ RESULTS AND DISCUSSION BIOCOMPOSITES
This second part of the review is dedicated to the findings on
the PHBV composites resulting from the extrusion and
injection molding of the manufactured microparticles within
a PHBV matrix. Results of biocomposites with 1, 3, and 5 wt %

Figure 4. Thermogravimetric analysis of PHBV microparticles and
raw PHBV, weight loss curves, and first derivate.

Table 1. TGA Results of Raw PHBV and PHBV
Microparticlesa

TGA T99 [°C] Tmax [°C] Residual weight [wt %]

Raw PHBV 255.1 287.5 1.2
MP(PHBV) 256.8 285.6 0.9

aTemperature of 1% weight loss T99, temperature of maximal
degradation rate Tmax, residual weight at 450 °C.

Figure 5. DSC curves of 1. heating and 1. cooling of the raw PHBV
and PHBV microparticles.
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of PHBV microparticles are shown and compared to the neat
matrix material.

Microscopic Analysis. First, SEM images were taken of
the cryo-fractured sample surface to check whether the PHBV
microparticles have withstood melt production by extrusion
and injection and if they can be detected. Figure 6 shows

images of PHBV and PHBV5MP(PHBV). Spherical particles
with a diameter of about 1 μm can be recognized for the
particle composite. However, the analysis of the particles also
identified larger particles that are not visible in the microscopy
images; this may be due to the degradation of the larger
particles during melt processing. The applied shear forces and
increased temperatures could promote degradation of the
particles. However, there are no obvious signs of good bonding
to the matrix, but on the other hand, this cannot be excluded as
the particles and matrix are made of the same material and thus
can just be clearly seen at some parts of the composite as can
be seen in Figure 6c,d.
To give a deeper understanding of the material, TEM images

shown in Figure 7 were taken. Spherical particles could be
found in the matrix at all concentrations. The hollow particles,
as described above, can be seen in Figure 7d,e, are clearly
identified here as PHBV particles. Compared with the SEM,
however, much smaller particles of less than 1 μm in diameter
can be measured here. For larger particle contents for
PHBV5MP(PHBV), agglomerates are visible, in contrast to
the SEM images. Malmir et al.90 also show TEM images of the
biocomposites produced with solvent casting with PHBV
microparticles, but they cannot detect any spherical particles.

Differential Scanning Calorimetry. The thermal effects
of the particles on the biocomposites with a PHBV matrix were
investigated using DSC (Figure 8, Tables 4 and 5). Two
melting areas were found for all of the samples. The presence
of a split endothermic melting behavior for PHBV was already
described above and in the literature.90,103,104 Possible causes
of double melting behavior include (a) melting, recrystalliza-
tion, and remelting during heating; (b) the presence of more
than one crystal modification; (c) different morphologies, and
(d) relaxation of the rigid amorphous fraction.79,103 Zhu et
al.105 studied recently PHBV regarding its bimodal melting
behavior and showed that thinner lamellae with larger unit cells
are melted in the first melting area and thicker spherulites with
smaller unit cells are melted in the second melting area. As an
explanation, they suggested that the thinner, thermally less
stable lamellae had a uniform structure with 3HV units, while
the thicker lamellae reflected a sandwich structure with partial
inclusion of 3HV units. However, the work revealed no
evidence of a structural change due to recrystallization.
The analysis of the DSC data showed a very slight increase

in the melting temperatures for the incorporation of the PHBV
microparticles by approximately 2 °C as well as a slight
widening of the melting range. In addition, a higher enthalpy in
the first peak from 48.8 J/g for PHBV to 58.0 °C for
PHBV3MP(PHBV) and an increased crystallinity of about
10% can be observed. Xu et al.109 observed an increase in
crystallization and melting peaks as well as an extension of the
melting range for self-induced nucleation by P3HB in PHBH.
This was attributed to improved crystallization ability and

Table 2. DSC Analysis of Raw PHBV and PHBV Microparticles in First Heating

1. Heating Tm1 [°C] ΔHm1 [J/g] Xc1 [%] Tm2 [°C] ΔHm2 [J/g] Xc2 [%] Xc [%]

Raw PHBV 150.3 33.8 31.6 162.1 34.5 35.2 66.1
MP(PHBV) 153.3 35.0 32.1 167.0 36.6 33.6 65.7

Table 3. DSC Analysis of Raw PHBV and PHBV
Microparticles in First Cooling

1. Cooling Tc1 [°C] ΔHm1 [J/g]

Raw PHBV 105.8 −60.8
MP(PHBV) 106.3 −59.3

Figure 6. SEM images of composites (a) PHBV at 1.00 k ×, (b)
PHBV at 10.00 k ×, (c) PHBV5MP(PHBV) at 3.00 k ×, and (d)
PHBV5MP(PHBV) at 10.00 k ×.

