:' frontiers ‘ Frontiers in Food Science and Technology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Marya Raji,

Moroccan Foundation for Advanced Science,
Innovation and Research, Morocco

REVIEWED BY
Mehraj Fatema Z. Mulla,

Teagasc - Irish Agriculture and Food
Development Authority, Ireland
Khadija El Bourakadi,

Sidi Mohamed Ben Abdellah University,
Morocco

*CORRESPONDENCE
Marcia Cristina Branciforti,
marciacb@sc.usp.br

RECEIVED 29 April 2025
ACCEPTED 17 September 2025
PUBLISHED 02 October 2025

CITATION

Pena CAP and Branciforti MC (2025)
Degradation study of extended-shelf-life
pasteurized milk packaging under different
aging conditions.

Front. Food Sci. Technol. 5:1620402.

doi: 10.3389/frfst.2025.1620402

COPYRIGHT

© 2025 Pena and Branciforti. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Food Science and Technology

TvpPE Original Research
PUBLISHED 02 October 2025
Dol 10.3389/frfst.2025.1620402

Degradation study of
extended-shelf-life pasteurized
milk packaging under different
aging conditions

Carlos Alberto Pinheiro Pena and Marcia Cristina Branciforti*

Department of Materials Engineering, Sao Carlos School of Engineering, University of Sao Paulo, Sao
Carlos, Brazil

This study investigates the degradation behavior of high-density polyethylene (HDPE)
rigid packaging with and without an antibacterial additive composed of silver
nanoparticles (Ag) supported on silica-ceramic base. The objective was to
evaluate the influence of the additive on packaging properties and degradation
under soil burial, natural environmental aging, and accelerated aging conditions. The
additive, already known to extend the shelf life of pasteurized milk from 7 to 15 days,
showed no effect on the mechanical properties, such as Young's modulus (E),
maximum tensile stress (o), and elongation at break (g,), or thermal stability of
HDPE in the initial state. No significant degradation occurred under soil burial within
the evaluated period. However, susceptibility to degradation was observed after
10 months of natural aging and 12 days of accelerated aging, mainly though
reductions in tensile strength and elongation at break. Under natural aging,
samples containing the antibacterial additive showed greater loss in deformation
at break (99.8%) then neat HDPE (96.0%). Thermal analysis confirmed the
deterioration of HDPE after exposure to degradation tests, but the presence of
Ag nanoparticles partially preserved polymer stability against UV radiation. These
findings indicate that while the antibacterial additive does not hinder HDPE
performance during use, it influences its long-term degradation profile, with
implications for both product functionality and environmental persistence.

KEYWORDS

high-density polyethylene, silver nanoparticles, shelf life, pasteurized milk, soil
burialdegradation, natural environmental aging, accelerated aging

1 Introduction

Silver nanoparticles, also known as nanosilver, are recognized for their antibacterial
properties, and this characteristic has highlighted this material as one of the most
commonly used engineered nanomaterial (Sotiriou and Pratsinis, 2011; Bruna et al,
2021). The use of this material meets the requirements for various applications such as
antibacterial coatings for medical devices, food packaging, water and air filters, among
others (Bruna et al.,, 2021; Dheyab et al., 2025; Guo et al,, 2013). Silver nanoparticles with
sizes between 10 and 100 nm exhibited antibacterial activity against both Gram-positive and
Gram-negative bacteria. Additionally, silver nanoparticles are more reactive than the silver
ions and are capable of crossing the microbial cell wall, leading to its dysfunction (Anjali
Das et al., 2020).

The combination of nanotechnology with polymer science and engineering has
generated important solutions for the food packaging sector, for example, by enhancing
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properties such as flexibility, gas, moisture, and light barrier, and
greater thermal stability (Hoque et al., 2024; Rao et al., 2024). In
addition of these, the antimicrobial characteristic is one of the
properties of great interest in the development of food packaging,
to promote the increased shelf life of stored food. In this regard, the
use of nanoscale metals such as silver has been extensively explored.
Silver is a material recognized for its antibacterial properties, and
when at the nanoscale, its germicidal potential becomes more
notable (Morones-Ramirez et al., 2005; Jo et al., 2018; Oliani
et al,, 2017; Fauziyah et al.,, 2020). Silver nanoparticles are widely
recognized for their strong antimicrobial activity against various
foodborne pathogens and are relatively cost-effective compared to
other nanomaterials. These qualities make them attractive for use in
biodegradable food packaging. However, excessive or uncontrolled
use may pose health risks due to potential nanoparticle migration
into food. Therefore, evaluating their toxicity is essential alongside
their established
concentration limits, which are important references for research

