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Abstract: In the present study, a new poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxy-
hexanoate) [P(3HB-co-3HV-co-3HHx)] terpolyester with approximately 68 mol% of 3-hydroxybutyrate
(3HB), 17 mol% of 3-hydroxyvalerate (3HV), and 15 mol% of 3-hydroxyhexanoate (3HHx) was ob-
tained via the mixed microbial culture (MMC) technology using fruit pulps as feedstock, a processing
by-product of the juice industry. After extraction and purification performed in a single step, the
P(3HB-co-3HV-co-3HHx) powder was melt-mixed, for the first time, in contents of 10, 25, and 50 wt%
with commercial poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Thereafter, the resultant
doughs were thermo-compressed to obtain highly miscible films with good optical properties, which
can be of interest in rigid and semirigid organic recyclable food packaging applications. The results
showed that the developed blends exhibited a progressively lower melting enthalpy with increasing
the incorporation of P(3HB-co-3HV-co-3HHx), but retained the PHB crystalline morphology, albeit
with an inferred lower crystalline density. Moreover, all the melt-mixed blends were thermally stable
up to nearly 240 ◦C. As the content of terpolymer increased in the blends, the mechanical response of
their films showed a brittle-to-ductile transition. On the other hand, the permeabilities to water vapor,
oxygen, and, more notably, limonene were seen to increase. On the overall, this study demonstrates
the value of using industrial biowaste derived P(3HB-co-3HV-co-3HHx) terpolyesters as potentially
cost-effective and sustainable plasticizing additives to balance the physical properties of organic
recyclable polyhydroxyalkanoate (PHA)-based food packaging materials.

Keywords: polyhydroxyalkanoates; waste valorization; food packaging; Circular Bioeconomy;
organic recycling

1. Introduction

The massive use of synthetic plastics in recent decades has caused a deep dam-
age to the environment. Polymers derived from fossil hydrocarbons are habitually non-
biodegradable, making them difficult to eliminate and being accumulated in landfills or
in natural environments [1]. This environmental issue becomes particularly relevant for
packaging applications, in which the articles are generally discarded after a short and
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single use and, thus, a change in the strategies related to the type of material used is
necessary [2,3].

Polyhydroxyalkanoates (PHAs) are a family of linear polyesters produced in nature
by the action of bacteria, both Gram-positives and Gram-negatives, during fermentation of
sugar or lipids in famine conditions [4]. PHAs are currently regarded as a good alternative
to conventional petroleum-based polymers. These biopolyesters are biodegradable both
in composting conditions and in natural environments, while they are fully bio-based.
Therefore, PHAs can be integrated inside the so-called Circular Bioeconomy strategies that
aim, by organic recycling, to bring the carbon back to the soil [5]. The first identified and
best-characterized PHA was poly(3-hydroxybutyrate) (PHB) [6]. However, PHB has poor
physical properties in terms of brittleness and low processability due to its highly crystalline
nature [7]. The use of PHA copolymers can improve these properties and the most common
one is poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). In particular, the percentage
of 3-hydroxyvalerate (3HV) in the copolyester can modify the relevant properties of the
polymer. For example, the degree of crystallinity of PHB can decrease up to approximately
40% with increasing the 3HV content to 30 mol% that, in turns, reduces the melting
temperature (Tm) and brittleness while improves the processing window [8]. Similarly, the
mechanical properties are enhanced in terms of ductility when the 3HV content increases [9].
Thus, an increased in elongation at break (εb) from 5.6%, for PHB, to 690%, was reported
for a film of PHBV with 20 mol% 3HV prepared by solvent casting [10]. In another study, εb
increased from 3% to 44% in solvent-casted PHBV films with a change in the 3HV content
from 7 mol% to 40 mol% [11]. Furthermore, the use of terpolymers has also been identified
as an effective strategy to improve the material properties of PHB [12]. In this regard,
the poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) [P(3HB-co-3HV-
co-3HHx) or PHBVHHx] terpolyester is very promising. For instance, Zhao et al. [12]
produced various P(3HB-co-3HV-co-3HHx) terpolymers with 3HV and 3-hydroxyhexanoate
(3HHx) molar contents ranging between 2.3–7.1 mol% and 5.0–15.1 mol%, respectively.
It was demonstrated that the P(3HB-co-3HV-co-3HHx) terpolymer shows higher thermal
stability and εb compared to the PHB homopolymer and its PHBV copolymer with 5 mol%
3HV and also poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] with
12 mol% 3HHx. In particular, εb increased from 4.5%, for PHB, to 481.1% for P(3HB-co-3HV-
co-3HHx) with 13.4 mol% 3HHx content. P(3HB-co-3HV-co-3HHx) also presented lower
melting temperatures and enthalpies of fusion than the homopolymer, that is, 162 ◦C and
97 J/g, for PHB, and 104 ◦C and 20.8 J/g, for the terpolyester with 15.1 mol% 3HHx content,
respectively. This fact is due to its lower crystallinity and the formation of crystals with
lower degree of perfection. Moreover, Ye et al. [13] reported that P(3HB-co-3HV-co-3HHx)
showed higher crystallization rate and degree of crystallinity than P(3HB-co-3HHx), and
also an improvement of the ductile performance, which was explained by the simultaneous
introduction of 3HV and 3HHx monomers. Thus, one can consider that all these changes in
the material properties would positively contribute to attain property-balanced materials,
more suitable for use in food packaging. Furthermore, some studies have indicated that
these terpolymers are biocompatible and non-cytotoxic [14,15].