Figure 7. TEM images of composites: (a) PHBV at 15000×, (b)
PHBV1MP(PHBV) at 15000×, (c) PHBV3MP(PHBV) at 15000×,
(d) PHBV5MP(PHBV) at 15000×, and (e) PHBV5MP(PHBV) at
30000×.
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quality, which increased the thickness of PHBH lamellae and
made the crystals more perfect.
Understanding the nonisothermal crystallization behavior of

the material is essential for melt processing. It can be seen that
the crystallization ranges and their peaks for the particle
composites are shifted to higher temperatures. For example,
the crystallization peak for PHBV3MP(PHBV) is at 94.9 °C,
while for PHBV, it is only at 91.9 °C. Crystallization involves
nucleation and crystal growth processes, which can be
influenced by various factors, such as the dispersion of the
particles, the bonding between the matrix and filler, or chain
mobility.110 The earlier crystallization in the composites
indicates that the PHBV particles act as heterogeneous
nucleating agents, which reduce the activation energy for
crystallization. Malmir et al.90 and other authors103,110,111

described similar trends and attributed this to smaller and
more crystalline domains formed due to heterogeneous
nucleation.

Thermogravimetric Analysis. The composites produced
by melt processing were also investigated by thermogravimetric
analysis. As can be seen in Figure 9 and Table 6, the addition
of microparticles resulted in slightly faster thermal decom-
position of the biocomposites compared to pure PHBV. For
example, the temperatures at 1 wt % weight loss for
PHBV5MP(PHBV) are 255.4 °C, while the thermal
decomposition of pure PHBV starts at 263.2 °C. As described
above for raw PHBV, a second decomposition peak is also
measured here for both the pure PHBV and the biocomposites,
which could correspond in its weight percent (∼10 wt %) and

its decomposition temperature of 363 °C to a citric acid ester,
which is added as a plasticizer according to the manufacturer’s
specifications.
Xiang et al.25 studied the thermal decomposition of PHBV

in the relationship between the external atmosphere and the
residual metal ions. They prove that PHBV with low molecular
weight and a crotonate end group at the end was generated by
random chain scission triggered by the reaction of β-
elimination and α-deprotonation.112 Subsequently, the cro-
tonic acid and a new crotonyl chain end were generated with a
drastic reduction in molecular weight. Here, they further
showed acceleration by the remaining calcium ions in the
PHBV.

Figure 8. DSC curves of the PHBV and biocomposites: (a) second heating scan and (b) first cooling scan.

Table 4. DSC Data of First Cooling of PHBV and
Biocomposites

1. Cooling Tc [°C] ΔHC [J/g]

PHBV 91.9 −54.0
PHBV1MP(PHBV) 93.9 −52.4
PHBV3MP(PHBV) 94.9 −53.5
PHBV5MP(PHBV) 94.9 −55.1

Table 5. DSC Data of Second Heating of PHBV and Biocomposites

2. Heating Tm1 [°C] ΔHm1 [J/g] Xc1 [%] Tm2 [°C] ΔHm2 [J/g] Xc2 [%] Xc [%]

PHBV 149.1 48.8 44.8 159.1 19.2 17.6 62.4
PHBV1MP(PHBV) 151.1 51.3 47.6 160.9 19.1 17.7 65.3
PHBV3MP(PHBV) 151.7 58.0 54.8 161.4 18.8 17.8 72.6
PHBV5MP(PHBV) 151.1 56.6 54.6 161.6 19.9 19.2 73.8

Figure 9. TGA curve of the biocomposites.

