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OPEN A novel fully biobased material

composite for cosmetic packaging
applications
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The extensive production and use of fossil-based plastics have led to their ubiquity worldwide,
causing growing concern and environmental problems. Consequently, developing biobased polymers
and biobased composite materials, aligned with circular economy principles, is now the focus as a
sustainable alternative to fossil-based plastics. This work aimed to develop and characterise a new,
fully biobased, and biodegradable material composite with properties similar to traditional fossil-based
plastics, allowing its use in cosmetic product applications as an alternative to commonly used fossil-
based plastics. A novel biobased composite comprising poly(3-hydroxybutyrate-co-3-hydroxyvalerate
(PHBYV), polylactic acid (PLA) chitosan (CS), acetyl tributyl citrate (ATBC) plant essential oils, and
phycocyanin was successfully developed and processed using various techniques confirming its
processability and versatility. Characterisation of the developed composites showed a reduction in
mechanical properties with the addition of ATBC, essential oil and phycocyanin, with tensile results
within the typical behaviour for PP (polypropylene) and PE (polyethylene). The thermal properties of
the developed composites showed working temperatures in the same range as PP and PE. The results
obtained are promising and, to the best of our knowledge, this work presents the first green material
composite comprising PHBV, PLA, CS, essential oil, ATBC, and phycocyanin specifically designed for
cosmetic packaging as a sustainable alternative to fossil-based plastics.
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Fossil-based plastics are widely manufactured and used by plastic industries, and their global consumption has
been increasing over the years!. The estimated world plastic production in 2023 was around 374 million tons,
of which 54 million tons were produced in Europe®. Owing to its properties of resilience, lightweightness, cost
effectiveness, and durability, some estimates expect the amount of plastic production to triple by 2050>*°. Plastic
production for packaging solutions accounts for approximately 36% of the total plastic production®, even though
plastic products are predominantly discharged after one single use.

Although many breakthroughs have been made, conventional plastic uses are currently associated with a
series of disadvantages and problems, such as worsening the global warming problem, the nonbiodegradability
of the majority of petroleum-based plastics, public health risks and the environmental concerns associated
with these plastics due to pollution and biodiversity loss>>~”. The main strategy used to address plastic waste
in Europe is first energy recovery (heat, electricity, and fuel through incineration, among other processes) and
second recycling®. Low recycling rates are reported in the literature: a study reported that only 7% of plastic is
globally recycled?; in the United States, 5% of plastics were recycled in 2022 according to Greenpeace, with a
declining tendency observed in recent years’; specifically, for packaging plastic, the recycling rates are estimated
to be approximately 14% globally!®. Moreover, plastic production is increasing’, and polyethylene (PE) and
polypropylene (PP) are the most common polymers of fossil-based use in several applications!"!2. Cosmetic
and detergent packaging solutions are produced mainly from PE, and PP is used in many subsegments in rigid
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and flexible solutions!>!*. The global cosmetic packaging market has been growing and is expected to reach
51 billion euros in 2032'°. Soils, rivers, and oceans acted as sinks for an estimated 22 million tons of plastic in
2019, and this value is expected to double by 20608, The extensive production and applications of plastics have led
to their global widespread distribution resulted in political awareness and the need to develop new sustainable
alternatives to petroleum-based plastics>!*16. Biobased and biodegradable alternatives to fossil-based plastics
need to be developed and adopted. The development of biobased polymers and biobased material composites
as alternatives to fossil-based plastics for use in product applications can be part of the solution®>!%1617_ This
approach follows circular economy principles and has been increasing: the global production of bioplastics is
expected to increase from 2.18 million tons in 2023 to approximately 7.43 million tons in 2028'%. Compared
with fossil-based plastics, biobased plastics (from biological or human-made sources) have several advantages:
(a) they have similar physicochemical properties; (b) they are renewable and biodegradable; (c) they have a
smaller carbon footprint and fewer health risks; and (d) they mitigate environmental concerns and promote
changes in consumer preferences™!?. The polymers used in this investigation were chosen because they have
the above described characteristics/properties. The other constituents were selected because of their availability
and cost-effectiveness. Despite the advantages of using biobased plastics, these are not free from associated
challenges: high costs, reduced production efficiency at a small scale and even incompatibility with production
and recycling processing that already exist'®.

Polylactic acid (PLA) (Fig. 1a) is a thermoplastic and a biodegradable biobased aliphatic polyester produced
from natural resources?*2!; moreover, it is one of the most commonly used and optimized polymers for product
applications®*-22. PLA is one of the main biopolymers and is considered suitable for replacing materials of
petroleum-based plastics!’; it has optical, thermal, mechanical, and barrier properties comparable with those
of fossil-based plastics and shows potential for use in highly innovative products?*2!:?3, This biopolymer has
good integral properties, mechanical processing, and high strength but poor rigidity?>??. To enhance the
properties of biopolymers and ultimately their performance in product applications, they can be blended
with other biodegradable polymers or other inorganic fillers?*. The blending of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) (Fig. 1b) with PLA has been extensively studied and reported in the literature for
packaging solutions'? where with increasing PLA concentrations, the properties are enhanced?. The thermal
stability and flammability resistance are improved in the PHBV/PLA blends, their properties are improved, and
processing is facilitated?>?%. PHBV belongs to the family of polyhydroxyalkanoates (PHAs) and is produced by
microorganisms capable of using different carbon substrates as sources”’~?’. This biobased polymer is usually
hydrophobic, moisture resistant and water insoluble®. The Young’s modulus (3-6 GPa), tensile strength (22—
34 MPa), melting temperature, crystallinity, glass transition, and temperature of PHBV are comparable to
those of PP and PE”-24282%31 which are very common petroleum-based polymers used for plastic production.
Chitosan (CS) (Fig. 1c) can be used as a reinforcement for biobased material composites and has a positive
impact on the environment through waste material usage and valorisation. It is the second most abundant
polymer??, and millions of tons are extracted annually from diverse sources®*%. CS is available and inexpensive,
has high crystallinity and degradability, is water soluble, and allows for chemical changes**-%; thus, it is a good
reinforcement polymer for incorporation in material composites that can be used as a substitute for fossil-based
plastics. Some difficulties associated with the addition of CS to material composites include poor mechanical
properties and poor solubility at physiological pH (7.4)3*3%. Another component that can be added to a
material composite to enhance material properties is plant essential oils (EOs); these are composed mainly of
monoterpenes such as limonene or eucalyptol (Fig. 1f). EOs are widely used along with biopolymers, especially
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Fig. 1. Chemical structures of the biomaterials used in the formulation of the selected composite. (a)
Polylactic acid (PLA); (b) poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV); (¢) N-acetylated chitosan
(CS); (d) Acetyl tributyl citrate (ATBC); (e) phycocyanin (Pgm); (f) eucalyptol (representative molecule of the
plant oil used) (EO).
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in the food industry*®~*3. The incorporation of essential oils in biobased material composites can decrease the
water vapour permeability*®. A study reporting the incorporation of essential oils into CS-based film-forming
dispersions and edible films confirmed that composite films containing EOs were less rigid, more stretchable,
and softer than composites free of EOs*. Additionally, essential oils can impart a fragrance/aroma to the
developed material, increasing its value for cosmetic applications. Although EOs are natural compounds, they
can interfere with the human endocrine system; however, they still cause potentially less harm than persistent
synthetic compounds.

