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The development of multifunctional packaging addresses the demand for solutions that combine
protection, sustainability, and functionalities such as antimicrobial activity. In this context, films of
hybrid composites (HC) based on a poly(lactic acid)/poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
blend - PLA/PHBYV (70/30 wt/wt), sepiolite nanoparticles (SEP, 5 phr), and different contents (3 and
5 phr) of micrometric zinc oxide (ZnO) were produced via melt mixing and compression molding.
The influence of ZnO content on rheological, thermal, mechanical, and water vapor permeability
properties, as well as its role as an antimicrobial agent, was evaluated. Despite ZnO acting as a
catalyst for PLA degradation during processing, the HC with 3 phr of ZnO demonstrated significant
improvements, including a 16% in elastic modulus and a 21% increase in tensile strength (compared
to PLA/PHBYV blend), an 85% reduction in water vapor permeability (compared to PLA/PHBV/SEP
nanocomposite), good processability, and effective inhibition of bacterial growth on the film surface.
These results highlight the potential of HC with 3 phr of ZnO for producing multifunctional packaging

using conventional melt-processing techniques.

Keywords: Packaging, hybrid composites, antimicrobial, poly(lactic acid), poly(3-hydroxybutyrate-

co-3-hydroxyvalerate).

1. Introduction

The development of multifunctional packaging that aligns
with global trends in the food and healthcare sectors has
garnered increasing attention from researchers and industry
professionals. Such packaging not only needs to exhibit adequate
physical properties (such as barrier, mechanical, optical, and
thermal properties) but also enhanced functionalities, including
biodegradability and antimicrobial activity'. Furthermore,
the use of non-biodegradable, petroleum-derived polymers
in short-lifecycle applications, combined with inadequate
solid waste management and improper disposal practices,
has significantly worsened the environmental challenges
caused by plastic pollution®.

In this context, biodegradable polymers derived from
renewable sources, such as poly(lactic acid) (PLA) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), emerge
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as promising alternatives. PLA offers several advantages,
including good processability and mechanical properties
comparable to petrochemical-derived polymers. However,
its brittle nature, high glass transition temperature (Tg), and
slow degradation kinetics limit its range of applications’.
The development of polymer blends with PHBV presents a
viable strategy to enhance PLA’s performance, as PHBV can
improve water vapor and oxygen barrier properties while
modifying PLA’s degradation behavior”.

To optimize the technological performance of this immiscible
blend, different compatibilization and reinforcement strategies
can be applied. Among the main approaches reported in
the literature for polymer blends compatibilization are the
addition of block or graft copolymers, reactive polymers, and,
more recently, the selective dispersion of nanoparticles™.
Nanoparticles can localize within the matrix, the second
phase, and/or the interface, making this strategy particularly
promising™®. This approach not only reduces interfacial energy
and inhibits coalescence, but also modifies the viscosity ratio
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of the blend. Furthermore, nanoparticles can also provide
significant reinforcement effects, particularly when present in
sufficient quantity and dispersion state to form a percolated
network of physical interactions’.

Sepiolite (SEP) is a clay mineral with the chemical
formula Si ,0, Mg (OH),(H,0),-8H,0. Its structure consists
of alternating blocks and tunnels that grow in the fibrous
direction. Each structural block consists of two tetrahedral
silica layers and a central octahedral layer containing
magnesium®’. Its needle-like geometry, high surface area
(300 - 400 m%g), and availability of surface hydroxyl
(-OH) groups'*'" make it an excellent candidate as both a
compatibilizer and reinforcing agent for polyesters. Studies
have demonstrated its positive effects when incorporated
into PLA nanocomposites, including altered crystallization
behavior'?, flame retardancy'’, improved thermal and
mechanical properties'*'*, enhanced rheological behavior'®, and
accelerated biodegradation in soil'’. There are also reports of
SEP’s incorporation into PHBV nanocomposites, resulting in
improvements in thermal and mechanical properties'*, water
vapor permeability and biodegradability'’, and the release

20,21

kinetics of oregano essential oil in active packaging’

Only a few studies”*** have investigated nanocomposites
based on PHBV/PLA blends and sepiolite, with none
focusing on PLA/PHBV/SEP composites where PLA is the
predominant polymer phase (i.e., the matrix). Gonzélez-
Ausejo et al.” evaluated the incorporation of varying SEP
contents (1 - 4 phr) intoa PHBV/PLA blend (75/25 wt/wt) via
twin-screw extrusion followed by injection molding. Their
results demonstrated improved compatibility between the
biopolymers, a 15% reduction in oxygen permeability, and
increased stiffness and elongation at break. Zembouai et al.”*
produced PHBV/PLA (50/50 wt/wt) nanocomposites containing
SEP, Cloisite 30B (organically modified montmorillonite),
and hybrid nanocomposites with both nanoparticles through
melt blending followed by compression molding of films.
The authors observed more effective compatibilization in
hybrid nanocomposites, which results in more homogeneous
and regular blend morphologies, as well as enhanced thermal
stability and mechanical properties, including increased
stiffness and hardness.