Table 6. TGA Results of Biocompositesa

TGA T99 [°C] Tmax [°C] WeightResidual [wt %]

PHBV 263.2 292 1.0
PHBV1MP(PHBV) 259.4 290 1.1
PHBV3MP(PHBV) 258.5 290 1.4
PHBV5MP(PHBV) 255.4 287 1.2

aTemperature of 1% weight loss T99, temperature of maximal
degradation rate Tmax, residual weight at 450 °C weightresidual.
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Many studies have described a decrease in thermal stability
due to the incorporation of fillers. Especially, the addition of
particles with higher thermal conductivity, as they enhanced
heat diffusion through the material, showed greater
effects.111,113

Oberhoff,114 Mysiukiewicz et al.115 and Vanheusden et al.116

described a strong influence of the process parameters on
thermal stability, with shear forces being primarily responsible
for chain shortening. They demonstrated the strong influence
of viscosity as an interaction of incorporated fillers, process
temperatures, and rotation speeds on thermal stability. Also in
this work, the particles could lead to an increase in shear forces
during extrusion, which could lead to a shortening of the chain
length and, therefore, to an earlier thermal degradation.

Tensile Test. The injection-molded samples were examined
using the tensile test to determine their modulus, strength, and

elongation. Figure 10 shows the results of the mechanical
properties of the tensile test plotted as a box chart. Table 7
summarizes the average values and their standard deviations.
Statistical analysis showed a slight reduction in strength and a
decrease in ductility, while the elasticity did not change
significantly. As the variance of homogeneity according to
Levene was significant (0.04) for the tensile strength, a
Kruskal−Wallis test was also carried out for this parameter,
which confirmed a significant change in the tensile strengths of
the materials. The greatest effect was achieved with 3 wt %
PHBV microparticles, at which the composites showed the
strongest decrease in mechanical properties, leading to
embrittlement, which is associated with the increased
crystallinity shown in the DSC. At higher particle contents,
agglomeration of the particles occurs as seen in the TEM,
which counteracts this. A decrease in mechanical properties

Figure 10. Tensile test, stress strain curve, and block diagrams of (a) Young’s modulus E, (b) elongation at break εb, and (c) tensile strength εf.

Table 7. Results of Tensile Test-Injected Biocomposites with Mean Values and Standard Deviation

Tensile test Young’s Modulus Elongation in Fmax Tensile strength Elongation at break Breaking stress

E [MPa] εf [%] σf [MPa] εb [%] σb [MPa]

PHBV 1225 ± 24 4.4 ± 0.3 22.6 ± 0.6 4.6 ± 0.3 22.4 ± 0.7
PHBV1MP(PHBV) 1214 ± 10 4.2 ± 0.3 22.3 ± 0.5 4.4 ± 0.3 21.2 ± 0.6
PHBV3MP(PHBV) 1233 ± 19 3.6 ± 0.1 21.4 ± 0.2 3.8 ± 0.1 19.8 ± 0.6
PHBV5MP(PHBV) 1226 ± 14 3.8 ± 0.3 21.6 ± 0.6 4.0 ± 0.3 20.3 ± 0.6
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was also observed by other authors. Mazur et al.117 showed no
clear influence of CuO particles on the mechanical properties
of PHBV. Najah et al.118 described a decrease in strength and
ductility for calcium phosphate-PHA composites, which they
attributed to dispersion and poor bonding of the particles.
Jurczyk et al.60 showed a decrease in mechanical and thermal
properties for self-reinforced PHB with clPHB. Xu et al.109

mixed PHB in PHBH as a nucleating agent and observed a
higher strength of the materials with increased crystallinity.
Tamiya et al.119 showed poorer elongation and strength for
PHBV composites with silicate particles and attributed this to
poor bonding. Bossu et al.120 investigated different process
temperatures for PHBV and showed a strong decrease in
mechanical properties at high temperatures due to a separation
of the P3HB and P3HV domains, which can also increase due
to self-heating. A decrease in the mechanical properties due to
chain shortening caused by decomposition processes during
melt production, as previously described, is also conceivable.
Many factors influence the mechanical properties of composite
materials. The main difference in the given literature between
conventional fillers and nanofillers was that nanosized materials
had a much larger surface area and therefore a larger interfacial
area per unit volume. Therefore, nanocomposites showed an
improvement in mechanical properties, but a common
problem is the limitation of particle content due to the
formation of agglomerates due to poorer dispersion.121

However, the peculiarity lies in the increased crystallinity of
the composites, which does not lead to a higher modulus as
expected but only to an embrittlement of the composites. At
higher particle contents, agglomeration could occur, which
counteracts this. In order to better understand this
phenomenon, DMA was carried out.