Considering its application in cosmetic packaging, the addition of a natural colorant such as phycocyanin
(Fig. 1e), which has an intense and appealing blue colour*®#’, can increase its packaging value*”*$. Moreover, the
selection of phycocyanin can help to show whether natural pigments are a viable option for replacing synthetic
colouring molecules while also considering the processing temperature profile (bioactive compound degradation
temperature-colour change and loss). Citrate in the form of acetyl tributyl citrate (ATBC) (Fig. 1d), was also
used in the development of the material composites described in this work. ATBC has been thoroughly studied
and is widely used as effective plasticizer for PLA**-52, The use of ATBC along with PLA increases ductility,
processability, and flexibility and reduces inherent brittleness through the introduction of rubber particles that
improve the impact properties and elongation at break?*->:53, By adding ATBC to PLA, the glass transition
temperature (Tg) is reduced, and the crystallization rate is improved*’; however, ATBC can also be responsible
for the strength and modulus loss of PLA*. For this associated problem, reinforcements (such as CS) can be
a good solution. Here, ATBC was selected for different reasons: (a) its physical-chemical properties dictate
its miscibility with the biopolymers chosen, (b) it has a limited impact in the environment; and (c) ATBC is
biodegradable, biocompatible (nontoxic), biobased and environmentally friendly**>>>3, In addition, the additive
manufacturing (AM) process can be improved because all constituents in the developed formulation have very
distinct melting temperatures, which cause a challenge to the process.

Considering the disadvantages associated with fossil-based plastics and the previously described challenges,
the aim of this work is to develop a new material composite that is fully biobased and biodegradable and created
with cost-effective and available constituents for applications in cosmetic packaging.

Results and discussion

The developed formulations were evaluated in terms of their characteristics. The structure (FTIR and XRD),
topography (SEM analysis), thermal behaviour (TGA and DSC), rheological characteristics (MFR), mechanical
properties (tensile tests) and hydrophobicity (WCA) of the developed material composites were examined.

The chemical structure of the formulations described in this work was evaluated using FTIR. Figure 2
shows the FTIR spectra for PLA, PHBV, PHBV/PLA, PHBV/PLA/CS and PHBV/PLA/CS/Pgm/OE/ATBC.
The absorption bands for PLA showed the characteristic behaviour of this polymer reported in other literature
publications: C-H stretching in the approximate region of 2900 cm™! (2985, 2915, 2847 cm™!), C=0 stretching
of polyesters in the region of 1746 cm™', ~CH, asymmetric bending at 1449 cm™', C-O-C stretching bands in the
region of 1081 cm™ and 1078 cm™'>*. The absorption bands for PHBV were as follows: the C-H stretching band
at 2968 and 2913 cm™!, C=0 stretching at 1720 cm~! and O-H bending in the region of 1400 cm™! (1377 cm™!
and 1440 cm™1)>%, The other evaluated formulations showed similar peaks as those of the polymers (PLA and
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Fig. 2. FTIR spectra of the developed formulations: PLA, PHBV, PHBV/PLA, PHBV/PLA/CS and PHBV/
PLA/CS/OE/Pgm/ATBC.
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PHBV); these results potentially indicated that no new or strong chemical interactions were formed within the
formulation components. The intensity of the C=O stretching peak of the formulation PHBV/PLA was lower
than the intensity of PLA or PHBV alone; these results indicated a loss of carboxylic groups in this formulation®.

Each of the injection moulded specimens prepared from the series of materials listed in Table 7 were subjected
to X-ray scattering measurements at room temperature. The moulded sample was mounted on a translation stage,
which enabled measurements at three equidistant points along the centre line of the long axis of the sample. The
small-angle X-ray scattering data were recorded simultaneously with the wide-angle X-ray scattering data. The
primary data were displayed as a false colour image of the intensity recorded on the pixelated detector. The long
axis of the detector corresponded to the scattering angle of 20, whereas the azimuthal variation corresponded
to the arc bands of intensity. The mapping of colour to intensity was shown in the colour map situated next to
the intensity map. Fig. S1 (Supplementary Information) shows an image recorded at the first position for the
PLA sample. The accompanying line plot showed the azimuthual average of the points with an equivalent value
of |Q|. The image showed numerous diffuse peaks at |Q| values of 10.58, 21.69 and 51.85 nm™!. These diffuse
peaks were typical in X-ray scattering curves of polymers in the amorphous state’”->%. The most intense peak at
|Q| ~ 10.6 nm™! originated from the short-range correlations between neighbouring chain segments, and the
width of this peak at half of the maximum intensity of 7.94 nm™! resulted in a correlation length of ~0.8 nm.
Figure 3 shows a continuous scattering curve; here, the diffuse peaks corresponded to an amorphous polymer.
No sharp crystalline peaks were observed at a scattering vector of ~ 11 nm™'; this was the position of the (200)
crystal reflection for the a phase of PLA. Previous studies reported that PLA was a slow crystallizer and that the
crystal structures of crystals formed at high and low temperatures were different™. The curve in Fig. 3 showed
no evidence of sharp crystalline reflections of either crystal structure. The data recorded at the three positions
within the injection moulded part were more or less identical to those shown here, and we only showed the
data from one sampling position. Inspection of the azimuthal variation in peak intensity reveals a more or less
constant intensity, indicating the absence of any preferred orientation. For completeness, the SAXS pattern for
the same sample and sampling point is shown in Fig. 3. Fig. S2 (Supplementary Information) also shows a false
colour image of the scattering data. This result showed minimal small-angle X-ray scattering except close to
the zero-angle position and indicated a high level of homogeneity, which would be typical for most amorphous
polymers. An intensity streak was vertically observed through the zero-angle position and indicated a small
presence of extended objects that ran parallel to the flow direction in the moulded part. We attributed this streak
to the extension of nanovoids in the moulded part, which were extended by the injection moulding process in
the direction of flow. Fig. S3 (Supplementary Information) shows the equivalent data for the PHBV moulded
part. The false colour image shown in Fig. S3 (Supplementary Information) displayed a series of sharp arcs of
intensity typical of a semicrystalline state. These could be clearly observed in the accompanying line plot shown
in Fig. 4. Table 1 shows the positions of the first 10 sharp peaks in the pattern.