Nevertheless, the synthesis of P(3HB-co-3HV-co-3HHx) has been scarcely reported
in a few studies. Some bacterial strains have been used in the P(3HB-co-3HV-co-3HHx)
production, such as Rhodospirillum rubrum and Rhodococcus sp. NCIMB 40,126 [16,17].
Moreover, the use of recombinant strains modified through genetic engineering has been
described to obtain a higher control of the resultant PHA, such as Escherichia coli [18],
Cupriavidus necator [19], Ralstonia eutropha [20], among others [21,22]. However, the use of
pure microbial cultures for PHA production requires pure substrates as the carbon resources
and also sterile conditions, making this process expensive and not highly sustainable from
an industrial upscaling point of view [23]. An alternative to reduce the market price
while increasing sustainability would be through the use of mixed microbial cultures
(MMCs) in combination with the use of industrial by-products of agro-food wastes such as
feedstocks [24,25]. In this regard, there are several organic wastes of industrial by-products
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that have been reported for the production of PHAs such as oil mill [26,27], molasses [28],
paper mill effluents [29], dairy whey [30,31], fermented fruit [32,33], and municipal solid
waste [34]. In this sense, the use of biowastes for PHA production has shown to increase
the economic value of the final product, while it reduces the overall environmental impact
of the biopolymer production [35].

Blending by melt mixing with additives and fillers has also demonstrated to be a
convenient approach to improve the properties of PHAs. Thus, it is common to use
mixtures with different commercial biopolymers [36,37], waste derived fillers [38,39] or a
combination of both [40,41], which increase some of the final properties such as thermal,
mechanical or barrier. These properties can be modified depending on the polymers and
the ratios used in the blends [42]. The techniques most commonly used to prepare the PHA
blends are solvent solution [43,44] and melt mixing [45,46]. The latter technique shows
certain advantages as it is a fast method, it is environmentally friendly as no solvents are
required, and large mass production can be easily scaled up [47,48]. In this context, the use
of waste derived PHA in melt-mixed blends with commercial PHA has been previously
assessed by our group. Thus, Martinez-Abad et al. [49] reported blends of commercial
PHBV with unpurified PHBV obtained by MMCs from cheese whey (CW). The obtained
blends showed good miscibility and their thermal, mechanical, and barrier properties were
not substantially affected for loadings of up to 10 wt% of the food waste derived PHBV,
whereas the sustainable profile of PHBV was improved. Also, blends of commercial PHB
and purified PHBV obtained from fruit pulp waste filled with 10 wt% rice husk flour (RHF)
also showed good miscibility, increased thermal stability, and slightly better mechanical
properties in terms of strength and ductility [40].

In this study, a newly developed P(3HB-co-3HV-co-3HHx) produced by MMC using
biomass derived from fruit pulp, an industrial by-product of the juice industry, was melt-
mixed with commercial PHBV at contents from 10 to 50 wt%. The neat PHAs and resultant
PHBV/P(3HB-co-3HV-co-3HHx) blends were subsequently thermo-compressed to produce
films that were characterized in terms of their morphology and optical characteristics as
well as thermal, mechanical, and barrier properties to evaluate their potential in food
packaging applications.

2. Materials and Methods
2.1. Materials

A commercial PHBV grade, ENMATTM Y1000P, was obtained in the form of pellets
from Tianan Biologic Materials (Ningbo, China). According to the manufacturer, the 3HV
fraction in the copolyester is 2 mol% and the weight-average molecular weight (MW) is
~2.8 × 105 g/mol. P(3HB-co-3HV-co-3HHx) terpolyester was produced at pilot-plant scale
at Universidade NOVA (Lisboa, Portugal) using the technology of MMC fed with fermented
fruit pulp supplied by Sumol+Compal S.A. (Carnaxide, Portugal), as an industrial residue
of the juice industry.

D-limonene, with 98% purity, was purchased from Sigma-Aldrich S.A. (Madrid, Spain).
Chloroform, stabilized with ethanol and 99.8% purity, and sodium hydroxide (NaOH)
were obtained from Panreac S.A. (Barcelona, Spain). Methyl 3-hydroxyhexanoate and
heptadecane were supplied by Sigma Aldrich Química S.A. (Sintra, Portugal).

2.2. Production of P(3HB-co-3HV-co-3HHx)

The experimental setup to produce a terpolymer of P(3HB-co-3HV-co-3HHx) consisted
of 3-pilot scale bioreactors inoculated with biomass from wastewater treatment plants for
the microorganism selection. A 60-L up-flow anaerobic sludge blanket (UASB) reactor
fed with fruit pulp waste was used to produce the precursors for PHA. This reactor was
operated at hydraulic retention time (HRT) of 1 day, a temperature of 30 ◦C, and the pH
was kept at approximately 5.0. After filtration, the effluent rich in fermentation products
(FP) was fed as carbon source to the subsequent steps of the process. A sequencing batch
reactor (SBR) with a volume of 100 L was fed with the FP and operated under a feast
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and famine regime with the goal of producing a PHA-accumulating culture. The reactor
operated in 12-h cycles consisting of 11 h of aeration and 1 h of settling. The HRT and
sludge retention time were set to 1 day and 4 days, respectively. PHA accumulation was
carried out in a 50-L aerobic fed-batch reactor inoculated with 25 L of biomass purged from
the SBR at the end of famine phase. The reactor was fed with the FP-rich effluent from the
UASB reactor in a pulse-wise mode controlled by the dissolved oxygen (DO) response.

A mass with a P(3HB-co-3HV-co-3HHx) content of approximately 41 wt% was attained
at the end of the accumulation assay. The terpolymer showed the following composition:
68 mol% of 3-hydroxybutyrate (3HB), 17 mol% of 3HV, and 15 mol% of 3HHx. Results
were obtained by gas chromatography (GC) according to the methodology described by
Lanham et al. [50]. Samples were calibrated through standard curves with a solution
made of a commercial copolymer of PHBV with 12 mol% 3HV content and methyl 3-
hydroxyhexanoate and heptadecane as internal standard. The MW of the P(3HB-co-3HV-
co-3HHx) was 7.90 × 105 g/mol and the PDI 1.62, which was measured by size exclusion
chromatography (SEC) as described by Rebocho et al. [51].

Finally, the medium-containing PHA was lyophilized. For this, the liquid material
was first neutralized with a 2M solution of NaOH and then centrifuged three consecutive
times at 4000 rpm for 15 min. The resultant pellet was washed gently with distilled water.
The obtained material was stored at −80 ◦C for at least 3 h and freeze-dried for a week to
produce an unpurified biomass powder containing the P(3HB-co-3HV-co-3HHx).