application.  Regulatory agencies have
and development in food technology (Rao et al., 2024). In a recent
study, Mulla et al. (2024) developed sustainable food packaging
incorporating thyme essential oil, which exhibited suitable
mechanical properties and effective antimicrobial activity. The
packaging significantly delayed microbial growth and texture
deterioration in milk cake samples, extending their shelf life by
over 10 days when using 20 wt% thyme oil.

A crucial stage in the development of polymeric materials, which
cannot be overlooked, is the degradation of these materials pre- and/
or post-consumption. It is also essential to evaluate the degradation
process in different situations, including those outside controlled
laboratory parameters, in order to approximate real-world scenarios
of improper disposal. This helps in understanding the
environmental impact these materials can cause and in evaluating
mitigation or containment measures for these effects.

Most polyolefins, such as polyethylene, are sensitive to
degradation caused by the combined action of ultraviolet (UV)
radiation and the presence of oxygen (Grigoriadou et al., 2018). This
situation can be further exacerbated by favorable conditions of heat,
humidity, and the presence of other atmospheric impurities (Baum,
1974). The energy required to initiate the degradation process,
which causes the braking of chemical bonds in this context,
comes from the electromagnetic radiation emitted by the sun,
whose energy is associated with its wavelength; the shorter the
wavelength, the higher the associated energy, with wavelengths
between 280 and 400 nm being the most critical (Grigoriadou
et al., 2018; Baum, 1974).

For an ideally perfect molecular structure of high-density
polyethylene (HDPE), composed solely of hydrocarbons with no
instaurations, the initiation of degradation due to UV radiation
would potentially be more complex. However, it is observed that
during its production, the polymer undergoes oxidation at various
levels, leading to the productions of functional groups such as
carbonyl, hydroxyl, and unsaturation’s. Such groups, including
also the residues of transition metals used in catalysis during
polymerization, are more sensitive to UV radiation and,
consequently, can be considered potential initiators of material
degradation. Due to the presence of these degradation facilitators,
the use of stabilizing agents is a common practice in order to prolong
the lifespan of these materials. The resulting chain reactions cause
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both crosslinking and chain scission of the polymer, leading to the
reorientation of macromolecular chains. This significantly reduces
the material’s mechanical performances (Baum, 1974).

Biodegradation is considered the process by which the material
is consumed by microbiological agents such as fungi and bacteria,
leading to changes in its properties. Biodegradation is limited for
polymeric materials such as HDPE due to their high molecular
weight and hydrophobic nature, contrasting with hydrophilic
surfaces of most microorganisms (Restrepo-Florez et al., 2014).
There is a lack of understanding regarding the mechanisms by
which polyethylene biodegradation occurs, despite evidence of its
occurrence. However, it is considered that colonization by biofilm is
the initial stage of this process. Microorganisms like Comamonas
testosteroni, Bacillus firmus, and Paenibacillus macquariensis have
shown remarkable ability to degrade HDPE, leading to biofilm
formation, surface deterioration, and alterations in functional
groups (Newrick et al., 2025).

Similar to others methods, biodegradation is facilitated by
action with other abiotic of material

combined means

deterioration, contributing to the reduction of polymer’s
molecular weight and oxidation, transforming hydrocarbons into
components that can be consumed by microorganisms, such as
carboxylic acid (Restrepo-Florez et al.,, 2014).

The HDPE packaging evaluated in this study promotes a
considerable and desirable increase in the shelf life of pasteurized
milk from 7 to 15 days. This increase is due to the incorporation of
an antibacterial component formed by silver nanoparticles
supported on a silica ceramic base into the polymer matrix.
While this additive effectively hinders biofilm formation and
reduces bacterial growth (FAPESP, 2015), its influence on the
degradation behavior and physical-chemical properties of the
packaging remains unknown. It is important to note that the
production process, the incorporation method, and the content
of the additive used are protected by industrial confidentiality
and are therefore excluded from the discussion of this study.
Given that HDPE is inherently resistant to biodegradation,
strategies that integrate antimicrobial performance with end-of-
life considerations are particularly relevant. Therefore, this study
aims to evaluate the degradation of HDPE and HDPE + silver
three different
environmental

nanoparticles packaging under conditions:

composted burial soil, natural aging, and
accelerate aging-through mass variation, tensile testing, and

thermogravimetric analysis.