Compared with other reported studies on PHBV using X-ray scattering, similar results were attained for
PHBYV polymers with low HV contents®!. From the curve in Fig. 4, we could estimate that the level of crystallinity
was relatively high. Fig. S4 (Supplementary Information) shows a ring of uniform intensity almost at the physical
edge of the detector. In the centre of the patterns, some scattering around the beam is typically observed in
a semicrystalline polymer. The horizontal streak was attributed to the presence of nanovoids, as in the PLA
sample. This peak was at the limit of what could be measured, but we could estimate the position of this peak
at |Q| ~ 1.3 nm™; this resulted in a long period (the chain-fold crystal thickness plus the amorphous material
between crystals) of 4.83 nm. Due to the isotropic nature of the intensity distribution in this ring, no preferential
alignment of the chain-folded lamellar crystals occurred. Fig. S5 (Supplementary Information) shows false
colour intensity maps of the wide-angle X-ray scattering results for the mixtures of PLA and PHBYV listed in
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Fig. 3. The azimuthal average for the data shown in Figure SI.
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Fig. 4. The azimuthual averaged WAXS data for the injection moulded parts fabricated from PHBV.

Peak | Position (nm™!) | Intensity | Notes

1 8.79 vs.

2 11.26 vs.

3 13.74 s Shoulder
4 14.84 s Overlapping peaks
5 17.03 s

6 18.13 w

7 20.33 w

8 24.73 w

9 26.92 w

10 29.12 w

Table 1. Positions of the first 10 peaks observed in the pattern for PHBV. vs. - very strong, s — strong, w —
weak.

Table 1. The patterns were broadly similar to those shown for the PHBV samples but with small variations in
the sharp peaks in each pattern; these results reflected the differences in composition, as shown in Table 1. The
crystal reflections again showed a uniform variation in intensity as a function of the azimuth angle, indicating
an isotropic distribution of crystals in these samples. The three curves shown in Fig. 5 were very similar to the
intensity plot for the PHBV shown in Fig. 4 in terms of peak position, peak width and relative peak intensity.
These results indicated that in these mixtures, the PHBV crystallised with a similar crystal structure as in the
single-component system in Fig. 4. The PLA and citrate components did not crystallise. These components were
incorporated into the amorphous phase of the PHBV, which had a greater presence in the scattering curves
moving from the simple mixture to the 5-component system. Fig. S6 (Supplementary Information) shows the
SAXS patterns for the samples studied in Fig. 4. All three patterns had similar features: lamellar stack scattering
showed some small variation in peak position, and S7c showed much stronger scattering around the zero-angle
position, reflecting a high level of heterogeneity. These results indicated that the multiple components were
not incorporated into a single disordered phase but were present as distributed nanoscale phases. All three
samples showed an isotropic distribution of chain-folded lamellar crystals. None of the three samples exhibited
a streak of scattering around the zero-angle position, which was attributed to previous samples associated with
nanovoids. In all cases, the three sampling points along the long length of the moulded part yielded essentially
equivalent SAXS and WAXS data; these results confirmed the nonuniformity of the structure and morphology
of the moulded parts. For all the moulded parts, the orientation of the crystals exhibited an isotropic orientation
distribution.

SEM analysis was carried out on the cross-sections of the composite materials developed and on the neat
polymers to analyse the morphology and distribution of the components that constitute the materials. For
neat PLA (Fig. 6a), a flat surface was observed and indicated brittle fracture at the location of rupture. This
was reported as a typical fracture surface for amorphous polymers where no visible plastic deformation was
observed?®. PHBV (Fig. 6b) showed a rupture surface different from that of neat PLA. The irregular fracture
surface was attributed to the crystalline structure of PHBV and its more ductile fracture behaviour. In the
PHBV/PLA formulation, a relatively smooth surface was observed with two distinctive phases, indicating the
poor miscibility of the PHBV and PLA polymers at these weight ratios?>2°. Figure 6¢) shows a transition from
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Fig. 5. Plots of the azimuthual averaged Intensity calculated from the intensity maps shown in Figure S5
(Supplementary Information).

a continuous phase to a droplet-matrix type with the existence of interpenetrating structures; here, small PLA
droplets were dispersed in the PHBV matrix and regions where the two phases coexisted. Additionally, cavities
were observed around the PLA droplets and indicated weak interfacial interactions between the two polymers
(helping justify the fracture at this specific point). As shown in Fig. 6d), the morphology of the PHBV/PLA/
CS formulation was similar to that of the previously described formulation: two phases coexisted in the matrix
with visible cavities and holes; this result was expected based on the similarities between this formulation and
the previously described formulation (the difference is the addition of CS). The red circles in the image outline
the incorporation of the CS fibres. Additionally, the red rectangle represents the place where a CS fibre is pulled
off. With respect to the most complex formulation developed (Fig. 6e), visual differences with respect to those
previously described were observed. Fewer cavities and holes were observed and potentially indicated a more
compact composition and increased flexibility because ATBC affected the crystallization during heating by
increasing chain mobility. This result was not observed in the mechanical testing, since the Young’s modulus for
this formulation did not increase (compared with those of the other formulations). Even though fewer cavities
and holes are visible in this formulation they are still visible indicating weak interfacial interactions®®. The visual
differences were also related to the addition of essential oil (OE) and pigment (Pgm), which we hypothesize were
mostly degraded during the heating (injection) process.

The thermal stability/degradation of PLA, PHBV and the blends developed were investigated in terms of
weight loss (%) by thermogravimetric analysis carried out under a nitrogen atmosphere. Knowledge of the
thermal stability and properties of narrow processing materials is very important, especially for composite
production due to the effect of fillers on the thermal behaviour of the material. During the heating process, the
initial degradation temperature was marked when the sample weight decreased by 2% (T,). Another important
thermal property was obtained using derivative thermogravimetric (DTG) curves (Fig. 7, right); here, the
temperature corresponding to the maximum rate of weight loss (T) was defined as the peak value of the first
derivative of the TGA curve and provided a good indication of the temperature at which the maximum weight
loss was triggered. The T, and T, values are summarized in Table 2. PLA had the highest thermal stability, with
an initial degradation temperature of 308 °C. For PHBV and the other blends, thermal degradation began earlier
(255-262 °C); thus, PHBV and the other developed blends had similar thermal stabilities but lower thermal
stabilities than those of the neat PLA. Similar results are reported in the literature, considering that the thermal
stability is mainly influenced by the amount of PHBV (higher percentage in the formulations)*2. The observed
degradation behaviour of the PHBV/PLA blend was similar to that of the PHBV; this result could be related
to the percentage of neat polymers used in this blend (70% PHBV and 30% PLA) (Fig. 7, left). PHBV, PLA,
PHBV/PLA and PHBV/PLA/CS/OE/Pgm/ATBC showed single-stage thermal degradation, confirmed by the
single peak observed in the DTG curves for these blends (Fig. 7, right). Since the PHBV/PLA blend showed
a degradation profile similar to that of neat PHBV (only one peak of degradation), the two-stage degradation
profile of the PHBV/PLA/CS blend could be correlated with the degradation of PHBV/PLA and CS. This result
was also confirmed by the two peaks observed for this blend in the DTG curves (Fig. 7, right). Even though
the 5-component system was a mixture of different components, only one degradation peak was observed
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Fig. 6. Scanning electron microscopy (SEM) of the cross-section of neat PLA (a), neat PHBV (b), formulation
of PHBV/PLA (c), PHBV/PLA/CS, where is possible to observe the incorporation of CS fibres (red circles) and
a place where a CS was pulled off (rectangle) (d) and PHBV/PLA/CS/OE/Pgm/ATBC (e).