2.3. Extraction and Purification of P(3HB-co-3HV-co-3HHx)

The unpurified biomass containing the P(3HB-co-3HV-co-3HHx) was processed fol-
lowing the previously reported chloroform-based extraction and purification one-step
method [52]. For this, the biomass was dissolved in chloroform at 5 wt% and the mixture
was then stirred for 24 h at 50 ◦C to degrade the non-PHA cellular material. Later, the
solution was transferred to centrifugation tubes in which distilled water was added at
50 wt%. After shaking the tubes manually, these were centrifuged for 5 min at 4000 rpm
in an Avanti J-26S XP Centrifuge with a JLA-16.250 Rotor (maximum radius: 134 mm;
average radius: 90 mm; minimum radius: 46 mm, Beckman Coulter, CA, USA). Afterwards,
the P(3HB-co-3HV-co-3HHx) phase was recovered from the bottom of the tubes with a
pipette and transferred to beakers, leaving them in the extractor hood until the solvent was
completely evaporated.

2.4. Melt Mixing

Prior to processing, both PHA resins were vacuum-dried at 60 ◦C for 24 h in an
oven (Digitheat, JP Selecta S.A., Barcelona, Spain) to remove any residual moisture. Then,
different amounts of the purified P(3HB-co-3HV-co-3HHx) powder, from 10 to 50 wt%,
were manually pre-mixed with the commercial PHBV pellets in a zipper bag. Neat PHBV
and P(3HB-co-3HV-co-3HHx) formulations were also prepared under identical processing
conditions as control materials. Table 1 summarizes the different formulations prepared.

Table 1. Set of formulations prepared according to the weight content (wt%) of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate-
co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)].

Sample PHBV (wt%) P(3HB-co-3HV-co-3HHx) (wt%)

PHBV 100 0
PHBV90/P(3HB-co-3HV-co-3HHx)10 90 10
PHBV75/P(3HB-co-3HV-co-3HHx)25 75 25
PHBV50/P(3HB-co-3HV-co-3HHx)50 50 50

P(3HB-co-3HV-co-3HHx) 0 100

To prepare each sample, a total amount of 12 g of material was melt-compounded in a
16-cm3 Brabender Plastograph Original E internal mixer from Brabender GmbH & Co. KG
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(Duisburg, Germany). The mixture was fed to the internal mixing chamber at a rotating
speed of 60 rpm for 1 min and, after this, it was melt-mixed at 100 rpm for another 3 min.
The processing temperature was set at 180 ◦C. Once the mixing process was completed,
each batch was withdrawn from the mini-mixer and allowed to cool at room temperature.
The resultant doughs were stored in dissectors containing silica gel at 0% relative humidity
(RH) and 25 ◦C for, at least, 48 h for conditioning.

The different doughs were, thereafter, thermo-compressed into films using a hot-plate
hydraulic press (Carver 4122, Wabash, IN, USA). The samples were first placed in the plates
at 180 ◦C for 1 min, without pressure, to ensure thermal softening of the biopolymers and
then hot-pressed at 4–5 bars for 3 min. In the case of the neat P(3HB-co-3HV-co-3HHx),
the temperature was reduced to 155 ◦C since this was the lowest molding temperature
in which, after the intensive melt-mixing step, the pure material did not show signs of
degradation. Flat films of 10 cm × 10 cm with a total thickness of ca. 100 µm were obtained
and stored in a desiccator at 25 ◦C and 0% RH for 15 days prior to characterization.

2.5. Characterization
2.5.1. Scanning Electron Microscopy

The morphologies of the film cross-sections were observed by scanning electron mi-
croscopy (SEM) using an S-4800 device from Hitachi (Tokyo, Japan). For the cross-section
observations, the films were cryo-fractured by immersion in liquid nitrogen. Sample
observations were performed following the conditions reported previously [40]. The esti-
mation of the dimensions was performed by means of the ImageJ software v 1.41 (National
Institutes of Health, Bethesda, Maryland, USA) using a minimum of 20 SEM micrographs.

2.5.2. Transparency

The light transmission of the films was determined in specimens of 50 mm × 30 mm by
quantifying the absorption of light at wavelengths between 200 and 700 nm in an ultraviolet–
visible (UV–Vis) spectrophotometer VIS3000 from Dinko Instruments (Barcelona, Spain).
The transparency (T) and opacity (O) were calculated using Equation (1) [53] and Equa-
tion (2) [54], respectively:

T =
A600

L
(1)

O = A500 × L (2)

where A500 and A600 are the absorbance values at 500 and 600 nm, respectively, and L is
the film thickness (mm).

2.5.3. Color Measurements

The color of the films was determined using a chroma meter CR-400 (Konica Mi-
nolta, Tokyo, Japan). The color difference (∆E*) was calculated using the following Equa-
tion (3) [55], as defined by the Commission Internationale de l’Eclairage (CIE):

∆E∗ = [(∆L∗)2 + (∆a∗)2 + (∆b∗)2]
0.5

(3)

where ∆L*, ∆a*, and ∆b* correspond to the differences in terms of lightness from black to
white, color from green to red, and color from blue to yellow, respectively, between the test
samples and the control sample of commercial PHBV. Color change was evaluated using
the following assessment [56]: Unnoticeable (∆E* < 1), only an experienced observer can
notice the difference (∆E* ≥ 1 and < 2), an unexperienced observer notices the difference
(∆E* ≥ 2 and < 3.5), clear noticeable difference (∆E* ≥ 3.5 and < 5), and the observer notices
different colors (∆E* ≥ 5).