2 Materials and methods

2.1 Materials

The samples were obtained from rigid high-density polyethylene
(HDPE) milk packaging. Packaging was produced both with
(labeled HDPE + Ag sample) and without (labeled HDPE
sample) the addition of an antibacterial additive consisting of
silver nanoparticles supported on silica (FAPESP, 2015). Due to
confidentiality agreements concerning the additive formulation and
processing method, only general information can be provided: the
silver particles are in the 10-20 nm range and incorporated at a
concentration of less than 1% by weight. Both types of packaging
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TABLE 1 Meteorological information of the natural environmental aging degradation assay.

Exposure period
(month)

Average
temperature (°C)

Average relative
humidity (%)

Average radiation
time (h/day)

Average radiation intensity
(W/m2)

1st Median 3rd

quartile quartile
10 240 + 0.5 74.1 0.5 134 0.5 21.8 + 0.5 86.0 £ 05 = 349.7 05
20 237+ 05 742 + 05 13.1 05 215+ 05 86.0 + 05 = 3544 +05

were manufactured using the blow molding process and supplied by
the agricultural company Agrindus S.A. producer of milk and
dairy products.

2.2 Methods

2.2.1 Degradation by soil burial

The soil burial degradation assay was conducted in accordance with
ASTM G160-12 - Standard Practice for Evaluating Microbial
Susceptibility of Nonmetallic Materials by Laboratory Soil Burial
(ASTM International, 2012). In this assay, the simulation involves
the condition in which the material is discarded as buried, undergoing
degradation caused by the action of microorganisms. The methodology
essentially involves measuring the mass loss of the samples before and
after the burial periods. A total of 20 specimens of each sample type
were cut from the packaging, in a square shape of 50 x 50 mm and a
thickness of 1.5 mm, buried, and collected after a period of 20 months.
Composted soil, characterized by high organic matter content, was used
for the burial tests. To ensure control of temperature at 30 °C + 2 °C and
the relative humidity between 85% and 95% of the system, as stipulated
by the standard, the assay was conducted in a controlled tropical
chamber. The temperature and relative humidity of the system were
controlled daily using a thermo-hygrometer.

2.2.2 Degradation by natural environmental aging

The degradation assay through natural environmental aging was
conducted following the criteria established in ASTM D1435-13 -
Standard Practice for Outdoor Weathering of Plastics (ASTM
International, 2013). In this assay, the samples are exposed to
environmental  climatic  conditions, promoting  material
degradation through various means, particularly photo-oxidation.
The exposure panel with 80 test specimens was oriented north at a
45-degree angle relative to the ground. The exposure took place in
the city of Sao Carlos, in the state of Sao Paulo, Brazil, with
geographical coordinates: latitude 21°59'54.3"South and longitude
47°55'39.7"West, at an elevation of 841 m (Sanvezzo et al.,, 2021).
The exposure occurred during 20 months and the meteorological
conditions information was collected from the database of the
Environmental Comfort Laboratory Meteorological Station (LCA)
(Institute of Architecture and Urbanism and University of Sao
Paulo, 2023) of the Institute of Architecture and Urbanism of the
University of Sao Paulo. The measurements were taken at 30-min
intervals, and the parameters analyzed were: temperature, relative
humidity, average radiation time, and radiation intensity with a
spectrum band measured between 400 and 1,100 nm. Sample

collection for property evaluation occurred after exposure periods
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of 10 and 20 months. Table 1 shows the meteorological information
obtained from the LCA laboratory, for each exposure period of the
environmental aging degradation assay.

The radiation values, which correspond to the average of the
recorded energy flux density, for the samples exposed to natural
environmental aging degradation were presented in relation to the
Ist, 2nd (median), and 3rd quartiles for the period in which any
incidence of radiation with wavelengths between 400 and 1,100 nm
was recorded. The maximum radiation value recorded for both
periods was 700 W/m”.