—ra

100%
— PHBV
PLA/PHBY
80% e PLA/PHBV/CS
s e PLA/PHBV/CS/Pgm/OE/ATBC
£
= 60%
=
)
7]
2 o%
20%
0%
0 100 200 300 400 500 600

Temperature (°C)

7 ——PIA
e PHBV

6 - PLA/PHBV
= PLA/PHBV/CS

5 = PLA/PHBV/CS/Pgm/OE/ATBC

Deriv. Weight (%/°C)

200 250 300 350 400
Temperature (°C)

Fig. 7. TGA curves obtained for PLA, PHBV and the developed composites (left) and first derivative (DTG) of
TGA curves for the same developed composites.

(Fig. 7, right), and the degradation peak was not observed for CS (as in the PHBV/PLA/CS formulation). CS
degradation was reported to start at approximately 220 °C, with a maximum weight loss occurring between
220 and 320 °C%; this temperature range falls within the range that we observed in our study. The addition of
ATBC to a formulation reduced the thermal stability and shifted the degradation temperature to lower values®,
where the properties of both components (CS and ATBC) influenced the degradation temperature of these
two elements. The reported results for the PHBV/PLA/CS/OE/Pgm/ATBC formulation could also be related
to the parameters of the analysis, namely, the chosen heating rate. A better resolution of thermal events and
understanding of decomposition steps were observed when a slow heating rate was applied; this result was
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Formulation T, (°C) TP (°C)
PLA 308.6 371.7
PHBV 261.6 292.7
PHBV/PLA 259.6 287.1
PHBV/PLA/CS 254.5 286.2
PHBV/PLA/CS/OE/Pgm/ATBC | 258.7 283.6

Table 2. Initial degradation temperature (T,) and the temperature of the maximum rate of weight loss (Tp) for
PLA, PHBYV and the developed composites.
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Fig. 8. DSC thermograph curves (2nd heating) of PLA, PHBV and the developed composites.

Formulation Tg (°C) | Tc (°C) | Tm (°C) A
PLA 62 118 153 28.8
PHBV 60 - 173 82.3
PHBV/PLA 59 - 174 83.2
PHBV/PLA/CS 58 - 173 75.5
PHBV/PLA/CS/OE/Pgm/ATBC | 54 - 172 66.3

Table 3. Thermal transitions detected by DSC for PLA, PHBV and the developed composites.

opposite to the use of a fast heating rate where thermal events could overlap, causing difficulty to observe the
different decomposition steps®. Considering the complexity of the 5-component formulation, the heating rate
selected was likely too high to observe the degradation of each component; here, the parameters of the TGA
analysis were the same for all the formulations analysed.

Differential scanning calorimetry (DSC)

Differential scanning analysis is a powerful tool for determining polymer crystallinity, thermal transitions
(glass transition, Tg; cold crystallization, Tt; and melting point, Tm) and blend compatibility. For the latter,
incompatible blends will show distinct thermal transitions related to each individual phase, whereas compatible
blends present a single transition. Figure 8 shows the DSC thermographs of the PLA, PHBV, and PHBV/PLA
blends and their compositions, and the corresponding transitions are provided in Table 3. The Tg values of
neat PLA and PHBYV are 62 and 60 °C, respectively, but both have distinct melting peaks (153 and 173 °C).
Additionally, PLA has a characteristic cold crystallization peak at approximately 118 °C®. When PLA is blended
with PHBV, Tc disappears, Tg is less pronounced, the melting peak is broader on the left side (left shoulder) and
the Tim value does not change. Both individual melting peaks (in an incompatible blend system) are expected to
be observed, but since the Tim values of each phase are similar, they overlap, and the calculation of crystallinity
is not possible®’. The addition of CS does not affect the transition temperature but has a negative effect on
the melting enthalpy. As expected, the presence of ATBC seems to decrease Tg (54 °C) due to its plasticizing
effect®®. ATBC molecules can increase the distance between polymer chains, increasing their molecular
mobility at lower temperatures®®. Additionally, an increase in the left should change the melting peak, where the
melting peak also shifts to lower values. This is an indication of the higher molecular mobility of the polymeric
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Sample MER (g/10 min) at 190 °C/2.16 kg
PLA 42.7%£2.9

PHBV 13.9+0.7

PHBV/PLA 30.0+£1.7

PHVB/PLA/CS -*
PHVB/PLA/CS/OE/Pgm/ATBC | - *

Table 4. Melt flow rates of the PLA, PHBV, and PHVB/PLA blends and composites at 190 °C with a 2.16 kg
weight. *The die was obstructed, and the material did not flow.

Tensile strength
Formulation (MPa) Yield strain (mm) | Young modulus (MPa) | Strain at break (mm)
PLA 51.9+£0.69 0.07+0.00 804.9+3.33 0.07+£0.00
PHBV 30.58+0.92 0.04+0.00 823.2+5.79 0.05+0.00
PHBV/PLA 32.17+0.86 0.04+0.00 804.23+10.90 0.05+0.00
PHBV/PLA/CS 25.40+£0.91 0.03+0.00 871.23+3.60 0.03+0.00
PHBV/PLA/CS/OE/Pgm/ATBC | 19.03+0.92 0.04+0.00 713.96+30.20 0.04+0.00

Table 5. Mechanical properties of PLA, PHBV, and the material composites developed in the different
formulations. The results are presented as the average of 5 test specimens (AV + SE).

phases due to the presence of the plasticizer. While these results suggest that ATBC has a plasticizing effect,
further analysis, such as dynamic mechanical analysis (DMA), should be carried out to sustain this hypothesis.