2.5.4. Thermal Analysis

Thermal transitions of the films were studied by differential scanning calorimetry
(DSC) on a DSC 8000 device from PerkinElmer, Inc. (Waltham, MA, USA), equipped



Polymers 2021, 13, 1155 6 of 19

with the cooling accessory Intracooler 2 from PerkinElmer, Inc. A three-step program
under nitrogen atmosphere and with a flow-rate of 20 mL/min was applied: First heating
from −30 to 180 ◦C, followed by cooling to −30 ◦C, and completed by a second heating
to 200 ◦C. The heating and cooling rates were both set at 10 ◦C/min and the typical
sample weight was ~3 mg. An empty aluminum pan was used as reference, whereas
calibration was performed using an indium sample. The glass transition temperature (Tg),
cold crystallization temperature (Tcc), enthalpy of cold crystallization (∆Hcc), Tm, and
enthalpy of melting (∆Hm) were obtained from the heating scans, while the crystallization
temperature from the melt (Tc) and enthalpy of crystallization (∆Hc) were determined
from the cooling scan. All DSC measurements were performed in triplicate.

Thermogravimetric analysis (TGA) was performed in a TGA-550 device (TA Instru-
ments, New Castle, DE, USA). Film samples, with a weight of ~15 mg, were heated from
50 to 800 ◦C at a heating rate of 10 ◦C/min under a flow-rate of 50 mL/min of nitrogen
(N2). All TGA measurements were done in triplicate.

2.5.5. WAXD Experiments

Wide angle X-ray diffraction (WAXD) measurements were performed using a Bruker
AXS D4 ENDEAVOR diffractometer (Billerica, MA, USA). The samples were scanned, at
room temperature, in the reflection mode using incident Cu K-alpha (α) radiation (k = 1.54
Å), while the generator was set up at 40 kV and 40 mA. The data were collected over the
range of scattering angles (2θ) comprised in the 2–40◦ range.

2.5.6. Mechanical Tests

Tensile tests were performed according to the ASTM D638 standard, using dumbbell
samples (Type IV) die-cut from the hot-pressed films. Tensile tests were conducted in
a universal testing machine (Shimatzu AGS-X 500N) at room temperature with a cross-
head speed of 10 mm/min. Samples were conditioned for 24 h prior to analysis and the
tests were performed at room conditions, that is, 40% RH and 25 ◦C. A minimum of six
specimens were tested for each sample.

2.5.7. Permeability Tests

The water vapor permeability (WVP) and D-limonene permeability (LP) of the films
were determined following the standardized gravimetric method ASTM E96-95. To do
this, Payne permeability cups of 3.5 cm from Elcometer Sprl (Hermallesous-Argenteau,
Belgium) were used. Both tests were performed at 25 ◦C in triplicate, and further details
can be found elsewhere [40].

The oxygen permeability coefficient was derived from the oxygen transmission rate
(OTR) measurements that were recorded at 60% RH and 25 ◦C, in duplicate, using an Oxy-
gen Permeation Analyzer M8001 (Systech Illinois, Thame, UK). The humidity equilibrated
samples were purged with nitrogen, before exposure to an oxygen flow of 10 mL/min. The
exposure area during the test was 5 cm2 for each sample. In order to obtain the oxygen
permeability (OP), film thickness and gas partial pressure were considered.

2.6. Statistical Analysis

The optical, thermal, mechanical, and barrier properties were evaluated through anal-
ysis of variance (ANOVA) using STATGRAPHICS Centurion XVI v 16.1.03 from StatPoint
Technologies, Inc. (Warrenton, VA, USA). Fisher’s least significant difference (LSD) was
used at the 95% confidence level (p < 0.05). Mean values and standard deviations were
also reported.

3. Results and Discussion
3.1. Morphology

The morphology of the film cross-sections was observed by SEM and the images
are gathered in Figure 1. It can be observed that all the films presented a smooth and
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featureless fracture surface, without significant plastic deformation, indicating a typical
brittle fracture behavior. Moreover, both good mixture and compatibility between the two
PHAs were expected to be attained since no indications of phase segregation were observed,
even at the highest P(3HB-co-3HV-co-3HHx) content, that is, 50 wt%. However, the film
fracture surfaces of the PHBV-based materials revealed the presence of some microparticles,
which can be ascribed to nucleating agents added by the manufacturer, such as boron
nitride [57]. In the case of the neat P(3HB-co-3HV-co-3HHx), one can observe the presence
of some impurities in the form of small lumps, which can be related to organic traces of cell
debris or fatty acids derived from the bioproduction process of P(3HB-co-3HV-co-3HHx).
Similar observations were previously reported in blends made of commercial PHB and food
waste derived PHBV [40]. Also, Martinez-Abad et al. [49] observed, for PHBV/unpurified
PHBV blends, a good degree of interaction between the two PHAs with small amounts of
impurities related to the biowaste polymer. Therefore, it can be concluded that both the
commercial PHBV and the food waste derived P(3HB-co-3HV-co-3HHx) presented good
miscibility since both biopolymers share a majority of 3HB content.
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Figure 1. Scanning electron microscopy (SEM) images of the cross-sections of the thermo-compressed films made of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate)
[P(3HB-co-3HV-co-3HHx)]: (a) PHBV; (b) PHBV90/P(3HB-co-3HV-co-3HHx)10; (c) PHBV75/P(3HB-co-3HV-co-3HHx)25;
(d) PHBV50/P(3HB-co-3HV-co-3HHx)50; (e) P(3HB-co-3HV-co-3HHx). Images were taken at 2000x with scale markers
of 20 µm.

3.2. Optical Properties

Figure 2 displays the visual aspect of the films to assess their optical properties. Simple
naked eye examination of this figure indicates that all the film samples were slightly opaque,
but they also showed good contact transparency with a brownish yellow color. For the
film samples with the highest concentrations in P(3HB-co-3HV-co-3HHx), that is, 50 wt%
and, especially, for the neat terpolymer film, small brown lumps can be observed in the
material. These structures can be related to small impurities of the fruit juice based on
cellulose that remained after the purification process and could develop a somewhat darker
color due to processing. This result points out that additional efforts in the development
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of alternative more efficient purification processes will be required in the future for the
optimal performance of these biopolymers.
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Figure 2. Contact transparency images of the thermo-compressed films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)], and their blends.