2.2.3 Degradation by accelerated aging

The accelerated aging test was conducted in accordance with ASTM
G154-16 - Standard Practice for Operating Fluorescent Ultraviolet
(UV) Lamp Apparatus for Exposure of Nonmetallic Materials
(ASTM 2016) in a UVA
equipment (Sanvezzo et al, 2021). In this assay, cycles of UVA
radiation are simulated to accelerate the degradation of the material.

International, standard radiation

Sample exposure followed cycle of 4 of the referenced standards with 8 h
of radiation at 70 °C and 4 h of water condensation at 50 °C, using a
UVA fluorescent lamp with typical irradiance of 1.55 W/m” and an
approximate wavelength of 340 nm. Samples were collected at
5 different periods after exposure. Table 2 shows the exposure time,
radiation time, and condensation time to with the samples were
subjected for the different exposure periods.

2.2.4 Mechanical tensile test

The mechanical tensile test was conducted in accordance with
ASTM D638-14 - Standard Test Method for Tensile Properties of
Plastics (ASTM International, 2014). The equipment used was the
EMIC DL3000 universal testing machine. Ten test specimens with
Type IV geometry and dimensions were tested for each sample type.
The tests were conducted at a crosshead speed of 5 mm/min. Secant
modulus (at 0.01 strain), maximum tensile stress, and elongation at
break were calculated.

2.2.5 Thermogravimetric analysis (TGA)

The thermal stability of the samples was evaluated through TGA
analysis performed using a TGA Pyris 1 instrument, employing inert
nitrogen gas atmosphere at a flow rate of 20.0 mL/min. The heating
rate was set at 10 °C/min, with a temperature range from 30 °C to 600
°C. Three samples of each material were randomly collected from the
test specimens.

2.2.6 Statistical analysis

Data from the mechanical and thermal analyses were subjected
to analysis of variance (ANOVA) using IMB SPSS software (version

frontiersin.org


https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2025.1620402

Pena and Branciforti

10.3389/frfst.2025.1620402

TABLE 2 Exposure time, radiation time, and condensation time of the accelerated aging degradation assay.

Exposure time (day)

Radiation time (h)

Condensation time (h)

12 187 93

21 347 173
24 384 192
27 440 220
30 480 240

FIGURE 1

Images of HDPE and HDPE + Ag specimen samples before and after burial test for 20 months.

25). Values are expressed as a mean * standard deviation. Different
superscript letters in the same column indicate significant
differences according to one-way ANOVA followed Tukey’s at a
95% confidence level (p < 0.05).

3 Results and discussions
3.1 Degradation by soil burial

The samples with and without the incorporation of the
antibacterial additive exposed to the simulated burial soil test
were collected after a period of 20 months. All 20 test specimens
evaluated, without exception, showed no significant mass variation
or any physical or visual alterations such as changes in color,
brightness, or roughness. Figure 1 shows examples of the test
specimens before and after burial of the HDPE and HDPE +
Ag samples.

HDPE is widely known for being highly resistant to change or
decomposition and inert material, make it very difficult to degrade by
chemical or biological processes in the environment even after being
buried for several years as landfill. Ghatge et al. (2020) reported that a
polyethylene sheet exhibited only an insignificant weight loss and minor
degradation when kept in moist soil for 12-32 years.

3.2 Degradation by natural
environmental aging
All test specimens, both HDPE and HDPE + Ag, showed no

significant mass variation or visible changes in color, brightness, or
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roughness after 20 months of degradation by natural environmental
aging. However, it is well known from the literature (Wang et al.,
2025; Singh and Sharma, 2008) that UV radiation can break C-H
and C-C bonds in HDPE, generating free radicals and leading to the
loss of hydrogen atom from the polymer chains, which results in the
formation of vinyl groups.

3.2.1 Mechanical properties

Table 3 summarizes the average Young’s modulus (E),
maximum tensile stress (0,,), and elongation at break (g,) values
calculated for the samples with and without the incorporation of the
antibacterial additive in relation to the exposure time to the natural
environmental aging degradation test.

The effect of Ag nanoparticles addition on the mechanical
properties of the HDPE matrix can be evaluated by comparing
the results of Young’s modulus, maximum tensile stress, and
elongation at break of the unexposed (0 months) HDPE and
HDPE + Ag samples. The results do not show a noteworthy
difference between the values, then the addition of Ag
nanoparticles neither improved nor worsened the mechanical
properties of HDPE.

