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Abstract: The persistent accumulation of microplastics from synthetic polymers
threatens ecosystems and biodiversity. The use of biodegradable and compostable
materials as alternatives to conventional plastics in food packaging has shown
promise, particularly with the development of nanocomposites that can be tailored
to meet market demands. In this study, ZnO and TiO, nanoparticles were combined
and incorporated into a biodegradable poly(butylene adipate-co-terephthalate) (PBAT)
matrix at varying concentrations, forming a novel ternary PBAT/ZnO/TiO, system. The
films produced via melt processing were characterized using conventional and non-
conventional techniques to evaluate their thermal, morphological, chemical, wettability,
and biosafety properties. The results indicated that the combined addition of ZnO and
TiO, slightly reduced the thermal stability and crystallinity of PBAT, while increasing
surface hydrophilicity. These features may contribute to accelerated degradation and
reduced environmental persistence. Furthermore, improvements in the elastic modulus
and enhanced biosafety were observed across all tested concentrations. These findings
suggest that the prepared nanocomposites, particularly at 0.75 and 1 wt%, not only
possess properties suitable for food packaging applications but also demonstrate
potential to mitigate environmental persistence through accelerated degradation.
Therefore, this study supports the development of environmentally friendly materials
for food packaging, addressing the urgent need to reduce microplastic pollution.

Key words: PBAT, ZnO, TiO, biodegradable nanocomposites, food packaging,
microplastics.

When ingested by marine organisms,
microplastics infiltrate the food chain,

The fragmentation of larger plastics into
microparticles represents a silent and growing
threat to ecosystems. Microplastics, defined
as particles smaller than 5 mm, are currently
among the most pressing environmental crises.
Their diminutive size amplifies their potential
for contamination, earning them significant
attention in ecotoxicity studies and for their
biomagnification effects within the food chain
(Yadav et al. 2024).

contaminating fish and other organisms that
are part of the human diet. Additionally, these
plastic fragments exhibit a high capacity to
bind with toxic substances in the environment,
exacerbating their harmful effects. In soil,
microplastics degrade its quality, negatively
impact plant health, and disrupt microbial life.
When inhaled or ingested, these particles can
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cause human health issues such as inflammation
and respiratory problems (Le et al. 2024).

The growing proliferation of microplastic
particles across diverse environments presents
an urgent environmental challenge. To address
this issue, the development of biodegradable
and compostable materials incorporating
nanoparticles has emerged as a promising
solution to mitigate their impact.

Biodegradable polymer-based
nanocomposites for food packaging present
opportunities to not only enhance the
properties and efficiency of these materials
but also contribute to reducing food waste
by extending the shelf life of fresh products.
Additionally, these materials reduce the volume
of non-biodegradable packaging waste in
landfills. Recent advances in food packaging
materials have closely followed developments
in nanotechnology (Mendes et al. 2019).

Among biodegradable polymers,
poly(butylene adipate-co-terephthalate) (PBAT)
is considered safe and has been approved by
the Food and Drug Administration (FDA) for
food packaging applications due to its non-
toxicity and absence of heavy metals (Muroi
et al. 2017). It also meets several international
biodegradability and compostability
certifications, including the European Standard
DIN EN 13432, the North American ASTM D-6400,
and the Japanese GreenPLA Standard (Muroi et
al. 2017, Zehetmeyer et al. 2016).

PBAT is a biodegradable copolyester with an
accelerated degradation process facilitated by
environmental enzymes, ultimately generating
water, carbon dioxide, and biomass (La Fuente
et al. 2023). It is synthesized through the
reaction of 14-butanediol, adipic acid, and
terephthalic acid (La Fuente et al. 2023). In
terms of composition, 43% of PBAT's structure
is attributed to the butylene terephthalate (BT)
group, which contributes to its mechanical and
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thermal properties, while the remaining 57%
corresponds to the butylene adipate (BA) group,
which imparts flexibility and biodegradability
(Tavares et al. 2018). Another key feature of PBAT
is its similarity to low-density polyethylene
(LDPE), making it a potential substitute for
conventional polymers widely used in industry
and associated with high environmental impacts
(Jian et al. 2020, Rameshkumar et al. 2020).