Antimicrobial packaging is designed to inhibit or delay
the growth of microorganisms, extending product shelf life
and ensuring greater consumer safety’*. Numerous studies
have reported the development of antimicrobial packaging
based on PLA?, PHBV?*’, and PLA/PHBYV blends?’%,
incorporating a wide variety of potential active agents, such
as essential oils (e.g., oregano®” and thyme®’), plant extracts
(e.g.,tannins®"), inorganic agents (Ag* and Cu** ions™), metal
oxides (ZnO and TiO,"), and carbon materials (graphene

Table 1. Description of the samples produced.
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nanoplatelets’’ and carbon nanotubes®’**). Zinc oxide (ZnO)
stands out for its proven antimicrobial activity and high
thermal stability, making it suitable for use in conventional
thermoplastic processing methods®'. Additionally, ZnO has
been studied as an additive to enhance PLA degradability*” and
recycling®, acting as a catalyst in the degradation process,
with nanoscale ZnO showing greater effectiveness*.

Therefore, this study proposes the development of
hybrid composites based on PLA/PHBV/SEP/ZnO, targeting
potential applications in biodegradable and antimicrobial
multifunctional packaging. The inclusion of varying amounts
of micrometric ZnO was analyzed, aiming to balance its
antimicrobial action with its impact on the degradation of
the PLA matrix during melt-state processing, ensuring levels
that preserve both the processability and the technological
performance of the developed materials.

2. Materials and Methods

2.1. Materials

The following materials were used to produce the hybrid
composites: i) poly(lactic acid) (PLA), Ingeo Biopolymer
4043D from NatureWorks (USA), with a density of 1.24 g/
cm’, a melt flow index of 6 g/10 min (210 °C/2.16 kg), and
an estimated D,D-lactide isomer content of approximately
5 wt%*-; ii) poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), PHI 002 from NaturePlast (France), with a density
of 1.25 g/cm?®, a melt flow index between 15 and 30 g/10 min
(190 °C/2.16 kg), and an estimated hydroxyvalerate (HV)
content of 2 wt%?*’; iii) sepiolite (SEP), product #70253
from Sigma-Aldrich (USA), with a magnesium content of
approximately 13 wt% and a mass loss on drying of less
than 10 wt%; iv) zinc oxide (ZnO): product #205532 from
Sigma-Aldrich (USA), with a particle size of less than 5 pm
and a purity of 99.9 wt%.

2.2. Processing

Before processing the samples, all materials were dried
in an air-circulation oven (model TE-394/2 from Tecnal
Equipamentos Cientificos) at 60 °C for at least 12 h.

To obtain the samples, an internal mixer HAAKE (model
Rheomix 600p), equipped with roller-type rotors, was used at
180 °C, with a rotation speed of 100 rpm and a total mixing
time of 10 minutes. Four formulations were produced, named
and described as shown in Table 1.

To produce the PLA/PHBV blend (B), both polymers
were simultaneously fed into the mixing chamber. The PLA/
PHBV/SEP nanocomposite (N) was produced using a two-
step process: first, a PHBV/SEP masterbatch was prepared

Sample PLA (phr)* PHBV (phr) SEP (phr) ZnO (phr) Description
B 70 30 --- --- PLA/PHBYV blend
N 70 30 5 - PLA/PHBV/SEP nanocomposite
HC3 70 30 5 3 PLA/PHBV/SEP/ZnO hybrid composite
HCS 70 30 5 5 PLA/PHBV/SEP/ZnO hybrid composite

* phr = parts per hundred of resin
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with a mixing time of 5 minutes, followed by its dilution in
the PLA matrix for an additional 5 minutes of mixing. This
mixing protocol was designed to promote the preferential
location of SEP nanoparticles at the interface of the PLA/
PHBV blend, enhancing their role as both reinforcing and
compatibilizing agents for the immiscible blend. The PLA/
PHBV/SEP/ZnO hybrid composites (HC), with varying ZnO
contents, were prepared using the same mixing protocol as
for sample N. However, the ZnO particles were incorporated
during the dilution step of the PHBV/SEP masterbatch in
the PLA matrix.