To quantify the color change resulting from the addition of P(3HB-co-3HV-co-3HHx)
to PHBV, the color coordinates (a*, b*, L*) and the values of ∆E*, T, and O were determined
and reported in Table 2. From this, it can be observed that all the film samples presented
similar values for the a*, b* and L* coordinates, with a tendency to green and yellow color,
confirming the brownish color of the blends. The incorporation of P(3HB-co-3HV-co-3HHx)
into the films slightly altered the color properties, being the differences still significant.
However, the L* values were not significantly different except for the neat P(3HB-co-3HV-
co-3HHx) film, which was the darkest sample. In any case, the color differences in the
composite films containing different amounts of P(3HB-co-3HV-co-3HHx) with respect to
the neat PHBV were relatively low, that is, ∆E* ≥ 1 and < 2, which means that only an
experienced observer could notice the difference. As opposite, the neat P(3HB-co-3HV-co-
3HHx) film presented a higher AE* value, near to 5, hence, there was a clear noticeable
difference with the control sample. It can also be noticed that all the blend films presented
similar transparency and opacity that the neat PHBV, except the pure P(3HB-co-3HV-co-
3HHx), which presented the highest transparency with a value of approximately 2.9. The
latter value can be related to a lower degree of crystallinity, as it will be discussed below.
Although light colors may seem an advantage for use in packaging, slightly brownish color
in the films may act as an UV barrier to prevent light-induced lipids oxidation, which is
also important in food applications [58].

Table 2. Color parameters (a*, b*, L*, and ∆E*) and transparency (T) and opacity (O) values of the thermo-
compressed films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-3-hydroxyvalerate-
co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)], and their blends.

Film a* b* L* ∆E* T O

PHBV −0.46 ± 0.07 a,d 5.58 ± 0.20 a 88.25 ± 0.10 a - 9.55 ± 0.35 a 0.11 ± 0.07 a

PHBV90/P(3HB-co-3HV-co-3HHx)10 −0.56 ± 0.03 a,c 6.92 ± 0.30 b 87.52 ± 0.14 a 1.53 ± 0.18 a 8.10 ± 0.42 b 0.10 ± 0.03 a

PHBV75/P(3HB-co-3HV-co-3HHx)25 −0.19 ± 0.02 b 3.70 ± 0.09 c 88.59 ± 0.30 a 1.93 ± 0.11 a 9.29 ± 0.38 a,c 0.11 ± 0.04 a

PHBV50/P(3HB-co-3HV-co-3HHx)50 −0.69 ± 0.04 c 4.72 ± 0.07 d 88.29 ± 0.22 a 0.89 ± 0.07 c 8.64 ± 0.33 b,c 0.11 ± 0.04 a

P(3HB-co-3HV-co-3HHx) −0.36 ± 0.02 d 7.84 ± 0.10 e 83.83 ± 0.52 b 4.97 ± 0.21 d 2.85 ± 0.19 d 0.15 ± 0.05 a

a*: Red/green coordinates (+a red, −a green); b*: Yellow/blue coordinates (+b yellow, −b blue); L*: Luminosity (+L luminous, −L dark);
∆E*: Color differences; T: Transparency; O: Opacity.a–e Different letters in the same column indicate a significant difference among the
samples (p < 0.05).
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3.3. Thermal Properties

Figure 3 displays the DSC thermograms of the film samples obtained during the
first heating, cooling, and second heating. The summary of the main thermal transitions
obtained from the DSC curves are gathered in Table S1, which is available in the Supporting
Information. One can observe that the film samples showed a glass transition region with
Tg at approximately 1.7 and 0.2 ◦C for the neat PHBV and P(3HB-co-3HV-co-3HHx) films,
respectively, whereas intermediate values in the range of 1.4–0.6 ◦C were attained for their
blends, suggesting intercomponent miscibility. During the first heating, the neat PHBV
presented an endothermic peak with two components, with maximum at 178 ◦C and a ∆Hm
value of 74 J/g. The blends with different contents in P(3HB-co-3HV-co-3HHx) presented
the maximum of melting in the range of 169–174 ◦C with ∆Hm values of 74 and 68 J/g
for the film samples with 10 and 25 wt% of terpolymer, respectively, whereas the films
with 50 wt% of terpolymer showed a value of 43 J/g. As it can also be observed in the
DSC curves, the neat P(3HB-co-3HV-co-3HHx) presented a very complex melting behavior,
exhibiting the highest endothermic peaks at 111 ◦C, ascribed to the lowest crystalline
density fractions of the terpolymer [59,60], and at 173 ◦C, for the most thermodynamically
stable 3HB-rich fractions [61]; and having a whole ∆Hm value of 33 J/g. Thus, in the blend
samples, a drop in Tm and ∆Hm was generally observed when P(3HB-co-3HV-co-3HHx)
was incorporated into PHBV.

Regarding the cooling step, the samples with terpolymer contents up to 25 wt%
crystallized from the melt in a single peak. However, for higher contents and, especially
for the pure terpolymer, multiple broader crystallization events were observed. The neat
PHBV showed a Tc at 123 ◦C, while their blends with P(3HB-co-3HV-co-3HHx) exhibited
less intense Tc peaks that also shifted to lower values, in the 115–119 ◦C range. In the case
of the neat P(3HB-co-3HV-co-3HHx), this film sample showed two clear crystallization
peaks. The first one, which is ascribed to the 3HB-rich crystalline fractions [62,63], appeared
in the form of a sharp peak at 114 ◦C and the other, as a broader peak and at the lower
temperature of 65 ◦C, being ascribed to other crystalline fractions within the terpolymer
requiring higher undercooling to crystallize. Moreover, the neat P(3HB-co-3HV-co-3HHx)
showed a clear exothermic cold crystallization event during the second heating step, with
Tcc at approximately 72 ◦C. In the second heating run, the blend samples were seen to
present a reduction in ∆Hm. In particular, whereas the neat PHBV showed a value of
85 J/g, the blends presented values of 76, 66, and 51 J/g for terpolymer contents of 10,
25 and 50 wt%, respectively. In the case of the neat P(3HB-co-3HV-co-3HHx), it showed
the lowest ∆Hm, having a value of 24 J/g, which confirms the lowest and most ill-defined
crystallinity for this sample. The reduction in crystallinity, inferred from the lower ∆Hm,
in the terpolymer can be attributed to the other two terpolymer fractions impairing the
crystallization of the 3HB fractions [12]. Since both PHAs were highly miscible, this factor
may add further disturbance to the molecular lateral order of the terpolymer. In this regard,
Kai et al. [64] reported a decrease in the crystallization degree and crystallization rate of
PHB when P(3HB-co-3HHx) was introduced into the blends. Qu et al. [65] also showed a
decrease in crystallinity with increasing 3HHx content in the P(3HB-co-3HHx) copolyester
due to the diluting effect of the 3HHx component on the crystallinity of the 3HB parts.
Furthermore, a decrease in crystallinity has been previously reported for other miscible
polymer systems. For example, polylactide (PLA) melt-compounded with oligomer of
lactic acid (OLA) also showed a reduction in the Tm values with respect to the neat PLA [66].
In particular, the oligomer impaired crystallization by inhibiting the correct packing of the
PLA chains, although it also enhanced its mobility due to a plasticizing effect.
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Figure 3. Differential scanning calorimetry (DSC) curves during first heating, cooling, and
second heating of the thermo-compressed films of: (a) Neat poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV); (b) PHBV90/P(3HB-co-3HV-co-3HHx)10; (c) PHBV75/P(3HB-co-3HV-
co-3HHx)25; (d) PHBV50/P(3HB-co-3HV-co-3HHx)50; (e) neat poly(3-hydroxybutyrate-co-3-
hydroxyvalerate-co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)].