Table 4 lists the MFR values for the examined samples at 190 °C and provided insight into the processing
properties of the polymer melt. Neat PLA had a higher MFR (42.7 g/10 min) than PHBV (13.9 g/10 min) and
was compatible with an injection polymer grade. Blending PHBV with 30 wt% PLA led to an increase in the
MFR, which was expected since PLA is less viscous. However, the MFR of the PHBV/PLA blend remained
below that of PLA; these results indicated that the thermomechanical forces from the blending process did not
cause significant molecular weight degradation. This behaviour was highly concerning and often observed in
thermosensitive polymers, as reported by some authors®. Overall, these results supported the deduction that
the structural integrity of the polymers was maintained during processing. On the other hand, the incorporation
of CS substantially increased the viscosity of the compounds, stopping their flowability through the MFR die.
The size of the CS particles played a crucial role in these results. To assess the true influence of all additives on
the rheology of blends, further additional rheometry trials need to be performed (such as parallel plates or
extensional rheology).

The mechanical properties of the formulations were evaluated at room temperature, and the results are listed
in Table 5.

The developed formulation of PHBV/PLA had a tensile strength similar to that of the PHBV alone, but
the Young’s modulus and the strain at break were more similar to the results obtained for PLA alone. The CS
addition increased the Young’s modulus of the formulation (PHBV/PLA/CS); these results indicated increased
resistance to deformation, and the tensile strength was also reduced. Figure 9 presents the results for tensile
strength and Young’s modulus of the developed formulations. Before being integrated into the matrix, CS was
ground into smaller particles (average size: 0.71 mm +0.2; n=20) (Av+ SD); thus, CS had a greater tendency to
agglomerate, and weak points where accumulation of stress could occur were formed. The mechanical results
for the PHBV/PLA/CS/OE/Pgm/ATBC formulation show a clear reduction in the tensile strength and Young's
modulus of this formulation. This effect should be related to the plasticizing effect of the ATBC that constitutes
10% wt of the formulation (both OE and Pgm are present at a 1% wt in the formulation). With ATBC addition,
the intermolecular forces (cohesion) between polymer chains become reduced, while the mobility of polymeric
chains increases leading to a decrease in strength and an increase in flexibility and ductility’®’®’!. During
the melt blending, ATBC weakens the bind and entanglement forces between polymer chains by filling the
gaps/penetrating between them (decrease in cumulative intermolecular forces), increasing their mobility and
therefore the elongation of the composites®. The same effect of reduced tensile strength and reduced Young's
modulus of composites when ATBC is added is reported in the literature both for PLA and PHBV composites,
while an increase in the elongation at break values are also reported (as in the present study and vs. PHBV/
PLA/CS formulation)>*7!72, Reported results are common in plasticized systems and usually reinforcements
are used to compensate for the loss of strength and modulus®. In our study, chitosan fibres were added, leading
to an increase in Young s modulus from 804 MPa to 871 MPa (PHBV/PLA vs. PHBV/PLA/CS) but the tensile
strength presents a lower value of 25 MPa (vs. 32 Mpa for PHBV/PLA/CS vs. PHBV/PLA). In the most complex
formulation, the ATBC effect was more pronounced than the CS addition, and a decrease in the mechanical
properties was observed. The mechanical results found for the developed biocomposites are comparable to those
of PP (tensile strength between 31 and 41.4 MPa, Young Modulus between 1140 and 1550 MPa)”>7* and PE (low-
density PE - tensile strength between 8.3 and 31.4 MPa, Young Modulus between 170 and 280 MPa; high-density
PE - tensile strength between 22.1 and 31.0 MPa, Young Modulus of 1080 MPa)”*.
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Fig. 9. Mechanical properties of test specimens developed for each formulation: tensile strength (MPa) (left)
and the Young Modulus (MPa) (right).

Formulation Water contact angle (°)
PLA 72.1£1.8
PHBV 77.2+0.5
PHBV/PLA 78.0£2.0
PHBV/PLA/CS 724+14
PHBV/PLA/CS/OE/Pgm/ATBC | 81.5%1.5

Table 6. Water contact angles measured in the test specimens of the different formulations developed.

The hydrophobicity of the developed formulations was assessed using water contact angle measurements.
Table 6 provides the measured water contact angles.

Wettability involves the measurement of contact angles between the sample and the water drop (degree of
wetting when a solid and aliquid interact); additionally, a large contact angle (> 90°) is indicative of low wettability
(hydrophobicity, fluid minimizes contact with the surface), and a small contact angle (< 90°) is indicative of high
wettability (hydrophilicity, fluid spreads over a large area of the surface)”. After the analysis was performed
with water, all samples exhibited hydrophilic behaviour since all the samples had contact angles of less than
90°7. The measured water contact angles for the different test specimens tested for each formulation did not
show a high variation. PLA had a water contact angle of 72.1° (Fig. 10a)). The reported value for this polymer
was in agreement with that reported in the literature, which usually ranges between 60 and 85° (for the same
material)’®~78. Several factors could account for changes in contact angle values and include surface impurities,
chemical surface composition, roughness, and wetting of the test specimens (the wettability of PLA depends
mostly on the surface roughness)’. The SEM results revealed a flat surface for the PLA test specimen at the
fracture location (Fig. 6. a)). PLA wettability also depended on its crystallinity, and high-crystallinity polymers
show higher water contact angles”’. Usually, the lower crystallinity of polymers (amorphous regions) results in
more hydrophilic surfaces due to higher surface energy and increased surface polarity, leading to lower water
contact angles”. The PLA used in our study was reported to be amorphous, with no crystallization (high level
of homogeneity) (Fig. 3); this was in agreement with our results. For PHBV (Fig. 10. b)), which had a relatively
high level of crystallinity, the measured water contact angle (77.2° + 0.5°) was in agreement with that reported in
the literature for the same material (washed with deionized water): Meereboer et al.%. reported a water contact
angle of 66.7°, and Snowdon et al.”%. reported a water contact angle of 67.46° + 0.29°. For the PHBV/PLA and the
PHBV/PLA/CS formulations, the measured water contact angles were 78.0° £ 2.0° and 72.4° + 1.4°, respectively.
The contact angle found for PHBV/PLA was closer to the PHBV than the water contact angle measured for
PLA,; this result was reasonable if the formulation, which consisted of 70% PHBV and 30% PLA was considered
(Fig. 10c)). The X-ray scattering data (Fig. 5) indicate that the crystal structure of PHBV was similar to that of
the neat PHBV alone and that PLA (no crystallization) was incorporated into the amorphous phase of PHBV.
The previous results could aid in explaining these results. The integration of CS in the formulations (PHBV/
PLA/CS) (Fig. 10.d)) slightly decreased the water contact angle (vs. PHBV/PLA), indicating the hydrophilic
nature of this component®!. The 5-component system presented a higher measured value for the water contact
angle (Fig. 10e). X-ray scattering results indicated the integration of PLA in the amorphous region of the PHBV
(with a similar crystal structure to that of the PHBV alone and to the previously described formulation). For
the pigment (phycocyanin-soluble) and the plant oil (hydrophobic), 1% of each was used in the 5-component
formulation; these components had little to no effect on the water contact angle measured because part of the
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Fig. 10. Measured water contact angle for the different developed formulations: (a) PLA; (b) PHBV; (c)
PHBV/PLA; (d) PHBV/PLA/CS; (e) PHBV/PLA/CS/OE/Pgm/ATBC.