Subsequently, films of all formulations were produced
through compression molding using a MA098/A hydraulic
press from Marconi Equipamentos para Laboratorios. The
process was conducted at 180 °C, following a thermal cycle
consisting of 2 minutes of preheating, 1 minute at an applied
pressure of 1 ton, 1 minute at 3 tons, and 2 minutes at 5 tons,
with pressure relief between each pressing cycle. After the
forming process, the films were cut into specific shapes
according to the requirements of subsequent characterization
procedures.

2.3. Characterizations

2.3.1. Morphology

Ultrathin films were obtained from the materials processed
in the internal mixer using a cryo-ultramicrotome (Reichert
Ultracut FC4 model, Leica). Sectioning was performed
below the glass transition temperature (Tg) of the polymers,
with the knife set at -30 °C and the chamber temperature
at -20 °C. Subsequently, the films were analyzed using a
FEI Magellan 400L FEG-SEM microscope equipped with
scanning transmission electron microscopy (STEM) detectors,
operated at 30 kV and 25 pA.

2.3.2. Rheology

The rheological behavior of the materials obtained
after the mixing process was analyzed under steady state
(viscosity, 1, as a function of shear rate, 7, ranging from
0.01 to 100 s™) and oscillatory (storage modulus, G’, and
loss modulus, G, as a function of oscillation frequency, o,
ranging from 0.02 to 100 rad/s, applying a strain amplitude
within the linear viscoelastic region) regimes. The analyses
were conducted using a controlled stress rheometer (model
ARG?2, TA Instruments) equipped with a parallel plate
geometry, with a plate diameter of 25 mm, a 1 mm gap
between the plates, at a temperature of 180 °C.

2.3.3. X-Ray diffraction (XRD)

The compression molded films and pure SEP and ZnO
were structurally characterized by X-ray diffraction (XRD)
using a Bruker D8 Advance Eco diffractometer with CuK |
radiation (25 mA, 40 kV). The analyses were performed
with 20 scanning from 5° to 90° and a step size of 0.02°.

2.3.4. Thermal characterization

The thermal decomposition behavior of the samples was
analyzed by thermogravimetry (TGA), using a Q50 device
from TA Instruments, under heating at a rate of 20 °C/min,
from room temperature to 800 °C, in a nitrogen atmosphere.

The thermal behavior during the first DSC (differential
scanning calorimetry) heating cycle of the samples was
evaluated using a TA Instruments equipment, model Q2000,
with nitrogen as carrier gas (50 mL/min), heating from 30 to
200 °C at a heat rate of 10 °C/min. Equation 1 was used to
calculate the degree of crystallinity (X)) of the PLA and
PHBYV phases: ’

AH,, i —AHcc i
Xc,i B e e— x100 1
®iXAHm,i

where AH,, ; and AH . ; are the melting and cold crystallization
enthalpies obtained by DSC for the polymer 7, respectively,
# is the mass fraction of the polymer 7, and AH,?,J is the
melting enthalpy of the 100% crystalline i polymer (93 J/g
for PLA and 109 J/g for PHBV?).

2.3.5. Mechanical characterization

The uniaxial tensile tests of the films were performed
using an Instron universal testing machine (model 5569),
equipped with a 500 N load cell, at room temperature and with
a strain rate of 12.5 mm/min, following the specifications of
ASTM D882-18%. The results for ultimate tensile strength
(UTS), elongation at break (g, ), and elastic modulus (E) were
statistically analyzed by ANOVA (analysis of variance) and
Tukey test, at a significance level of 0.05.

2.3.6. Water vapor permeability

The water vapor transmission rate (WVTR) of the films
was measured according to the ASTM E96/E96M-24a
standard®, under humidity of 52%, using calcium chloride
(CaCl,) as a desiccant and magnesium nitrate (Mg(NO,),)
as a humidity controller. All samples (B, N, HC3, and HCS5)
were analyzed in triplicate. The WVTR was calculated
using Equation 2:

G
WVTR = m 2
A
where G is the steady state weight change, t is the time during
which G occurred, (%) is the slope of the straight line on
the curve of mass variation as a function of experiment time,
and A is the test area (cup mouth area).

The water vapor permeability (P, ) was obtained using
Equation 3:

WVTR A3)

where Ap is the vapor pressure difference and e is the
thickness of the film. The P values were statistically
analyzed by ANOVA (analysis of variance) and Tukey test,
at a significance level of 0.05.