Zinc oxide (ZnO) is one of the most
widely used metal oxides due to its notable
antimicrobial properties. It is recognized as
Generally Recognized as Safe (GRAS) by the
U.S. Food and Drug Administration (FDA) and
is also an essential micronutrient for humans
(Batool et al. 2022, Cunha et al. 2022, Rizky
Salsabila et al. 2023, Da Rocha et al. 2023). ZnO
has gained attention for its chemical, optical,
mechanical, electrical, and magnetic properties
(Ahmad et al. 2022, Hong et al. 2006, Mayrinck
et al. 2014, Rizky Salsabila et al. 2023, Smaoui et
al. 2023). Its morphology and size, determined
by its microstructure, directly influence these
properties (Mayrinck et al. 2014).

The use of TiO, nanoparticles (TiO, NPs)
in food packaging offers high photocatalytic
activity, good biocompatibility, non-toxicity, and
potent antibacterial functionality due to their
high specific surface area (Chen et al. 2020, Zhang
& Rhim 2022). TiO, nanoparticles can enhance
the antimicrobial properties of active films
and act as crosslinking agents, improving the
mechanical and barrier properties of films. Their
addition can also provide ethylene-scavenging
activity, which is critical for extending the shelf
life of products (Charoensri et al. 2021, Hou et
al. 2019, Kodithuwakku et al. 2022, Mesgari et al.
2021, Wang et al. 2014, Yang et al. 2014).

In this study, varying concentrations of
Zn0O and TiO, nanoparticles were combined
and incorporated into the PBAT matrix using
melt processing. This method was selected
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for its economic advantages, high industrial
productivity, and absence of residues. The goal is
to develop biodegradable nanocomposite films,
aiming to reduce the environmental impacts
of conventional non-biodegradable packaging
while improving the properties of PBAT for such
applications.

The properties of the novel systems
developed in this study (PBAT/ZnO/TiO,) were
systematically evaluated through FTIR (Fourier
Transform Infrared Spectroscopy), FEG-SEM
(Field Emission Scanning Electron Microscopy),
XRD (X-ray Diffraction), TGA (Thermogravimetric
Analysis), tensile mechanical testing, contact
angle measurement (Wettability), and a non-
conventional water activity analysis for food
packaging. The goal was to identify potential
improvements in PBAT properties and determine
the most promising systems for food packaging
applications aimed at mitigating microplastic
persistence in the environment.

MATERIALS AND METHODS
Materials

The polymeric matrix used in this study was
poly(butylene adipate-co-terephthalate) (PBAT),
commercially known as Ecoflex® F Blend C
1200, supplied by BASF S.E. (Florham Park, NJ,
USA). This material has a density between 1.25
and 1.27 g/cm?3 (at 23°C), an intermediate melt
flow index (2.5-4.5 g/10 min, 190°C and 216 kg),
and a melting point range of 110-120°C. The
polymer is white and supplied as spherical
pellets approximately 5 mm in size. Zinc oxide
nanoparticles (ZnO NPs) were obtained from
Sigma-Aldrich ReagentPlus® (particle size <
100 nm, purity > 99.5%), with a specific surface
area of 1025 m?/g. These particles are odorless,
fine, and white in appearance. Titanium dioxide
nanoparticles (TiO, NPs), anatase phase, were
also supplied by Sigma-Aldrich ReagentPlus®
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(particle size < 25 nm, purity > 99.7%), with a
specific surface area of 45-55 m?/g. Like ZnO
NPs, these particles are odorless, fine, and white.

Preparation of nanocomposites

All nanocomposite films were prepared using
a single-screw mini-extruder (model 1626, Ax
Plasticos), equipped with a film roller system
operating at 50 rpm. The extrusion speed was
set at 60 rpm, and the temperature profile
across the three heating zones was maintained
at 130°C/130°C/135°C, respectively.

Prior to extrusion, PBAT pellets were ground
and mixed with ZnO and TiO, nanoparticles
at varying concentrations, maintaining a 1:1
ratio of both nanoparticles. The nanoparticle
concentrations tested were 0.25, 0.50, 0.75,
1.00, 1.50, and 2.50 wt%. The mixtures were
homogenized in a solid mixer for 30 minutes to
ensure uniform distribution.