Dynamical Mechanical Analysis. In order to understand
the dynamic mechanical mechanisms, a DMA was carried out
in a bending test setup. The results are shown in Figure 11 and
Table 8. Lower storage moduli of the biocomposites can be

seen over the entire temperature range, with greater differences
at temperatures below the glass transition temperature, which
converge as the temperature increases. One wt % of the PHBV
particles have the greatest effect, causing a reduction of around
70% at 30 °C compared to the pure PHBV. The modulus is a
value for the stiffness of the sample, i.e., conversely the chain
mobility. The lower the value, the higher the degree of
freedom of the chains. Therefore, in the glass transition region,
a strong loss of modulus for all polymers has been seen due to
the weakening of the intermolecular interactions by the alpha
relaxation of the amorphous phase.113 The incorporation of the
particles also resulted in lower moduli, which were
accompanied by an increased phase shift tan δ, i.e., an
increased damping capacity of the biocomposites due to the
increased energy dissipation.103 One possible explanation for
this could be a change in the crystal structure. On the other
hand, as already discussed, higher particle contents could lead
to agglomeration, which counteracted the refinement of the
crystal structure and limited internal structure movements.122

Brandolt et. al110 also reported a decrease in modulus with an
increase in the phase shift for nanoclays and plasticizers in
PHBV and also attributed the higher chain mobility for the
nanocomposites.

Polarized Optical Microscopy. In order to understand
the crystal structure, images were taken with POM, which are
shown in Figure 12. The images were taken after complete
crystallization at 85 °C. The examination shows higher
crystallization temperatures for the biocomposites with

Figure 11. DMA curves of biocomposites: (a) storage modulus and (b) tan δ.

Table 8. DMA values of biocomposites: storage modulus
and phase shift tan δ

DMA Modulus [MPa] tan (δ)

at 10 °C at 30 °C at 70 °C Tg [°C] tan (δ)
PHBV 14052 9989 5027 14,8 0,11
PHBV1MP(PHBV) 3969 2863 1441 14,6 0,12
PHBV3MP(PHBV) 4628 3321 1730 14,7 0,12
PHBV5MP(PHBV) 5951 4334 2196 14,9 0,12

Figure 12. POM Images of biocomposites after cooling from melt at
85 °C: (a) PHBV, (b) PHBV1MP(PHBV), (c) PHBV3MP(PHBV),
and (d) PHBV5MP(PHBV).
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PHBV particles, shown in Figure 12b−d compared to neat
PHBV, shown in Figure 12a. By incorporating the particles, a
reduction in the size of the spherulites with significantly more
nucleation nuclei can be observed, resulting in more interfaces
between the spherulites. This confirms the findings from DSC
and DMA analyses. However, due to the diffuse images, no
major differences can be observed between the biocomposites
with different particle contents with regard to the size of the
spherulites or their perfection. The semicrystalline random
copolymers are isodimorphic, which implies the cocrystalliza-
tion of the two monomer units in the PHB homopolymer
lattice (Bluhm et al. 1986). They are composed of spherulites,
which are characterized by crystalline domains surrounded by
the amorphous phase, wherein the amorphous phase is
characterized by a continuum, i.e., a broad distribution of the
rigid and mobile phase (Esposito et al. 2016). In the literature,
the reinforcing effect of the particles was also observed by the
formation of more spherulites and higher crystallization
temperatures due to heterogeneous nucleation.109,111 The
earlier crystallization due to the energetic situation in the
composites was already observed in the investigation using
DSC and can be confirmed here. Malmir et al.90 described for
PHBV composites produced by solvent casting a faster growth
rate, which they have demonstrated in other investigations as
well. Moreover, da Costa et al.103 related the differences in
perfection and size of the spherulites to the agglomeration of
the fillers and to the two endothermic melting peaks of the
DSC. The results therefore confirm the DMA and DSC
assumptions of a higher nucleation density and smaller
spherulites.