3.4. Crystallinity

The crystalline phase was also studied by WAXD experiments on the PHA films.
The diffractograms, included in Figure 4, revealed two main peaks located at 13.6 and
17.0◦ 2θ, corresponding to the (020) and (110) lattice planes of the orthorhombic unit cell
of PHB [67]. These intense peaks were followed by three other minor reflections centered
at approximately 22.6, 25.8, and 26.9◦ 2θ, which originate from (111), (121), and (040)
lattice planes [61,68]. The diffraction peaks found here agree well with those reported
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in the literature, where the crystal lattice of PHBV with 3HV contents below 30 mol%
corresponds to the unit cell of PHB [69]. In regard to the terpolymer, the same PHB
orthorhombic lattice was seen to dominate the diffractogram. This is in agreement with
other studies where P(3HB-co-3HHx) with less than 25 mol% of HHx was seen to present
a dominant PHB lattice, with slightly different d-spacing in the peaks than those of the
homopolymer [70,71]. Therefore, all the blends presented a similar diffractogram with the
characteristic peaks of the PHB lattice. However, by looking at the right diffractograms in
Figure 4, the peaks associated to the (200) and (110) planes clearly shifted towards lower
2θ angles for terpolymer contents above 10 mol%. This finding suggests that a significant
lower crystalline density of PHB crystals was produced in the blends with increasing the
terpolymer content in excess of 10 mol%. The strongest peak observed in the neat PHBV
and PHBV-containing blends at 2θ around 27◦ is attributed to the boron nitride used as
a nucleating agent in commercial formulations [72], which was not observed in the food
waste derived P(3HB-co-3HV-co-3HHx). In any case, the lower relative intensity of the
peaks with respect to the amorphous halo suggests a lower crystallinity in the terpolymer
than in the neat PHBV, which agrees with the DSC measurements shown above. This trend
was also visible for the blends, having more crystallinity those with higher PHBV contents
and being especially noticeable for the one with 50 wt% loading of the terpolymer.
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12–18.5° (right), from top to bottom, of the thermo-compressed films of: Neat poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV); PHBV90/P(3HB-co-3HV-co-3HHx)10; PHBV75/P(3HB-co-
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Figure 4. Wide angle X-ray diffraction (WAXD) patterns in the 2theta (2θ) ranges 5–35◦ (left) and 12–18.5◦ (right),
from top to bottom, of the thermo-compressed films of: Neat poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV);
PHBV90/P(3HB-co-3HV-co-3HHx)10; PHBV75/P(3HB-co-3HV-co-3HHx)25; PHBV50/P(3HB-co-3HV-co-3HHx)50; and neat
poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)]. The data was normalized
to the intensity of the (020) peak and shifted along the Y-axis for comparison purposes.

3.5. Thermal Stability

The thermal stability of the film samples was evaluated by TGA experiments. Figure 5
shows the TGA curves of the different films and in Table 3 are gathered the most rele-
vant parameters obtained from the TGA curves. From Figure 5a, it can be observed that
the thermal degradation of both neat materials took place in a single step according to a
random chain scission mechanism. This process is known to lead to a reduction in MW
and formation of volatile acid products such as crotonic acid [73], showing degradation
temperatures (Tdeg) of 286 and 266 ◦C for neat PHBV and P(3HB-co-3HV-co-3HHx), re-
spectively, in agreement with literature values [74,75]. In relation to the onset-degradation
temperature (Tonset), defined as the temperature at 5% weight loss, the terpolymer showed
lower stability compared to PHBV, particularly a reduction from 243 to 235 ◦C [12]. The
blend films presented a Tonset in the range of 239–243 ◦C, decreasing with an increase of the
P(3HB-co-3HV-co-3HHx) content. As it can be seen in Figure 5b, their Tdeg occurred in the
range of 281–286 ◦C for the samples with lower P(3HB-co-3HV-co-3HHx) content, that is, 10
and 25 wt%, and approximately at 267 ◦C for the 50/50 blend. Thus, the thermal stability
of the melt-mixed blends was slightly reduced with increasing the P(3HB-co-3HV-co-3HHx)
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content compared with PHBV, showing lower Tonset and Tdeg values. This decrease in the
thermal resistance can be attributed to the impurities that remained in the terpolyester and
could not be removed during the purification process. In this sense, it has been reported
that the presence of fermentation residues in PHA can accelerate its thermal degradation
mechanisms [76]. Finally, the amount of residual mass was below 1% for all the samples,
showing the neat P(3HB-co-3HV-co-3HHx) the lowest value, that is, 0.2%. This difference
in the residual mass of the commercial polymer with respect to the terpolymer can be
attributed to the presence of the inorganic nucleating agents, as previously observed by
SEM and also confirmed by WAXD.