The results of the tensile test show that for both HDPE and HDPE +
Ag samples, considering the standard deviation of the measurements,
there is no significant difference in the Young’s modulus values between
the unexposed samples (0 months) and the samples exposed during
10 and 20 months to the natural environmental aging degradation test.
Although the average values of the elastic modulus show a slight
increase with the exposure time to environmental aging degradation
for both HDPE and HDPE + Ag samples, it is not possible to assent that
this is a trend of the material since these values fall within the standard
deviation of each sample.
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TABLE 3 Average Young's modulus (E), maximum tensile stress (6,,,), and elongation at break (e,) of HDPE and HDPE + Ag samples in relation to the exposure
time to the natural environmental aging degradation test.

Exposure time (month) HDPE
E (MPa) om (MPa)

0 1,170 £ 74* 24.6 + 54°

10 1,271 + 6 ‘ 148 + 1.7°

20 1,339 + 41° ‘ 111+ 0.2¢

HDPE + Ag
E (MPa) O0m (MPa)
678.9 + 200.0°* 1,007 + 216* 249 + 2.7° 741.4 + 70.4*
‘ 352 + 16.4° ‘ 1,330 + 87° ‘ 16.4 + 0.5° ‘ 33 +03°
27.2 + 12.1° 1,443 + 81° 109 + 1.2¢ ‘ 1.4 +0.2°

Different superscript letters in the same column indicate significant differences according to one-way ANOVA, followed Tukey’s at a 95% confidence level (p < 0.05).

Regarding the maximum tensile stress (o,,,) and elongation at
break (gp), both HDPE and HDPE + Ag samples showed a
considerable decrease in the average o,, and e values with the
increased exposure time during the natural environmental aging
degradation test (Table 3). The HDPE sample shows a 54.9% and
96.0% reduction in tensile stress and percentage of elongation,
respectively. The HDPE + Ag sample displayed a 56.2% and
99.8% reduction in tensile stress and percentage of elongation,
respectively. These reductions indicate the advancement of
materials photodegradation, which involves processes that result
in both chain scission reactions and crosslinking due to the
environmental aging degradation test, thus affecting the
mechanical performance of the materials. The greater decrease in
Om and g, for HDPE + Ag sample compared to HDPE sample is
most likely due to the presence of numerous interfaces and reactive
groups introduced by the addition of the nanoparticles, which can
serve as sites for accelerated oxidation during photodegradation
(Grigoriadou et al., 2018).

The greater loss in rupture deformation observed for HDPE +
Ag samples may be attributed to the presence of silver nanoparticles.
While their concentration is relatively low and cannot be disclosed,
they may influence local stress distribution in the polymer matrix,
resulting in subtle changes in mechanical behavior under aging
conditions.

The lack of significant differences in the initial mechanical
properties between HDPE and HDPE + Ag samples can be
attributed to the low concentration of Ag nanoparticles (<1 wt
%), which is sufficient to impart surface antimicrobial activity but
insufficient to significantly alter the bulk mechanical behavior of the
polymer. The antimicrobial effect is primarily driven by surface
interaction, including ion release and contact-killing mechanisms,
whereas mechanical reinforcement typically requires higher
nanoparticle loadings or stronger interfacial bonding with the
polymer matrix. While higher concentrations or alternative
dispersion strategies could be potentially affecting the mechanical
performance, in this study the additive concentration was defined
according to industrial application constraints, balancing
antimicrobial effectiveness with processability. This highlights the
dual role of the additive: effective antimicrobial performance during
use, with limited impact on initial mechanical properties, but a
measurable influence on long-term degradation behavior under
environmental exposure.

3.2.2 Thermal properties

The thermal stability of the studied samples was evaluated by
TGA analysis. Table 4 summarizes the initial temperature of mass

Frontiers in Food Science and Technology

loss (T;), the maximum mass loss temperature (T ,,x), and the final
temperature of mass loss (Ty) values calculated for the HDPE and
HDPE + Ag samples in relation to the exposure time to the natural
environmental aging degradation test.

All samples, under all environmental degradation conditions,
show only one mass loss in the TG curve and consequently a single
peakin the DTG curve, corresponding to the thermal decomposition
of the polymer.

The results indicate that the presence of the antibacterial
additive increases the thermal stability of the polymer, regardless
of exposure to the degradation test. The unexposed HDPE + Ag
sample (0 months) exhibits an initial temperature of mass loss (T;)
and a maximum mass loss temperature (T,,,) that are 41 °C and
2 °C higher, respectively, compared to the HDPE sample.