2.3.7. Antimicrobial disk diffusion test

For the microbiological test, the microorganism Escherichia
coli ATCC 25922 (Gram-negative) was used. Suspensions
of this microorganism were prepared in saline solution until
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reaching a turbidity like the standard suspension (McFarland
scale). The suspension was then spread using a sterile swab onto
Petri dishes containing Mueller-Hinton agar, which had been
previously prepared and solidified. The film samples were then
cut into discs and placed on the surface of the inoculated agar.
The plates were incubated in an oven at 37 °C for 24 hours.
After this period, the plates were analyzed for the formation
of inhibition zones. The test was performed in triplicate.

3. Results and Discussion

3.1. Morphology

To investigate the preferential localization of SEP in
the PLA/PHBYV blend, as well as its dispersion state and
potential interfacial compatibilizing effect, STEM analyses
were performed on samples of the PLA/PHBV blend (B)
and the PLA/PHBV/SEP nanocomposite (N). The results
are shown in Figure 1.

The PLA/PHBV blend, Figure 1 (a), exhibits a dispersed-
phase morphology, with approximately spherical domains with
an average diameter of 0.7 = 0.2 um. The mixing protocol
used for nanocomposite preparation (involving the prior
formation of a PHBV/SEP masterbatch followed by dilution
in the PLA matrix) led to the preferential localization of SEP
particles at the blend interface, Figure 1 (b). In this case, the
spherical shape of the dispersed phase was preserved, but with
reduced variability and a significant decrease in the average
domain diameter (to 0.3 £ 0.1 pm). These findings suggest a
reduction in interfacial energy and inhibition of coalescence of
the dispersed phase, indicating a morphological stabilization
effect and, consequently, an interfacial compatibilizing action
of SEP in the PLA/PHBYV blend.

3.2. Rheology

The influence of the inclusion of SEP and ZnO particles
on the steady state rheological behavior of the PLA/PHBV
blend at low shear rates is shown in Figure 2.

The addition of SEP to the blend led to a transition
in the polymers’ behavior, with viscosity increasing from

Figure 1. STEM micrographs of the (a) PLA/PHBV blend and (b) PLA/PHBV/SEP nanocomposite.
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Figure 2. Viscosity as a function of shear rate for the PLA/PHBV blend
(B) and its composites with SEP (N) and SEP/ZnO (HC) at 180°C.

1,450 Pa.s (sample B) to 21,130 Pa.s (sample N) at a shear
rate of 0.01 s™. Up to approximately 0.1 s, the PLA/PHBV
blend (B) exhibited behavior closer to Newtonian, showing
only a slight variation in viscosity as the shear rate increased.
However, the increased macromolecular entanglement due to
particle-particle interactions and polymer-particle interactions,
facilitated by the -OH groups on the SEP surface and the ester
groups of the polymers, induced the pseudoplastic behavior
at lower shear rates in the PLA/PHBV/SEP nanocomposite
(N). Similar behavior was observed when montmorillonite
(MMT) was used as a reinforcing agent in the PLA/PHBV
(75/25 wt/wt) blend®. At the lowest shear rates analyzed,
the hybrid composites (samples HC3 and HCS) exhibited
viscosities at least three times higher than that of the blend
(B), but approximately five times lower than that of the
SEP-based nanocomposite (N). While the presence of SEP
nanoparticles contributed to increased viscosity compared to
the PLA/PHBYV blend, this effect may have been mitigated
by PLA degradation in the presence of ZnO. Metal oxides,
such as ZnO, can significantly degrade PLA macromolecules,



PLA/PHBV/SEP/ZnO Hybrid Composites for Antimicrobial Multifunctional Packaging 5

leading to reduced viscosity and thermomechanical properties.
According to Murariu et al.’’, at elevated temperatures, zinc
compounds catalyze intermolecular transesterification and
depolymerization reactions in PLA, reducing its molar
mass. AnZlovar ef al. ' conducted a comparative study on
the degradation of PLA/ZnO and PHBV/ZnO composites
produced via melt processing, finding that the incorporation
of nanometric ZnO significantly reduced the molar mass of
PLA, while the molar mass of PHBV remained practically
unchanged, highlighting the greater susceptibility of PLA
to degradation in the presence of ZnO.

Figure 3 shows the results of the oscillatory rheological
tests conducted on the PLA/PHBYV blend and its composites.

The PLA/PHBYV blend (B) exhibited a predominance
of viscous (G”’) over elastic (G’) behavior throughout the
analyzed angular frequency range. Upon the addition of 5 phr
of SEP, the behavior became predominantly elastic up to
approximately 1 rad/s, confirming the increased restriction
on molecular movement due to the presence and content
of the nanoparticles, as well as their interaction with the
polymer chains. After the addition of ZnO, both G’ and G
of'the hybrid composites were reduced to values lower than

those observed for the blend. Similar results were reported
by Ahmadzadeh et al.** for PLA/PCL (polycaprolactone)
blends with ZnO, where reductions in complex viscosity
and storage modulus were observed due to PLA degradation,
which reduced its molar mass.