plant oil could be degraded during the injection process. ATBC, which is hydrophobic®?, constituted 10% of
the formulation. The X-ray scattering results indicated the integration of ATBC in the amorphous phase of
PHBV (shown also by the larger presence in the scattering curves of the PHBV/PLA/CS/OE/Pgm/ATBC). The
changes in the WCA could be attributed to the addition of ATBC, which was the major difference from the other
formulations. Another important factor described briefly previously was the roughness of the test specimen
surface. Higher roughness is related to increasing WCA values by reinforcing the hydrophobic nature of the
surface’®. As observed in the SEM images (Fig. 6e), the 5-component formulation had a surface with the most
irregularities and roughness.

Due to their hydrophilic nature, the developed materials could be more prone to hydrolytic degradation,
providing a potential advantage.

Figure S7 (and video content) shows the first printing of an object base, cosmetic packaging in a new composite
material. Cosmetic packaging production is usually associated with techniques such as injection moulding, and
blow moulding, among others, but 3D printing is the future and presents several advantages. 3D printing allows
for the personalization and customization of products, in a rapid prototyping scenario which reduces the costs
and reliance on traditional tooling and prototyping methods leading to a shorter product development cycle and
shorter time to market. This was the first test experiment that needed the optimized parameters and compounds;
traditional injection processes (which have already been widely validated) also need to use optimized parameters.
Notably, although we are dealing with digital and current technologies, the development and optimization of
both materials and optimal processing parameters are crucial. Current work is in progress to ensure that the
adjustment among the parameters, materials, and objects will occur. One of the major difficulties encountered
was the processing temperature, where an equilibrium needs to be reached to process all constituents in the
formulation without losing properties or leading to the degradation of the material. Initially, a temperature
of 185 °C was used, but extrusion of the material was not possible at this temperature; thus, the temperature
was increased by 5 degrees at a time until reaching 200 °C. At this temperature, the materials still could not
be printed. The temperature was increased again but at a lower rate: one degree at a time until 206 °C, where
the material had degraded. The optimal working temperature for printing the base for cosmetic packaging was
determined to be 205 °C (Figure S7). During the printing process, ATBC was added to the mixture of pellets to
facilitate the process, but careful considerations were needed due to heat dissipation, ATBC could also impair
the process; the pellets would not flow naturally to the equipment because due to heat dissipation in the feeding
hoppers, cohesion between pellets occurred where ATBC was added. The printing process for the developed
material still needs optimization. Figure S7 shows the difference in colour between the pellets and the base for
the cosmetic packaging. The differences observed were likely related to the degradation of the constituents,
namely, the natural pigments used. A similar colour change was observed for the test specimens obtained during
the injection process. Colour measurement was performed to understand colour differences in pellet samples
(PHBV/PLA/CS/OE/Pgm/ATBC) before processing (injection moulding or 3D printing), injection moulded
test specimens’ samples (PHBV/PLA, PHBV/PLA, CS and PHBV/PLA/CS/OE/Pgm/ATBC) and 3D printed
base sample. The CIELAB (L*, a*, b*) colour results for the different samples tested are present in Table 7.
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Formulation Type of sample | L* | a* | b*
PHBV/PLA Test specimen 89 |0 15
PHBV/PLA/CS Test specimen | 83 |3 | 14

Test specimen |70 |1 |11
PHBV/PLA/CS/OE/Pgm/ATBC | Pellets 70 | -5 | -13
3D printed base | 78 | -3 | 8

Table 7. CIELAB colour measurement results for different samples tested.

Formulation/label fvfr{tl;{‘); z)vfr‘tA%) Chitosan (wt %) | Pigment (wt %) | Essential oil (wt %) | ATBC (wt %)
PLA 0 100 0 0 0 0
PHBV 100 0 0 0 0 0
PHBV/PLA 70 30 0 0 0 0
PHBV/PLA/CS 70 25 5 0 0 0
PHBV/PLA/CS/OE/Pgm/ATBC | 65 18 5 1 1 10

Table 8. Different polymer blends developed and the weight ratios of their constituents.

The colour measurement results indicate a difference in colour between the different tested samples. After the
addition of essential oil (OE), natural pigment (Pgm) and ATBC, the materials (PHBV/PLA/CS/OE/Pgm/ATBC)
present a darker colour (vs. PHBV/PLA & PHBV/PLA/CS test specimens’ samples), with the test specimen and
the pellet samples presenting the same values for lightness.

Materials and methods

Materials

PHBYV, under the trade name Enmat Y1000, supplied by Helian Polymers (Belfeld, The Netherlands) in pellet
form, was used. It is a 100% biodegradable polymer with the following characteristics (as supplied by the
company): melting point of 175-180 °C, elongation at break of 3.8%, tensile strength of 39 MPa, and density of
1.25 g/cm®. The PLA (in pellets) was provided by NatureWorks (Minnetonka, USA) with the trade name Ingeo™
Biopolymer 3052D and has the following properties: a crystalline melting temperature between 145 and 160 °C,
a tensile elongation of 3.5%, a tensile yield strength of 62 MPa and a density of 1.25 g/cm?®. The CS used in the
development of the present material composite was provided by the company Kitosano (Bajo Guadalquivir
district in Andalusia, Spain), with a degree of deacetylation of 86%. CS had a white pale/translucid colour before
any processing. The plant oils used in the development of this formulation were acquired from Herdade de Vale
do Covo with the certification ECOCERT (PT-BIO-02) for ingredients of natural origin. The natural pigment
used was phycocyanin, a blue spirulina purchased from Bluetec Naturals. The citrate used was ATBC from Wuxi
Philchem New Materials Co., Ltd. (CAS: 77-90-7).

Composite Preparation and processing techniques

Materials pretreatment

For the results reported in this study, PHBV and PLA were used as the matrix. Pellets from PHBV and PLA,
which are both biodegradable polymers, were dried in an oven at 60 °C for at least 12 h before use to ensure that
they were dry. CS was ground to make smaller fibres with the help of a grinder (average size of 0.71 mm+0.2;
n=20) (AvxSD), so they could be more easily incorporated into the material composite, and to promote the
homogeneity of the mixture. The different formulations were prepared in different ratios and selected based on
the literature and acquired knowledge (Table 8).