Characterization of the produced films

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed using a PerkinElmer
Frontier FT-IR/FIR spectrophotometer (Spectrum,
version 10.4.2, serial number 98737), equipped
with a Platinum ATR accessory. Spectra were
acquired in the spectral range of 4000 to 400
cm~' with a resolution of 4 cm~" and 60 scans
per sample.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was conducted
using a TA Instruments Q500 Thermogravimetric
Analyzer, with a temperature precision of 2 °C.
Samples were heated from 25 °C to 700 °C at a
rate of 10 °C/min under a nitrogen atmosphere
with a constant flow rate of 60 mL/min.
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X-Ray Diffraction (XRD)

The crystalline structure of PBAT and its
nanocomposite films was evaluated using X-ray
diffraction (XRD). Diffractograms were obtained
using a Rigaku Ultima IV diffractometer equipped
with a copper monochromator (CuKa, A = 1.54 A)
and a scintillation counter detector. Analyses
were performed at room temperature under
operational conditions of 40 kV and 20 mA, with
a scanning speed of 0.05°/s over a 26 range
of 2°-60°. The degree of crystallinity (Xc) was
calculated using Origin® software, according to
the equation Xc (%) =1./ (I_+1,) x 100, where: |_is
the integrated area under the crystalline peaks
and |, is the area of the amorphous halo. Peak
deconvolution was performed using a Gaussian
function (lulianelli et al. 2023).

Field Emission Scanning Electron Microscopy
(FEG-SEM)

The morphological analysis of nanocomposite
films was performed using a TESCAN MIRA FEG-
SEM (4th generation), equipped with a Schottky
FEG, low-vacuum mode (1-700 Pa), and LMU
detector. Sample surfaces were coated with a
thin gold layer (using a BAL-TEC SCD005 sputter
coater) at a current of 30 mA for 150 seconds to
ensure conductivity. Nanocomposite films were
cryosectioned in liquid nitrogen prior to coating
to allow visualization of nanoparticle dispersion
within the PBAT matrix. Micrographs were
acquired at magnifications of up to 10,000x, with
an accelerating voltage of 10 keV.

Tensile Mechanical Testing

Tensile testing was conducted using an Instron
Universal Testing Machine (model 4204) in
accordance with ASTM D882-18 standards. For
each film group, specimens (250 mm length x
25 mm width) were conditioned for 48 hours
at 23 £ 2 °C and 50 * 5% relative humidity.
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Specimen fabrication involved: (1) hot pressing
at 160 °C under 10 tons pressure for 180 s with
five degassing cycles, followed by (2) pressure-
maintained cooling (10 tons, 130 s) in a water-
circulated hydraulic press. Tests were performed
using a 1 kN load cell at a crosshead speed of
10 mm/min. At least five valid replicates were
collected for each group of samples to calculate
the mean value and standard deviation.

Contact Angle Measurements (Surface
Wettability)

Contact angle measurements were performed
using an OCA-15EC (Dataphysics Instruments).
A 1 ulL droplet of water was placed on the film
surface using a precision syringe. Contact angles
on both sides of the droplet (left and right) were
measured, and the reported value corresponds
to the average of five measurements, conducted
under consistent lighting and at 20 °C. Contact
angle values were classified as follows:
hydrophilic (0°-<90°), hydrophobic (90°-150°),
and superhydrophobic (>150°) (Yin et al. 2010).

Water Activity (aW)

The water activity (aw) of the samples was
measured using an Aqualab 4TE (Meter Group
Latam Ltda) with a dewpoint system, offering
an accuracy of +0.0030 aW. The materials were
analyzed as received, without any additional
preparation. All samples were stored at room
temperature in sealed containers, protected
from humidity, light, and heat. Measurements
were performed in triplicate to ensure reliability.
The threshold water activity levels for microbial
growth are 0.90 aW for most pathogenic bacteria,
0.70 aW for spoilage molds, and 0.60 aW as the
lower limit for all microorganisms (Beuchat
1982).
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RESULTS AND DISCUSSION
Fourier Transform Infrared Spectroscopy (FTIR)

The ZnO spectrum (Figure 1a) exhibited
absorption bands between 561 and 997 cm~",
attributed to Zn-O bond deformation and
stretching. A broad band at 3423 cm~" represents
the stretching vibrations of O-H bonds, possibly
indicating moisture. Similar FTIR results for ZnO
NPs have been reported in the literature (De
Peres et al. 2019, Handore et al. 2014, Janaki et al.
2015, Masud et al. 2020, Quadri et al. 2017, Valerio
et al. 2019).