Despite the significant changes in the rheological behavior
of the materials, the processing of the PLA/PHBV/SEP
nanocomposite and PLA/PHBV/SEP/ZnO hybrid composites
proved to be feasible by melt mixing. No significant changes
were observed in the formability of the materials during
compression molding, and thin, homogeneous films were
subsequently obtained for all the compositions studied.

3.3. X-ray diffraction (XRD)

Figure 4 shows the XRD curves of the studied compositions,
as well as pure SEP and ZnO.

In the diffractogram of the blend (B), two main peaks
were identified at 20 values of 13.6° and 17.1°, along with a
pronounced amorphous halo. According to Kanda et al.*, the
halo is attributed to the amorphous nature of PLA, while the
peaks observed are characteristic of the orthorhombic unit cell
of PHBV. Upon the addition of SEP (N), a new diffraction
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Figure 3. (a) Storage modulus, (b) loss modulus, and (c) tand as a function of frequency for the PLA/PHBYV blend (B) and its composites

with SEP (N) and SEP/ZnO (HC) at 180°C.
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peak at 20 = 7.2° was observed, which is characteristic
of SEP in its natural and hydrated form®. The presence of
hydroxyl groups on the surface of SEP needles can facilitate
chemical interactions with biopolyesters, such as those in the
blend”. The hybrid composites (HC) exhibited new peaks
at 20 values of 31.7°, 34.4°, 36.2°, 47.6°, 56.6°, 62.8°, and
68.1°, corresponding to the crystallographic planes (100),
(002), (101),(102), (110), (103), and (112) of zinc oxide™. As
the ZnO content increased from 3 phr to 5 phr, these peaks
became more prominent. The XRD results confirmed the
effective incorporation of SEP and ZnO into the composites
and demonstrated that no significant structural changes
occurred in the materials after the processing steps.

3.4. Thermal characterization

The thermal stability of SEP nanoparticles, ZnO particles,
and the composites was evaluated by thermogravimetric
analysis (TGA), and the results are presented in Figure 5 and
Table 2.

Regarding SEP, as shown in Figure 5 (a), four thermal
events can be observed: i) an initial mass loss up to
approximately 100 °C, attributed to the elimination of zeolitic
water and moisture; ii) a second step between 110 °C and
300 °C (peak at 250 °C), attributed to the loss of half of the
Mg-coordinated water followed by a structural modification
(transformation to dehydrated sepiolite); iii) a third step
between 340 °C and 630 °C (peak at 520 °C), related to the
loss of the second half of the remaining Mg-coordinated water

HC3

A A N HC5

Intensity (a.u.)

SEP

260 (°)

Figure 4. XRD patterns of zinc oxide (ZnO), sepiolite (SEP), PLA/
PHBV blend (B) and its composites with SEP (N) and SEP/ZnO (HC).

Materials Research

in the collapsed channels, producing anhydrous sepiolite;
iv) the onset of a fourth thermal event, above 700 °C (not
fully characterized due to the maximum temperature used
in the test), representing the dehydroxylation process of the
octahedrally coordinated hydroxyl groups®. At 800 °C, a
residue of approximately 91 wt% was obtained.

The results obtained for ZnO, Figure 5 (a), demonstrate
remarkable thermal stability, with only a small mass loss
observed in the range 0f 395 °C to 460 °C (peak at 439 °C),
and a residue of 99.7 wt% at 800 °C. This highlights the
stability of this antimicrobial agent at temperatures typically
used during the processing of thermoplastics in the molten
state - a distinct advantage compared to other potential organic
agents such as essential oils, organic acids, and enzymes,
whose practical applicability is significantly limited by their
low decomposition temperatures.

The thermal decomposition of the PLA/PHBV blend (B),
as shown in Figure 5 (b and c), is characterized by two mass-
loss steps*’. The first step (I) corresponds to the PHBV phase,
with a 35 wt% mass loss and a maximum decomposition rate
at 305 °C. The thermal decomposition of PHBV follows a
random chain scission mechanism involving a 3-hydrogen
elimination process, leading to the formation of substrate
olefins and oligomers**’. The second step (IT) corresponds
to the PLA matrix, with a 64 wt% mass loss and a peak
temperature of 376 °C. PLA decomposition occurs through
cleavage of the polymer backbone, resulting in the release
of gaseous products such as cyclic oligomers, acetaldehyde,
lactide, and carbon monoxide™*!. The incorporation of SEP
(N), as depicted in Figure 5 (b and ¢), did not significantly
affect the thermal stability of the blend. The initial (T,) and
final (T,) decomposition temperatures for each polyester
remained similar to those previously reported?’, while the
residue percentage increased to 4.4 wt% due to the presence
of the nanoparticle.