Extrusion processing techniques

The formulations PHBV/PLA, PHBV/PLA/CS and PHBV/PLA/CS/Pgm/ATBC were mixed at the appropriate
ratios using a corotating twin extruder (Werner & PfleidererZSK25 x 38D) with a screw diameter of 25 mm and
a maximum rotation of 300 rpm. The equipment is constituted of rollers, a water tank to cool the material and a
granulator which enables cutting the developed filament coming out of the die into granules. The equipment has
a screen pack (mesh), and a nitrogen purge is present in the feeder and the material was extruded using a range
of temperatures per zone between 150 and 180 °C. For the PHBV/PLA/CS formulation, after CS was ground,
it was added to the appropriate amounts of PHBV and PLA. The PHBV/PLA/CS/OE/Pgm/ATBC mixture was
prepared as follows: the PHBV, PLA and CS were added together in a container and homogenized (by hand),
the pigment (phycocyanin) was added, and the mixture was homogenized again. In a separate glass beaker, the
essential oil and ATBC were added together and mixed. Then, this solution containing essential oil and ATBC
was added to the previous mixture (of PHBV, PLA, CS and pigment), and a final mixture/homogenization of
the formulation was performed. The mixtures were compounded by using a corotating twin-screw extruder
(same as previously used). The extruded filamentary composites were subsequently cut into pellets for use in the
injection machine.
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Temperature range (°C) | 200-170 | 180—160 | 200—170 220-170 200-170
Cycle time (s) 65 115 65 65 65
Speed (cm?/s) 30 38 36 30 25
Size shot (cm?) 4.5 7.5 5 5 5
1 st Pressure (Bar) 550 1100 500 600 500
Back Pressure (bar) 788 788 788 788 788

Table 9. Formulations performed and parameters that were used for the injection process of each formulation.

Fig. 11. Biomaterials used in the formulation of the selected composites. (a) PLA pellets; (b) PLA test
specimen; (c) PHBYV test specimen; (d) PHBV/PLA test specimen; (e) PHBV/PLA/CS test specimen; (f)
PHBV/PLA/CS/phycocyanin (Pgm)/ATBC/plant essential oil (OE) test specimen); (g) phycocyanin; (h)
ATBC/plant Solution; (i) chitosan; (j) PHBV/PLA/CS/phycocyanin (Pgm)/plant essential oil pellets.

Injection moulding processing techniques

The composite dumbbell-shaped standard test specimens (ISO 527-2:2012)%% were prepared by an injection
moulding machine (BOY 22 A, Germany) projected for the processing of thermoplastics and elastomers,
among other materials. The processing parameters for the injection were initially selected based on the technical
data sheets for each polymer used, and then an optimization step was performed due to adjustments to the
formulations. The dimensions of the test specimens prepared were width at narrow section — 10 mm; width at
the ends- 20 mm; thickness- 4 mm; overall length- 150 mm; gauge length 50 mm. The test specimens obtained
in this work were greyish and did not have a strong smell. The parameters used for the injection of the test
specimens of each formulation are listed in Table 9. Figure 11 shows the biomaterials used for the development
of the described composites.

Additive manufacturing technology

Additive manufacturing technologies have been used widely in different industries, where this technology
has several advantages over more traditional technologies. Additive manufacturing allows for the creation of
complex geometries of physical objects directly from digital concepts, with good material efficiency and low
consumption costs®:. Moreover, material use is optimized, and waste is reduced. AM technologies have been
continuously evolving because in addition to the reported benefits, this technology contributes to different aspects
of sustainability and allows for the integration of circularity principles®. Stratasys developed and patented fused
deposition modelling (FDM) 3D printing technology in 1989%°. This technology was based on the controlled
extrusion of thermoplastics using a solid thermoplastic filament that was sequentially melted and deposited to
make the shape of the object. In 2009, the Stratasys patent expired, and thermoplastic deposition systems were
developed everywhere due to the development of freeware software such as cura, slic3r, simplify, kisslicer and
others. Thermoplastic extrusion occurred with the melting of the pellets. This technology has been used for halfa
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dozen years. Specifically, extrusion is not based on filaments (filaments are made by extrusion pellets) but rather
on pellets and screw extruders. This ability to directly produce parts and objects from pellets allows for a greater
diversity of available materials, as well as the dimensions of the components to be produced. Today, extruders
are based on screws in 3D printing machines that process 500 kg/hour. The technological novelty of using an
older technology is suited to today’s machines and methods; however, improvements are still needed. This path
provides the possibility of more easily exploring the limits of the development of thermoplastic matrix materials
and composites, and at the same time, this path has a major challenge. The described technology enables the
large-scale production of different products with the benefit of testing different designs. In addition, one of our
goals was to examine the developed material in a prototype. For that purpose, the material composites developed
in this work were tested for additive manufacturing of cosmetic packaging using a 3D printer (Piocreat G5 FGF)
with fused granular fabrication (FGF) technology. The initial temperature was set to 185 °C, and the material was
printed at a speed of 20 mm/s through an adapted nozzle of 1.8 mm.

Material characterization techniques

Infrared absorption spectroscopy

The vibrational analysis of the samples was carried out using Fourier transform infrared (FTIR) spectroscopy
via reflectance, using the non-destructive sampling technique of attenuated total reflectance (ATR). The infrared
spectra (4000-550 cm™!) of the samples at room temperature were recorded using a Perkin Elmer Frontier
spectrometer (FT-NIR/MIR) equipped with an FR-DTGS detector and a KBr beam splitter. The spectra were
recorded at a resolution of 4.0 cm™! with 128 accumulations (scans). A Perkin Elmer sampling accessory with
a universal attenuated total reflectance (UATR) module with a diamond/ZnSe crystal was used, and a constant
force of 110 N was applied to all the recordings. The samples were analysed without any treatment.

X-ray scattering

Wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) measurements of the structure
and morphology of the injection moulded test specimens were performed on the NCD-SWEET beamline at the
ALBA Synchrotron Light Source in Barcelona, Spain®®%’. The X-ray source in an in-vacuum undulator driven
by the 3GeV storage ring produces numerous harmonics. In this work, we exploited the 7th harmonic with an
energy of 12.4 keV and a wavelength of 1 A. A transmission geometry was employed with the long axis of the
moulded part mounted vertically. The SAXS intensity patterns were recorded with a Pilatus 1 M system from
DECTRIS. This detector has an effective pixel size of 172 x 172 micrometres with a dynamic range of 20 bits. The
sample-to-SAXS detector distance was 6.6659 m from the sample. The flight path from the sample to the detector
was a low vacuum vessel, which eliminated the majority of the air from the flight path. The WAXS detector (a
Rayonic LX255HS CCD system) was mounted above the X-ray beam path and tilted towards the sample. As a
consequence, data with scattering vector magnitudes of 0.29 to 7.96 A could be measured. The WAXS detector
distance, tilt angle and pixel size were calibrated using Cr,0,. The modulus of the scattering vector Q is given by
Q=4nsin6/\, where 26 is the scattering angle and A is the incident beam wavelength. The SAXS patterns were
measured over a |Q| range from 0.017 A™! to 0.125 A~!. The detector pixel size and sample-to-detect ratio were
calibrated with the well-known standard AgBhg. For both SAXS and WAXS, 2D data were collected and were
easily converted for isotropic data to a radial average as a function of the modulus of the scattering vector Q.