Barrier Test. Good barrier properties indicate good
protection against environmental influences, thus preventing
the fast deterioration of the products. The permeability of
oxygen and water vapor was measured as an indicator of the
barrier properties, and the results are shown in Figure 13. A
significant increase in oxygen barrier properties for PHBV was
observed compared to the materials with incorporated
microparticles according to the Tukey’s test. OTR values
were 35% increased for PHBV1MP(PHBV) compared to pure
PHBV from 42.3 cc/m2/day to 27.3 cc/m2/day with p = 0.004.
The water vapor permeability was also slightly improved for
PHBV3MP(PHBV) from 26.3 to 23.3 g/m2/day but not
significantly according to ANOVA analysis with p = 0.095. The
different intensity of the effects for water vapor versus oxygen
can be attributed to the polarity of the gas molecules and their
size. This allowed the water molecules to use the OH bonds as
bridges to permeate through the material.111 The diffusion
coefficient was significantly lower in the amorphous phase than

in the crystalline lamellae of the spherulites, which indicated
that molecular migration mainly took place in these areas due
to the higher free volume.123 Due to the higher crystallinity
observed in the DSC for the biocomposites with the PHBV
particles, gas diffusion through the sample was hindered.
Smaller spherulites and more frequent spherulite boundaries as
well as the introduced PHBV particles contributed to a
complicated path of the molecules through the sample,90,103 as
seen before in the POM analysis. However, it should be noted
that at higher particle contents, the agglomeration of the
particles counteracted this.124

■ CONCLUSIONS
PHBV microparticles with an average diameter of 3−4 μm
were first produced by using the miniemulsion-evaporation
technique. Compared with the PHBV raw material, they
showed a slightly higher crystallinity with a slight increase in
melting temperatures. Afterward, they were used as a self-
reinforcing agent by incorporating them in a PHBV matrix
using melt processing. The analysis by applying different
techniques revealed the effect of microparticles on the
properties of the composite. By use of microscopic images,
small particles could be detected in the composite. It can be
shown that they achieved a heterogeneous nucleation, as a
result of which a higher nucleation density was determined.
The mechanical properties were not strongly influenced, which
is explained by opposing effects. On the one hand, increased
degradation processes during melt processing due to the higher
particle-induced shear forces occur, and on the other hand,
there is a reinforcing effect caused by the change in the crystal
structure of PHBV due to the microparticles, which was
demonstrated in the POM. The finer microstructure with the
higher number of spherulites and more interfaces, together
with the higher crystallinity, is also shown to worsen the
diffusion of permeants through the composite, resulting in
improved barrier properties. This composite material has
shown promise for industrially produced, sustainable, biobased,
and biodegradable packaging materials of the future. In the
future, the composite material could benefit from the further
development of microparticles, first by realizing larger
quantities by an upscale70,72 with more efficient use of more
sustainable substances100,125 during production and second
through the encapsulation of antimicrobial, antioxidant, or
anti-inflammatory substances, as well as upscaling processes,
e.g., in the production of contacts. In combination with the
good barrier properties, interesting active packaging systems
can be produced.

Figure 13. Barrier tests of biocomposite films against (a) water vapor transmission rate and (b) oxygen transmission rate.
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Crystallization and Melting Behaviour of PHB and PHB/HV
Copolymer. Polymer 1992, 33 (7), 1563−1567.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05957
ACS Omega 2024, 9, 51073−51088