Figure 5. (a) Thermogravimetric analysis (TGA) and (b) first derivative (DTG) curves of the thermo-compressed
films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-
hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)], and their blends.

Table 3. Main thermogravimetric analysis (TGA) parameters of the thermo-compressed films of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-
3HHx)], and their blends in terms of: Onset temperature of degradation (T5%), degradation temperature (Tdeg), mass loss at
Tdeg, and residual mass at 800 ◦C.

Film T5% (◦C) Tdeg (◦C) Mass Loss (%) Residual Mass (%)

PHBV 243.3 ± 1.2 a 286.2 ± 0.9 a 95.4 ± 0.8 a 1.0 ± 0.2 a

PHBV90/P(3HB-co-3HV-co-3HHx)10 242.5 ± 1.5 a 280.5 ± 1.2 b 94.6 ± 1.0 a 0.8 ± 0.1 a

PHBV75/P(3HB-co-3HV-co-3HHx)25 241.4 ± 1.8 a,b 281.1 ± 1.3 b 95.3 ± 0.9 a 0.9 ± 0.2 a

PHBV50/P(3HB-co-3HV-co-3HHx)50 239.2 ± 1.3 b 267.1 ± 1.1 c 88.3 ± 1.2 b 0.7 ± 0.2 a

P(3HB-co-3HV-co-3HHx) 234.8 ± 1.2 c 265.5 ± 1.6 c 94.5 ± 1.1 a 0.2 ± 0.1 b

a–c Different letters in the same column indicate a significant difference among the samples (p < 0.05).

3.6. Mechanical Properties

Figure 6 gathers the results of the tensile test results conducted on the thermo-
compressed films of PHBV and P(3HB-co-3HV-co-3HHx). Figure 6a plots the main mechan-
ical parameters obtained in the tests, while Figure 6b presents a representative stress–strain
curve as obtained from the tensile tests for each of the compositions studied.
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From Figure 6a, it can be seen that PHBV was a stiff material, presenting an elastic
modulus at room temperature above 4 GPa and a tensile strength of approximately 35 MPa.
However, the neat PHBV also exhibited a brittle behavior with an elongation-at-break
value of around 2%, which occurred prior to yielding, as it can be observed in Figure 6b.
The intrinsic brittleness of PHBV has been widely reported in the scientific literature and
ascribed to its crystalline nature [77]. As oppose to this, P(3HB-co-3HV-co-3HHx) presented
much lower elastic modulus and tensile strength than PHBV, while it also exhibited a
lower brittle fracture after yielding with an elongation at break above 4%. This behavior
is in accordance with previous works [12]. For instance, Bhubalan et al. [19] reported
that, due to interference with the crystallization process, the higher the 3HHx fraction in
the terpolymer, the higher the increase in flexibility. As it can be seen in Figure 6a, the
mechanical properties of the blend films were in between those of the neat PHAs. This
result means that a good interaction between both materials was achieved [78]. Thus, the
tensile modulus of the blends ranged from almost 4 GPa, for the composition having a
10 wt% of terpolymer, to 2 GPa for the 50/50 blend. With respect to the tensile strength,
a similar decreasing trend with the incorporation of the terpolymer was seen. Regarding
ductility, an increase in the elongation at break with increasing terpolymer content was
observed. This change in the mechanical response, i.e., from a rigid but fragile to a more
ductile behavior, of the PHBV after melt mixing with P(3HB-co-3HV-co-3HHx), can also
be spotted in the stress–strain curves in Figure 6b. From this Figure 6b, the film sample
containing 50 wt% of the terpolymer was seen to exhibit a post-yielding fracture.

3.7. Barrier Performance

Table 4 gathers the WVP, LP, and OP values of the thermo-compressed films based on
PHBV and P(3HB-co-3HV-co-3HHx). The barrier properties to gases and vapors of pack-
aging materials play a key role in food quality and shelf-life extension aspects. The neat
PHBV film presented good barrier properties to both vapors and the
gas with values of 1.2 × 10−15 kg·m·m−2·Pa−1·s−1, 1.7 × 10−15 kg·m·m−2·Pa−1·s−1, and
1.6 × 10−19 m3·m·m−2·Pa−1·s−1 for WVP, LP, and OP, respectively. On the contrary and
as expected, the barrier performance of the P(3HB-co-3HV-co-3HHx) film was significantly
lower, especially to the aroma component, with values of 7.3 × 10−15 kg·m·m−2·Pa−1·s−1,
18.4 × 10−15 kg·m·m−2·Pa−1·s−1, and 5.2 × 10−19 m3·m·m−2·Pa−1·s−1 for WVP, LP, and
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OP, respectively. In relation to the blends, it can be observed that these films presented a bar-
rier performance in between the pristine polymers. In particular, the values of permeability
ranged between 1.3–3.4 × 10−15 kg·m·m−2·Pa−1·s−1, 1.8–3.7 × 10−15 kg·m·m−2·Pa−1·s−1,
and 2.7–3.6 × 10−19 m3·m·m−2·Pa−1·s−1, respectively. In spite of the clear decrease in
barrier properties, all the permeability values of the blend films were still within the same
order of magnitude as the neat PHBV film.

Table 4. Water vapor permeability (WVP), D-limonene permeability (LP), and oxygen permeability (OP) of the thermo-
compressed films of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly(3-hydroxybutyrate-co-3-hydroxyvalerate-
co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)], and their blends.

Film WVP × 10 15 (kg·m/m2·Pa·s) LP × 10 15 (kg·m/m2·Pa·s) OP × 10 19 (m3·m/m2·Pa·s)

PHBV 1.19 ± 0.08 a 1.73 ± 0.22 a 1.60 ± 0.24 a

PHBV90/P(3HB-co-3HV-co-3HHx)10 1.27 ± 0.14 a 1.80 ± 0.15 a 2.69 ± 0.38 b

PHBV75/P(3HB-co-3HV-co-3HHx)25 2.42 ± 0.41 b 2.03 ± 0.21 a 3.34 ± 0.51 b

PHBV50/P(3HB-co-3HV-co-3HHx)50 3.39 ± 0.33 c 3.65 ± 0.44 b 3.61 ± 0.47 b,c

P(3HB-co-3HV-co-3HHx) 7.29 ± 0.89 d 18.4 ± 6.9 c 5.16 ± 1.05 c

a–d Different letters in the same column indicate a significant difference among the samples (p < 0.05).