For TiO, NPs (Figure 1b), characteristic
absorption bands were observed, including
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a band at 3368 cm~' corresponding to water
molecule stretching associated with TiO, and a
small band at 1640 cm~" related to the angular
deformation and stretching vibrations of
hydroxyl groups on the nanoparticle surface. The
band at 644 cm~" corresponds to Ti-O vibrations,
as documented in previous studies (Al-amin
et al. 2016, Chougala et al. 2017, Praveen et al.
2014, Rajakumar et al. 2012, Valentim et al. 2014,
Venkatesan & Rajeswari, 2017b).

The FTIR spectrum of pure PBAT (Figure 1c)
displayed a sharp band at 727 cm™’, associated
with the vibrations of methylene (-CH,-) groups
in the polymer structure. A band at 1268 cm™’
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Figure 1. FTIR spectra of: (a) ZnO, (b) TiO,, (c) pure PBAT, and (d) PBAT/Zn0O/TiO, nanocomposites.
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corresponds to the stretching of C-O bonds in
ester groups, while the most intense absorption
band, observed at 1711 cm™7, is attributed to the
carbonyl group (C=0) of the ester linkage. The
band around 3000 cm~" indicates C-H stretching
in aliphatic and aromatic portions, and the
bands between 1018 and 808 cm™" are related to
substituted benzene rings (Cardoso et al. 2019,
Da Silva et al. 2020).

The combined inclusion of ZnO and TiO,
NPs (Figure 1d) did not significantly alter the
main vibrational bands in the FTIR spectrum of
PBAT nanocomposites compared to pure PBAT
(Figure 1c). The characteristic peaks of pure PBAT
remained predominant, with no notable peaks
corresponding to ZnO or TiO,, likely due to the
low nanoparticle concentrations incorporated.

Thermogravimetric Analysis (TGA)

The thermogravimetric data for pure PBAT, ZnO,
TiO,, and PBAT/ZnQO/TiO, nanocomposites are
summarized in Table | and TG and DTG curves
are presented in Figure 2 .

As shown in Figure 2 (b), the addition of
combined ZnO and TiO, nanoparticles increased

Table I. Quantitative data obtained from TGA for
nanoparticles and PBAT/ZnO/TiO, systems.

Samples oot (°C) T, (°C)
NPZnO N.D. N.D.
NPTiO2 N.D. N.D.

PBAT 381 406
PBAT ZT 0.25 376 404
PBAT ZT 0.50 362 397
PBAT ZT 0.75 353 375
PBAT ZT 1.00 356 371
PBAT ZT 1.50 323 353
PBAT ZT 2.50 340 368

N.D. Not Detected.

PBAT NANOCOMPOSITES TO REDUCE MICROPLASTICS

the number of degradation stages with rising
nanoparticle concentrations. Composites
containing 0.25-0.50 wt% exhibited a single
degradation stage, whereas formulations with
0.75-2.50 wt% displayed three distinct stages.
A progressive decrease in T, . and T, values
was observed as nanoparticle concentration
increased. These results can be attributed to
photocatalytic and thermocatalytic properties
of ZnO and TiO, nanoparticles, which can
accelerate polymer degradation by facilitating
the breaking of molecular bonds under heat
exposure. The most significant reduction
was observed in the formulation containing
2.5 wt% Zn0/Ti0,, with approximately a 40°C
decrease in T, .. This reduction could be due
to nanoparticle agglomeration, which is more
pronounced at higher concentrations, leading
to localized hotspots that lower the degradation
temperature. This decrease in the thermal
stability does not hinder the application of
these materials for food packaging. Moreover,
the accelerated degradation after disposal could
offer environmental benefits. The increased
catalytic activity of ZnO and TiO, nanoparticles
may help reduce the persistence of microplastics
in the environment.