51084

https://doi.org/10.17632/szsbgmvn8r.1
https://pubs.acs.org/doi/10.1021/acsomega.4c05957?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05957/suppl_file/ao4c05957_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anja+Schmidt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6013-6063
https://orcid.org/0000-0001-6013-6063
mailto:a.schmidt@udc.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birgit+Bittmann-Hennes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danny+Moncada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4903-1460
https://orcid.org/0000-0002-4903-1460
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bele%CC%81n+Montero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05957?ref=pdf
https://www.plasticstoday.com/legislation-regulations/plastic-pellet-spill-in-spain-galvanizes-eu-parliament
https://www.plasticstoday.com/legislation-regulations/plastic-pellet-spill-in-spain-galvanizes-eu-parliament
https://doi.org/10.3144/expresspolymlett.2024.25
https://doi.org/10.3144/expresspolymlett.2024.25
https://doi.org/10.3390/pr8030323
https://doi.org/10.3390/pr8030323
https://doi.org/10.3390/bioengineering10070855
https://doi.org/10.3390/bioengineering10070855
https://doi.org/10.1007/s00253-020-10568-1
https://doi.org/10.1007/s00253-020-10568-1
https://doi.org/10.1016/j.wasman.2020.10.008
https://doi.org/10.1016/j.wasman.2020.10.008
https://doi.org/10.1016/j.biortech.2021.125616
https://doi.org/10.1016/j.biortech.2021.125616
https://doi.org/10.1016/j.biortech.2021.125616
https://doi.org/10.3390/polym12122908
https://doi.org/10.3390/polym12122908
https://doi.org/10.1016/j.biortech.2021.124685
https://doi.org/10.1016/j.biortech.2021.124685
https://doi.org/10.1016/j.biortech.2021.124685
https://doi.org/10.1016/j.aiepr.2019.11.001
https://doi.org/10.1016/j.aiepr.2019.11.001
https://doi.org/10.1016/j.ijbiomac.2017.09.054
https://doi.org/10.1016/j.ijbiomac.2017.09.054
https://doi.org/10.1016/j.ymben.2019.07.004
https://doi.org/10.1016/j.ymben.2019.07.004
https://doi.org/10.1016/j.ymben.2019.07.004
https://doi.org/10.1016/j.ibiod.2017.10.001
https://doi.org/10.1016/j.ibiod.2017.10.001
https://doi.org/10.1016/j.biortech.2020.123536
https://doi.org/10.1016/j.biortech.2020.123536
https://doi.org/10.1016/j.biortech.2020.123536
https://doi.org/10.3390/polym10070732
https://doi.org/10.3390/polym10070732
https://doi.org/10.3390/polym10070732
https://doi.org/10.1016/j.progpolymsci.2012.06.003
https://doi.org/10.1016/j.progpolymsci.2012.06.003
https://doi.org/10.1016/0032-3861(92)90139-N
https://doi.org/10.1016/0032-3861(92)90139-N
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(20) Tebaldi, M. L.; Maia, A. L. C.; Poletto, F.; de Andrade, F. V.;
Soares, D. C. F. Poly(-3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV): Current advances in synthesis methodologies, antitumor
applications and biocompatibility. J. Drug Delivery Sci. Technol 2019,
51 (August2018), 115−126.
(21) You, J. W.; Chiu, H. J.; Shu, W. J.; Don, T. M. Influence of
Hydroxyvalerate Content on the Crystallization Kinetics of Poly-
(Hydroxybutyrate-Co-Hydroxyvalerate. J. Polym. Res 2003, 10 (1),
47−54.
(22) Abbasi, M.; Pokhrel, D.; Coats, E. R.; Guho, N. M.; McDonald,
A. G. Effect of 3-Hydroxyvalerate Content on Thermal, Mechanical,
and Rheological Properties of Poly(3-Hydroxybutyrate-Co-3-Hydrox-
yvalerate) Biopolymers Produced from Fermented Dairy Manure.
Polymers 2022, 14 (19), 4140.
(23) Fosse, C.; Esposito, A.; Lemechko, P.; Salim, Y. S.; Causin, V.;
Gaucher, V.; Bruzaud, S.; Sudesh, K.; Delbreilh, L.; Dargent, E. Effect
of Chemical Composition on Molecular Mobility and Phase Coupling
in Poly(3-Hydroxybutyrate-Co-3-Hydroxyvalerate) and Poly(3-Hy-
droxybutyrate-Co-3-Hydroxyhexanoate) with Different Comonomer
Contents. J. Polym. Environ 2023, 31 (10), 4430−4447.
(24) Carli, L. N.; Daitx, T. S.; Gonçalves, G. P. O.; Bianchi, O.;
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(115) Mysiukiewicz, O.; Barczewski, M.; Skórczewska, K.;
Matykiewicz, D. Correlation between Processing Parameters and
Degradation of Different Polylactide Grades during Twin-Screw
Extrusion. Polymers 2020, 12 (6), 1333.
(116) Vanheusden, C.; Samyn, P.; Goderis, B.; Hamid, M.; Reddy,
N.; Ethirajan, A.; Peeters, R.; Buntinx, M. Extrusion and Injection
Molding of Poly(3-Hydroxybutyrate-Co-3-Hydroxyhexanoate)
(Phbhhx): Influence of Processing Conditions on Mechanical
Properties and Microstructure. Polymers 2021, 13 (22), 4012.
(117) Mazur, K.; Singh, R.; Friedrich, R. P.; Genç, H.; Unterweger,
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