Conversely, the decomposition pattern of the hybrid
composites (HC), shown in Figure 5 (b and c), is significantly
affected by the presence and content of incorporated ZnO. The
reduction in PLA molar mass is evident from the decreases in
both T, and T . Furthermore, the decomposition processes of
the polymeric phases are no longer distinguishable, merging
into a single mass-loss step corresponding to 85 wt%. The
second thermal decomposition step for HC samples is much
less pronounced, with mass losses ranging from 2 wt%
and 3 wt%, likely associated with the decomposition of the
incorporated particles. The observed residues for the hybrid
composites are consistent with the SEP and ZnO contents
in each composition.

Table 2. Mass loss values (Am), initial (T,) and final (T) decomposition temperatures, and residue at 800 °C obtained from TGA analyses
of the PLA/PHBYV blend (B) and its composites with SEP (N) and SEP/ZnO (HC).

Step I Step II Residue at 800 °C
Sample o
Am (%) T,/ T, (°C) Am (%) T,/ T, (°C) (wt%)
B 352 258/328 63.6 328/403 0.0
N 30.0 257/333 63.4 333/420 44
HC3 88.1 226 /334 1.9 381 /448 6.3
HC5 83.4 222/330 32 353 /433 9.0
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Figure 5. Thermogravimetric analysis of: (a) sepiolite and ZnO particles; (b and ¢c) PLA, PHBV, PLA/PHBYV blend (B) and its composites

with SEP (N) and SEP/ZnO (HC).

The compression-molded films were characterized by
DSC in the first heating cycle, and the obtained curves are
presented in Figure 6. The observed thermal events (glass
transition, Tg,PL " cold crystallization, TCCJ,L o and melting,
Tm,PL > temperatures of the PLA matrix, and the melting
temperature, T_ ..., of the dispersed PHBV phase) and the
calculated degree of crystallinity of the polymeric phases
(X pra and X_ppp,) are summarized in Table 3.

The PLA/PHBYV blend (B) exhibited a T, 4 at
approximately 60 °C, with a pronounced endothermic peak
related to the relaxation of residual stress from the PLA
molding process®’. The T, pumy Was not detected under the
experimental conditions used but has been reported in other
studies at around 0 °C>’. An exothermic peak at 122 °C,
corresponding to PLA cold crystallization was observed.
Polymers with slow crystallization kinetics can acquire
sufficient energy upon heating to organize into crystalline
domains™. As the temperature increased, the melting of PLA
crystals, primarily formed during heating, was observed at
149 °C, along with the melting of PHBV crystals at 171 °C.

The calculated X revealed differences in the crystallinity
of'the polymers in the blend. The presence of small amounts
of D,D-lactide isomers hinders the crystallization process of
PLA*. For PHBYV, despite the addition of a small fraction of

B
N
HC3

3
8
3
S
S
-
1]
(V]
I HC5
T T T T T T
50 100 150 200

Temperature (°C)

Figure 6. DSC curves from the first heating cycle of the PLA/PHBV
blend (B) and its composites with SEP (N) and SEP/ZnO (HC).

hydroxyvalerate (HV), which reduces its crystallinity degree
compared to PHB*,a X __ . value near 70% was obtained,
indicating high crystallinity degree for the dispersed phase
of the blend.
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Table 3. Values of glass transition (Tg), cold crystallization (T ), and melting (T, ) temperatures, and degree of crystallinity (X ) of the
polymeric phases, obtained during the first heating cycle of DSC for the films.

Sample T, 0, (°C) T, pua (°0) T, . (°C) T, sy (°C) X,y (%) X iy (%)
B 60 122 149 171 6 70
N 59 121 149 171 0 64
HC3 61 12 148 172 0 66
HCS 60 110 147 171 0 67

After the inclusion of SEP (N), the thermal transitions
reported for the blend were maintained. However, a slight
reduction in X was noted for both polymeric phases. Similar
behavior was observed by Fukushima et al."” for PLA
nanocomposites with 7 wt% of SEP, attributing this to the
presence of microaggregates of the needle-like clay mineral,
which hindered the rearrangement of PLA macromolecules
and reduced the formation of crystals.