X-ray Diffraction (XRD)

Pure PBAT exhibited a semicrystalline profile
with diffraction peaks at 26 = 16.05°, 17.5°, 21.15°,
23.15°, and 24.8°, corresponding to the (011),
(010), (101), (100), and (111) crystalline planes,
respectively (Bheemaneni et al. 2018, Castro
et al. 2020, Da Silva et al. 2020). This pattern
is typical for PBAT, a biodegradable polymer
that displays both crystalline and amorphous
regions. The degree of crystallinity (Xc) was
27%, consistent with literature values and
manufacturer specifications (Castro et al. 2020,
Da Rocha et al. 2023).
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Figure 2. TG curves (a) and DTG curves (b) obtained for pure PBAT, ZnO, TiO,, and PBAT/ZnO/TiO, nanocomposites.

For ZnO, characteristic peaks at 26 = 32.2°,
33.9°, 36.2°, 47.3°, and 56.4° were observed,
corresponding to (100), (002), (101), (102), and
(110) planes, respectively (Pascariu et al. 2020,
Thiyagu et al. 2022). The crystalline peaks of
Zn0 observed in the XRD patterns confirm ZnO
nanoparticles with the characteristic wurtzite
structure, known for its stability and activity in
catalytic reactions. TiO, displayed a prominent
peak at 20 = 24.8° (101). The crystalline phase
of TiO, observed in the XRD analysis suggests
the presence of anatase, which is commonly
employed in photocatalytic applications due to
its high surface area and reactivity under light
exposure (Arssanasuwan et al. 2020, Venkatesan
& Rajeswari 2017b).

As shown in Figure 3, formulations
containing 0.25-0.75 wt.% of combined
nanoparticles exhibited only the characteristic
crystalline peaks of pure PBAT. This suggests
that, at low nanoparticle concentrations, the
nanoparticles are well-dispersed within the
polymer matrix, without significantly altering the
crystalline structure of the PBAT. However, as the
nanoparticle concentration increased beyond
1 wt%, new peaks corresponding to the ZnO
and TiO, nanoparticles became evident. This
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indicates that, at these concentrations, the
nanoparticlesbegintoform crystalline structures
that are detectable by XRD, suggesting that the
nanoparticles are no longer fully dispersed
and may be agglomerating. Furthermore, the
addition of ZnO and TiO, nanoparticles caused
a reduction in the intensity of PBAT diffraction
peaks for systems containing 1.5 and 2.5 wt%
of combined nanoparticles, indicating that the
addition of nanoparticles affects the crystalline
structure of PBAT.

Compared to pure PBAT (Xc = 27%), the
nanocomposite films containing ZnO and TiO,
nanoparticles exhibited a slight reduction
in the degree of crystallinity (Xc = 22%),
independent of nanoparticles concentration
(0.25-2.50 wt%). XRD analysis confirmed that the
combined addition of ZnO and TiO, influenced
the microstructural organization, resulting
in a modest decrease in crystallinity. This
correlates with enhanced biodegradability, as
amorphous regions are more susceptible to
hydrolytic/enzymatic attack, a key advantage for
environmental sustainability. Thus, the presence
of ZnO and TiO, nanoparticles could lead to a
synergistic effect, where both the nanoparticles’
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Figure 3. XRD diffractograms
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catalytic properties and the reduced crystallinity
contribute to accelerated material degradation.

Field Emission Scanning Electron Microscopy
(FEG-SEM)

The FEG-SEM images for the ZnO and TiO,
samples are shown in Figure 4 (a) and (b),
respectively. For NPZnO (Figure 4 (a)), the
analysis of the image reveals a wide variety of
morphologies, including spherical, irregular
hexagonal, cylindrical structures, nanocrystal
agglomerates, and cubic ZnO crystals, among
others. Several authors have reported similar
morphological variations for NPZnO in previous
studies (Batool et al. 2022, De Souza et al.
2022, Pascariu et al. 2020, Thabit & Kabir 2018,
Venkatesan &Rajeswari 2017a).

Figure 4 (b) shows the FEG-SEM image
obtained for NPTiO,. The image reveals large
agglomerates of NPTiO, with distinct sizes,
ranging from approximately 27 to 36 nm, and
a morphology corresponding to a roughly
spherical shape. Similar morphological results
have been reported in the literature (Haider et
al. 2017, Jaybhaye et al. 2022, Pavani et al. 2023,
Sang et al. 2014, Suwarnkar et al. 2014).