For the polyhydroxybutyrate sample, we also conducted operando X-ray scattering measurements during an
injection moulding cycle using equipment recently developed at CDRSP. Data collection was restricted to the
SAXS detector. The apparatus enabled data to be accumulated at 1 s intervals during the completed injection
moulding cycle. The apparatus was essentially what has already been described in the literature. The mould
cavity was designed to produce a part that was 1 mm thick, 70 mm long and 20 mm wide. The mould cavity
was fabricated from an aluminium/manganese alloy. A standard industry recirculating water unit was used to
maintain the mould temperature of 65 °C. A Babyplast injection unit from Rambaldi was used to perform the
injection with the following parameters: shot size, 4.5 cm3; 1st pressure, 150 bar for 25 s; and 2nd pressure,
150 bar for 6 s.

The moulded sample was mounted on a translation stage, which enabled measurements at three equidistant
points along the centre line of the long axis of the sample. The small-angle X-ray scattering data were recorded
simultaneously with the wide-angle X-ray scattering data. The primary data were displayed as a false colour
image of the intensity recorded on the pixelated detector. The long axis of the detector corresponded to the
scattering angle of 20, whereas the azimuthal variation corresponded to the arc bands of intensity.

Scanning electron microscopy (SEM)

Sections of the test specimens were analysed using scanning electron microscopy (SEM; TESCAN VEGA 3
SBH - Easy Probe SEM with a tungsten-heated cathode). SEM images were acquired with a working voltage of
5kV and a secondary electron detector. Since our samples were not conductive, they were sputter coated with a
10 nm thick gold/palladium layer using the Quorum SC7620- Mini Sputter Coater/Glow Discharge System prior
to SEM analysis. The cross-sections of the composite material were observed.

Thermogravimetric analysis (TGA)

A thermal analysis (TA) instrument (model Q500) was used to perform thermogravimetric analysis of the
different specimens to understand their thermal stability. Small samples from the extruded material (pellets)
of the different formulations developed were chosen and used in the analysis. For this purpose, a small pellet of
each formulation was placed inside a crucible and heated from 25 °C to 600 °C at a heating rate of 10 °C/min. An
inert atmosphere was maintained by providing a flow of nitrogen gas at a rate of 60 ml/minute. The maximum
degradation percentage and weight loss were obtained by graphical means.
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Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed using a TA instruments (DSC 250 Discovery Series with
computer software for analysis TA Instruments, Trios) to examine the melting and crystallization temperatures
of the crystalline phase. The examination occurred at temperatures ranging between — 20 °C and 250 °C under a
nitrogen atmosphere (100 ml/minute). All measurements were performed according to the following program:
equilibration at —20 °C followed by heating at a rate of 10 °C/minute until 250 °C was reached. A first heating
cycle was performed to erase the thermal history of the samples; however, for the results, we considered only
the second heating cycle. The glass transition temperature was determined using the inflection-point method, as
described in the ISO 11357-2 standard®.

Melt flow rate (MFR)
The MFR analysis of the specimens was performed by using a Daventest Serial N°3/2606 equipment according to
the ISO 1133-1:2022 standard®. The characterization was performed at 190 °C using a 2.16 kg weight.

Mechanical properties testing

The tensile strengths of the specimens were measured according to the ISO 527- 2:2012 standard®? using a tensile
machine (INSTRON 4505) (with a 5 kN load cell) that was equipped with a wedge-action tensile clamp. The
tensile test was performed at room temperature on 5 test specimens of each formulation, and the results were
averaged. A speed of 1 mm/minute was used to perform the tensile tests.

Water contact angle (WCA)

WCA was recorded with an OCA-20 tensiometer (Dataphysics, Germany) and extracted with SCA20 software.
Here, 10 uL drops were dispersed on each injected test specimen, with at least 6 replicates per treatment. The
data were obtained at room temperature by the sessile method, and the contact angle was measured 2-3 s after
drop deposition. The test specimens were rinsed with distilled water and dried with a paper towel before analysis.

Colour measurement

A colour measurement was carried out using an NCS (NaturalColor System) digital colour reader (NCS
colourpin IT, Sweden) connected to a database via a smartphone application. Colour changes measurements were
performed using samples of pellets (PHBV/PLA/CS/OE/Pgm/ATBC formulation), samples of test specimens
(all blends), and a sample of the 3D printed base to assess colour changes related to the constituents and to the
processing method (injection moulding and 3D printing). The natural colours system results were converted to
the CIELAB standard using the information provided by the application.

Conclusions

Material composites composed of biobased polymers and natural constituents were developed and characterized
in terms of their structure, topography, thermal stability, mechanical properties, and hydrophobicity. PLA is an
amorphous material, and PHBV is semicrystalline; notably, in the developed mixtures (PHBV/PLA/CS and
PHBV/PLA/CS/OE/Pgm/ATBC), PLA and ATBC were not crystallized and were integrated into the amorphous
phase of the PHBV polymer. The thermal analysis indicated that PLA had the highest thermal stability, but for
PHBYV and the other developed material composites, the thermal degradation began at approximately the same
temperature. In the results obtained for the PHBV/PLA/CS formulation, two degradation peaks were observed
and corresponded to the polymers and CS degradation. The same result was not observed for the 5-component
system. The addition of CS did not affect the transition temperatures, and the addition of ATBC decreased the
Tg by increasing the mobility of the polymer chains at lower temperatures. In terms of mechanical properties,
the CS addition reduced the tensile strength but increased the resistance to deformation. The addition of other
additives to the formulation, mainly ATBC (OE and Pgm constituted 1% wt each) slightly increased the yield
strain but showed a reduction in tensile strength and in the young modulus. All developed composites were
hydrophilic and more prone to hydrolytic degradation, and the 5-component system was the least hydrophilic
material developed. Based on our results, biobased material composites were developed with the addition of
inexpensive and available industry-by-product (CS); these materials have an attractive natural colour and smell
with possible applications in cosmetic industry packaging (as a substitute for fossil-based materials) and could be
produced from additive manufacturing technologies, although this technology still presents a lot of investigation
to be done, it shows promising results.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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