In the hybrid composites (HC3 and HCS), a reduction of
approximately 10 °Cinthe T, , was observed compared to
samples B and N. The lower molar mass molecules formed
during degradation in processing exhibit greater mobility,
enabling the chains to organize into crystalline domains at
lower temperatures'’. However, this did not result in increased
crystallinity, as shown in Table 3. Despite the melting of PLA
and PHBYV crystals occurring at temperatures close to those
observed in the nanocomposite without ZnO, the melting
pattern was subtly modified. Sample HC3 exhibited a shoulder
on the melting peak of the PHBV phase, while HC5 showed
a shoulder on the melting peak of the PL A matrix. Different
melting peaks have been reported for PLA** and PHBV”" and
arise from the coexistence of distinct crystalline structures
or crystals differing in size and/or levels of perfection.

3.5. Mechanical characterization

Figure 7 presents representative curves of the average
stress-strain behavior obtained during the uniaxial tensile
tests of the analyzed samples. The average values of ultimate
tensile strength (UTS), elongation at break (¢,), and elastic
modulus (E) are summarized in Table 4.

All materials exhibited brittle fracture behavior, characterized
by low values of elongation at break. The inclusion of SEP
in the PLA/PHBYV blend (sample N) resulted in a statistically
significant increase in both ultimate tensile strength (UTS)
and elastic modulus (E), while maintaining elongation at
break. Despite evidence of some aggregation, as suggested
by the DSC results, the nanoparticle’s morphology and high
aspect ratio, combined with its interfacial location and strong
adhesion and interaction with the polymers, optimized the
mechanical performance of the nanocomposite, even without
any surface treatment of the SEP. Moazeni et al.** reported
that elastic modulus increases of up to 40% can be achieved
with the incorporation of silane-treated SEP in PLA films,
though this improvement often comes at the expense of
reduced deformability in the polymer matrix.

For the hybrid composite containing 3 phr of ZnO
(HC3), the tensile mechanical properties were statistically
comparable to those of sample N, with a significant increase
in UTS and E compared to the PLA/PHBV blend (sample
B). In other words, despite the degradation observed during

50 -
40
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Tensile stress (MPa)

10
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1.0 1.5
Tensile strain (%)
Figure 7. Representative curves of the average stress-strain behavior

of the PLA/PHBV blend (B) and its composites with SEP (N) and
SEP/ZnO (HC).

processing, the mechanical properties were not compromised
but, on the contrary, were optimized relative to the blend.
However, with a higher ZnO content (sample HCS), the
effects of degradation became more pronounced, resulting in
a UTS value similar to that of the blend and a reduction ing,.

3.6. Water vapor permeability

In addition to thermal and mechanical properties, the
gas barrier properties of a material are highly relevant for
its performance in packaging applications, particularly in
the food and healthcare sectors. The water vapor permeation
behavior of the films developed in this work was analyzed,
and the calculated water vapor permeability coefficients (P, ),
determined using Equation 3, are summarized in Table 4.

The P, of a polymeric compound depends on several
factors, such as the chemical nature of the polymer and the
penetrant, the polymer’s morphology (especially its degree
of crystallinity and molecular orientation), the shape and
geometry of the particles present, and the presence of interfacial
microvoids”. Generally, PLA is a bioplastic with a lower
degree of crystallinity than PHBV and, consequently, exhibits
a higher P, as diffusion occurs more easily in amorphous
phase of the polymer. Therefore, blending PHBV with PLA in
appropriate concentrations can optimize its barrier properties®’.
The inclusion of particles typically increases the tortuous path
for water vapor molecules to diffuse through the polymeric
composite, thereby reducing P, . Inorganic particles are
impermeable, forcing water molecules to move around them,
which increases the path length needed to cross the sample
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Table 4. Values of ultimate tensile strength UTS) and elongation (¢,) at break, elastic modulus (E) and water vapor permeability (P, )
for the films.
Sample UTS (MPa) g, (%) E (GPa) P, (107 gm".day".Pa")
B 36.5+£22®% 2.1+0.1W 25+01® 3.6£1.0©
N 42.14£25® 2.1+02® 27+£0.1W 79+1.1@W
HC3 4424£32W 22+£02W 29+02®W 43+12®9
HCS 358+64® 1.7404® 29+02W 72+1.3@H

* For each property analyzed, means that do not share a letter are significantly different, according to the Tukey test (p < 0.05).

and creates a tortuous pathway. The smaller the particle size,
the more obstacles are created, further increasing the tortuous
path. However, factors such as the surface hydrophilicity of
SEP‘', the reduced X _ of the biopolyesters observed by DSC,
interfacial microvoids, and the structural organization of SEP
agglomerates forming tunnel-like channels may explain the
increased P, of the PLA/PHBV/SEP nanocomposite (sample
N) compared to the PLA/PHBV blend (sample B).