50 60

The pure PBAT film (Figure 5 a-) exhibited
a dense, homogeneous structure with a few
distributed pores, without imperfections,
cracks, or holes, as observed by other authors
(Arssanasuwan et al. 2020, Capelezzo et al. 2018,
Da Rocha et al. 2023).

As observed, the photomicrographs shown
in Figure 5 (b-f) illustrate the dispersion of ZnO
and TiO, nanoparticles combined in the PBAT
polymer matrix. It was found that formulations
with higher concentrations (1.50 wt% and 2.50 wt
%) exhibited the formation of agglomerates. For
lower concentrations, ranging from 0.25 wt% to
1.00 wt%, a more homogeneous dispersion and
distribution of nanoparticles were observed.
This suggests that for the ternary PBAT/ZnO/
TiO, system, concentrations above 1.5 wt% are
excessive, leading to defects in the PBAT matrix
by promoting agglomerate formation.

The broken lines in Figures 5(d) and 5(e)
reflect defects created during the cryogenic
fracture process performed for the analysis,
consistent with observations reported in the
literature (Cardoso et al. 2019).
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Figure 5. FEG-SEM images
of: (a-) Pure PBAT; (b-)
PBAT ZT 0.25; (c-) PBAT
ZT 0.50; (d-) PBAT ZT
0.75; (e-) PBAT ZT 1.00;
(f-) PBAT ZT 1.50 and (g-)
PBAT ZT 2.50.
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Tensile Mechanical Testing

The results obtained from tensile testing
(Figure 6 and Table I1) revealed that the Young's
modulus (E) of the pure PBAT film was 93.71
MPa, with an elongation at break (g) of 294.35%
and a tensile strength at maximum stress (o)
of 10.96 MPa. These results align with findings
reported in the literature (Da Silva et al. 2020).
For PBAT nanocomposites, the elastic modulus
(E) showed a noticeable increase compared to

PBAT NANOCOMPOSITES TO REDUCE MICROPLASTICS

pure PBAT. The formulation containing 1.5 wt%
nanoparticles exhibited the highest modulus
value, reaching 142 MPa, which represents a 53%
increase. This enhancement can be attributed
to the reinforcing effect of the ZnO and TiO,
nanoparticles, which, due to their high surface
area and strong interaction with the PBAT
matrix, restrict the mobility of polymer chains
and contribute to the overall rigidity of the
nanocomposite films. The nanoparticles may
form a network within the polymer, offering

14 Figure 6. Stress-strain
curves of pure PBAT
and PBAT/Zn0O/TiO,

12 4 nanocomposites.
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Table Il. Results obtained from the tensile testing for pure PBAT and PBAT/ZnO/TiO, systems.

Samples

MaximumTensile Strength

(MPa)

PBAT 10.96 + 0.58
PBAT ZT 0.25 1119 + 0.32
PBAT ZT 0.50 144 + 043
PBAT ZT 0.75 11.08 + 0.80
PBAT ZT 1.00 10.31+ 0.53
PBAT ZT 1.50 10.34 +147
PBAT ZT 2.50 1042 + 115
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Elongation at Break (%) Young's Modulus (MPa)

294.35 + 0.56 93.71+ 6.50

137.31 + 0.94 120.65 + 415

40.79 + 0.28 116.29 + 2.38

20.57 + 0.70 130.44 + 8.56

17.65 + 0.49 128.48 + 6.97

1714 +1.50 142.46 +12.70

1317 + 0.97 125.20 + 2.46



CAMILA S.G. FERREIRA et al.

additional resistance to deformation and thus
increasing the modulus. However, at higher
concentrations (2.5 wt%), a slight reduction in
the elastic modulus was observed compared
to the nanocomposite containing 1.5 wt% of
nanoparticles. This behavior may be associated
with the formation of nanoparticle agglomerates,
as observed by FEG-SEM, which can create
inhomogeneous regions in the matrix, leading to
stress concentration points and inefficient load
transfer. Similar trends have been reported in
other polymer-based nanocomposite systems,
where optimal nanoparticle dispersion enhances
mechanical properties, while excessive loading
leads to particle clustering and structural
defects (Sabarish et al. 2024).