The barrier decrease is attributed to the above-described lower crystallinity of P(3HB-
co-3HV-co-3HHx) and potentially also due to the biomass impurities remaining in the
terpolymer and its blends. In particular, the higher crystallinity observed for PHBV can
be responsible for the lower values of OP since oxygen is a non-interacting and non-
condensable permeant which permeability is driven by diffusion. As a result, the higher
the crystallinity, the higher the material density and the lower the fraction of the amorphous
phase, resulting in lower free volume and higher tortuosity for the gas molecules to diffuse
through. Limonene, which is known to be a strong plasticizer for PHAs and highly sorbed
into the amorphous regions of this biopolymer, showed values of nearly 13 wt% of uptake
in solvent-cast films [79]. In comparison to PHB films also prepared by compression
molding, similar WVP and LP values as the here-obtained PHBV film were reported, that
is, 1.8 and 2.0 × 10−15 kg·m·m−2·Pa−1·s−1, respectively [80]. In terms of OP, similar values
were also obtained, that is, 2.2 × 10−19 m3·m·m−2·Pa−1·s−1 [81]. For compression-molded
PHBV films with 12 mol% 3HV, the values for WVP, LP, and OP were higher than the ones
obtained here, that is, 6.9 × 10−15 kg·m·m−2·Pa−1·s−1, 1.9 × 10−13 kg·m·m−2·Pa−1·s−1,
and 15.7 × 10−19 m3·m·m−2·Pa−1·s−1, respectively [81].

Furthermore, barrier properties within the same order of magnitude as the ones
measured in this study, were previously reported for other PHA blends. For example,
Martinez-Abad [49] reported no significant changes in water and limonene permeabil-
ities when blending commercial PHBV with unpurified food waste derived PHBV at
contents up to 15 wt%, above which there was a slight decrease. More similar barrier
results to the ones measured here were found when commercial PHB was blended with
PHBV obtained using MMC, where a lower barrier performance was observed with re-
spect to the neat homopolyester. Thus, the WPV and LP values increased from 1.8 and
1.9 × 10−15 kg·m·m−2·Pa−1·s−1, for neat PHB, to 7.5 and 5.0 × 10−15 kg·m·m−2·Pa−1·s−1,
for the blend obtained with the highest food waste derived PHBV content, that is, 50 wt% [40].
Finally, the barrier values obtained here are in the same range of those of polyethylene
terephthalate (PET) films, with WVP and OP values of 2.3 × 10−15 kg·m·m−2·Pa−1·s−1 and
1.4 × 10−19 m3·m·m−2·Pa−1·s−1, respectively [82]. As expected, the blends also presented
higher barrier in terms of OP than low-density polyethylene (LDPE) films, with an OP value
of 2.15 × 10−17 m3·m·m−2·Pa−1·s−1, but, of course, lower than the high-barrier ethylene–
vinyl alcohol copolymer (EVOH), with OP at 0.77 × 10−21 m3·m·m−2·Pa−1·s−1 [82]. More-
over, the present PHA blends showed higher barrier properties than other biopolyesters. For
example, PLA and PBAT films prepared by thermo-compression presented values of 12.3 and
33.1 × 10−15 kg·m·m−2·Pa−1·s−1, for WVP, and 3.3 and 72.6 × 10−15 kg·m·m−2·Pa−1·s−1,
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for LP, respectively [83]. Films of these two biopolymers showed also higher OP values,
that is, 2.2 and 9.1 × 10−18 m3·m·m−2·Pa−1·s−1, respectively [83].

4. Conclusions

A new PHA terpolymer, P(3HB-co-3HV-co-3HHx), was produced from MMCs fed
with fruit pulp biowaste with a comonomer content of ca. 68 mol% 3HB, 17 mol% 3HV, and
15 mol% 3HHx. The terpolymer was extracted and purified using a previously developed
one-step method and, thereafter, melt-mixed in contents of up to 50 wt% with commercial
PHBV. The morphological analysis revealed good interpolymer miscibility and good optical
properties, in spite of the presence of remnant impurities. From the DSC and WAXS results,
the lateral molecular order and density were inferred to be reduced, but the crystalline
morphology remained that of the PHB crystals across composition. The thermal stability of
the blends was not substantially affected by the incorporation of the food waste derived
terpolymer. On the other hand, the materials were seen to be more flexible than the neat
rigid PHBV film as a result of the plasticizing effect brought in by the terpolymer. The
permeability to water and limonene vapors and oxygen gas was reduced in the blends,
particularly for limonene, but remained within the same order of magnitude.

Therefore, this research study demonstrates further the potential of PHA blends that
make use of potentially lower cost PHAs derived from Circular Bioeconomy strategies to
constitute novel packaging materials, which will profit from the more sustainable organic
recycling end-of-life scenario. In particular, the PHA blends prepared herein can be used,
depending on composition, to constitute rigid or semirigid packaging articles, such as
injection-molded and thermoformed monolayer articles, and also in disposables, such as
plates and trays, which can be organic recycled in industrial and home composting or, even,
that will be able to biodegrade in soil or marine environments. Future studies will focus
on the development of novel polymers with further enhanced flexibility by increasing the
comonomer content, and in alternative purification methodologies that can achieve higher
purity using water-based systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13071155/s1, Table S1: Differential scanning calorimetry (DSC) parameters of the
thermo-compressed films made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate) [P(3HB-co-3HV-co-3HHx)] in terms
of: Glass transition temperature (Tg), melting temperature (Tm), enthalpy of melting (∆Hm), crystal-
lization temperature (Tc), enthalpy of crystallization (∆Hc), cold crystallization temperature (Tcc),
and enthalpy of the cold crystallization (∆Hcc).
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