The P, of the HC3 hybrid composite was lower than
that of the SEP nanocomposite and comparable to the blend,
according to the statistical analysis performed. The inclusion
of ZnO, a highly crystalline and impermeable inorganic
filler, increased the tortuous path for penetrant molecules®,
counterbalancing the negative effects observed due to the
presence of SEP. However, with a higher ZnO content (sample
HCS), the P, values increased again, becoming statistically
similar to those of sample N, indicating possible aggregation
of the micrometric ZnO particles. It is also worth noting that,
according to the DSC results, the crystallization pattern of
the hybrid composites was altered. Thus, it cannot be ruled
out that, in addition to a slight reduction in the degree of
crystallinity, more defective crystals may have formed, which
would also facilitate the diffusion process of the penetrant
through the polymeric phases.

3.7. Antimicrobial disk diffusion test

To assess the antimicrobial activity of ZnO microparticles
against Escherichia coli (E. coli), a Gram-negative bacterial
species, disk diffusion tests were performed using cefoxitin
(CFO) as a positive control. Figure 8 presents a photograph
of one of the sample sets analyzed after incubation at 37 °C
for 24 h.

It is evident that CFO exhibited a significant inhibition
halo, confirming the sensitivity of E. coli to the control
antibiotic used. For all the samples analyzed, no visible
growth of the bacterial species was observed on the surface
of'the films, indicating antimicrobial activity. However, no
inhibition halo was observed around the hybrid composite
samples, which did not display active behavior under the
test conditions used.

The absence of an inhibition halo may be attributed to
the physicochemical characteristics of the polyesters used to
produce the hybrid composites, as well as the particle size of
the ZnO and the test conditions. PLA has a Tg more than 20 °C
above the test temperature, meaning its molecules are in the
glassy state. Although the test temperature exceeds the T, of
PHBY, the material exhibits a high X (around 70%), which
limits the diffusion of the metal oxide into the test medium.

Figure 8. Results of antimicrobial tests by disk diffusion against
E. coli: (1) CFO (cefoxitin, positive control); (2) B; (3) N; (4) HC3;
(5) HCS. The edges of the analyzed films are highlighted in the
image for better visualization.

Furthermore, although nanosized ZnO particles are more
effective as antimicrobial agents in polymeric composites®!,
they also have a greater impact on the degradation of PLA!,
Therefore, micrometric ZnO was chosen for this study to
achieve an optimal balance between antimicrobial activity,
processing performance, and the physicochemical properties
of the hybrid composites. Doumbia et al.*® and Pantani et al.,
when producing filaments for the textile sector and films
based on PLA/ZnO nanocomposites, respectively, reported
variations in the sensitivity of bacterial strains tested using the
minimum inhibitory concentration (MIC) assay. For example,
the cytoplasmic membrane of Gram-negative bacteria contains
lipopolysaccharides that can reduce permeability to certain
chemical species. Additionally, the release of antimicrobial
products, such as reactive oxygen species and Zn>" ions, is
often time dependent. According to the authors, achieving an
effective minimum inhibitory concentration to prevent bacterial
proliferation may require a period longer than 24 hours.

4. Conclusions

In this study, hybrid composites were developed via melt
mixing followed by compression molding to produce films
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with potential for multifunctional packaging applications. The
composites were based on biodegradable polymers derived
from renewable sources (PLA, PHBV), sepiolite (SEP)
nanoparticles serving as both an interfacial compatibilizer for
the polymer blend and a reinforcement agent, and micrometric
ZnO particles as an antimicrobial agent.

The influence of the ZnO presence and content on PLA
matrix degradation during processing was verified through
rheological and thermal (TGA, DSC) analyses. However, no
changes in processability or thermal stability were observed
that would compromise the usability of the developed hybrid
composites.

An optimized performance was observed for the hybrid
composite containing 3 phr of ZnO (sample HC3), which
demonstrated significant increases in ultimate tensile strength
(UTS) and elastic modulus (E) without a reduction in
deformation at break (g,) when compared to the PLA/PHBV
blend (sample B). Furthermore, a reduction in water vapor
permeability (P ) was noted compared to the nanocomposite
containing only SEP (sample N). Above this ZnO content
(sample HCS5), more pronounced degradation of the polymer
matrix and potential particle agglomeration led to a decrease
in the overall performance of the composite.

Disk diffusion tests demonstrated activity against E.
coli for all analyzed compositions, though without an active
release of the antimicrobial agent.

In conclusion, the hybrid composite HC3 shows strong
potential for producing films with optimized mechanical and
permeation properties, as well as antibacterial activity. These
characteristics make it suitable for use as biodegradable and
antimicrobial multifunctional packaging produced through
conventional melt-processing techniques for thermoplastics.
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