Regarding elongation at break (g), a
progressive decrease was observed with
increasing nanoparticle concentration. The
formulation containing 2.5 wt% nanoparticles
exhibited a significant reduction to 13%,
representing a 95% decrease compared to pure
PBAT. This reduction can be explained by the
introduction of nanoparticles, which may act as
physical barriers within the matrix, restricting
the mobility of the polymer chains and reducing
the material's ability to deform under stress. At
higher concentrations, the agglomeration of ZnO
and TiO, particles could exacerbate this effect,
leading to poor interfacial bonding between the
nanoparticles and the PBAT matrix, which can
further limit the polymer’s stretchability.

The tensile strength (o_max) of the
nanocomposites remained statistically
unchanged compared to pure PBAT, despite the
increase in stiffness. This indicates that while
the ZnO and TiO, nanoparticles restrict polymer
chain mobility, enhancing elastic modulus, their
contribution to stress transfer is insufficient to
significantly improve o_max. This behavior can
be attributed to the lack of nanoparticle surface
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functionalization, limiting interfacial adhesion
with the PBAT matrix (Pens et al. 2024).

Contact Angle Measurement (Wettability)

The contact angle (0) of the pure PBAT surface
was measured as 83.1°, indicating a slightly
hydrophilic surface (6 < 90°). Similar 6 values
close to 90° for pure PBAT have been reported
in the literature (Da Rocha et al. 2023, Da Silva
et al. 2020).

As shown in Figure 7, all PBAT/ZnO/TiO,
nanocomposites exhibited contact angles below
90° (ranging from 59.9° to 71.0°), confirming
their hydrophilic nature. A clear trend toward
enhanced hydrophilicity was observed with
increasing nanoparticle loading (0.25-2.5 wt%).
This enhanced wettability stems from the
intrinsic hydrophilic properties of both Zn0O and
TiO, nanoparticles (Ahmad et al. 2022), which
dominate the surface characteristics of the
nanocomposites. The increased hydrophilicity
can facilitate both: (1) hydrolysis, a primary
degradation mechanism for biodegradable
polymers; and (2) biological degradation via
enhanced microbial adhesion and enzymatic
activity. This synergistic effect contributes to
a reduced environmental persistence, aligning
with sustainability objectives for eco-friendly
packaging.

Water Activity Analysis

Water activity (aw) is a critical parameter for
evaluating the performance of food packaging
materials, as it provides essential insights into
the availability of free water that can promote
microbial growth and trigger undesirable
physicochemical reactions. In this study,
water activity measurements were conducted
to investigate the influence of ZnO and TiO,
nanoparticles, at different concentrations, on
the biosafety of PBAT films. The water activity
(aw) values obtained for the PBAT samples,
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representing the average of five replicates with
their respective standard deviations, were as
follows: PBAT 0 (control): 0.6 + 0.0058; PBAT
0.25: 0.58 + 0.0082; PBAT 0.50: 0.58 + 0.0082;
PBAT 0.75: 0.56 + 0.0096; PBAT 1.00: 0.56 + 0.0150;
PBAT 1.50: 0.55 + 0.0050; and PBAT 2.50: 0.55 +
0.0082. As shown in Figure 8, the incorporation
of ZnO and TiO, nanoparticles into the PBAT
matrix influenced the aw behavior of the films.
Notably, all nanocomposites exhibited aw
values lower than 0.6, a critical threshold for

PBAT NANOCOMPOSITES TO REDUCE MICROPLASTICS

inhibiting microbial growth. A trend of reduction
in aw values was observed with increasing
nanoparticle concentrations. This reduction
is particularly relevant for food preservation,
as aw values below 0.60 are associated with
microbiological stability and extended shelf
life. Furthermore, lower aw levels can mitigate
hydrolytic and oxidative reactions, contributing
to the physicochemical stability of packaged
food products.
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Overall, the results highlight the potential
of PBAT/ZnO/TiO, films for the development
of high-performance food packaging systems
capable of effectively controlling water activity,
limiting microbial proliferation, and reducing
moisture-induced degradation processes.
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