The increase exposure time to the environmental degradation
test significantly reduces the thermal stability of both HDPE and
HDPE + Ag samples. The HDPE sample shows a reduction in
thermal stability of 44 °C in T; and 15 °C in T, after exposure to the
natural degradation test for 20 months, compared to the unexposed
sample. The HDPE + Ag sample shows a reduction of 40 °C in T; and
2 °C in T,, compared to the unexposed sample for the same
exposure time.

3.3 Degradation by accelerated aging

All HDPE and HDPE + Ag test specimens showed no significant
mass variation, nevertheless the samples exhibited visible yellowing
in color and a loss of brightness after 30 days degradation by the
accelerated aging test.

3.3.1 Mechanical properties

Table 5 summarizes the average Young’s modulus (E),
maximum tensile stress (0,,,), and elongation at break (g;,) values
calculated for the HDPE and HDPE + Ag samples in relation to the
exposure time to the accelerated aging degradation test.

A similar trend was observed for the mechanical properties of
the samples exposed to accelerated aging compared to those exposed
to natural environmental aging. This suggests that the incorporation
of silver nanoparticles did not significantly influence the mechanical
performance of the polymer.

The results show no significant difference in the Young’s
modulus values between the unexposed samples and the exposed
samples, but there was a considerable decrease in the average o,,, and
¢ values with increased exposure time during the accelerated aging
degradation test. The HDPE sample exhibits a 51.6% and 99.5%
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TABLE 4 Initial temperature of mass loss (T;), maximum mass loss temperature (T,,,x), and final temperature of mass loss (T;) of HDPE and HDPE + Ag samples
in relation to the exposure time to the natural environmental aging degradation test.

Exposure time (month) HDPE + Ag
Tmax (GC)
0 324 £ 1° 480 + 1* 544 + 2° 365 + 1°* 482 + 1* 579 + 2%
10 295 + 1° 469 + 1° 558 + 1° 341+ 1° 480 + 1° 565 + 1°
20 280 + 1¢ 465 + 1° 574 + 2 325+ 1 480 + 1° 557 + 2°

Different superscript letters in the same column indicate significant differences according to one-way ANOVA, followed Tukey’s at a 95% confidence level (p < 0.05).

TABLE 5 Average Young's modulus (E), maximum tensile stress (6,,,), and elongation at break (¢,,) of HDPE and HDPE + Ag samples in relation to the exposure
time to the accelerated aging degradation test.

Exposure time (day) HDPE HDPE + Ag
E (MPa) om (MPa) E (MPa) om (MPa)
0 1,170 + 74° 24.6 + 5.0° 678.9 + 200.0* 1,007 + 216° 24.9 + 2.7° 7414 + 70.4°
12 1,148 + 12* 17.7 +0.8° 1119 + 16.6" 1,159 + 27° 16.7 + 0.9° 500.2 + 56.0°
21 1,151 + 88 159 + 1.1° 8.0 + 4.3° 1,019 + 78° 142 + 1.9° 5.1 + 2.0°
24 1,172 + 98 13.9 + L1 45+ 1.5 1,235 + 58° 122+ 1.2¢ 2.6 +0.9°
27 1,136 + 99° 12.7 + 1.0° 3.3 + 0.5° 1,196 + 164° 125 + 3.7 23 +09°
30 1,150 + 105 13.0 + 0.8 4.1 + 1.0° 1,051 + 42° 9.2 + 1.1¢ 1.6 + 0.3

Different superscript letters in the same column indicate significant differences according to one-way ANOVA, followed Tukey’s at a 95% confidence level (p < 0.05).

TABLE 6 Initial temperature of mass loss (T;), maximum mass loss temperature (T,,,,), and final temperature of mass loss (T;) of HDPE and HDPE + Ag samples
in relation to the exposure time to the accelerated aging degradation test.

Exposure time (day) HDPE + Ag
Tmax (°C)
0 324 + 1° 480 + 1° 544 + 2° 365 + 1° 482 + 1° 579 = 2°
12 318 +2° 482 + 2° 555 + 1° 366 + 1° 483 £ 1° 584 + 1*
30 309 + 1° 480 + 1° 571 = 1° 367 + 1° 485 + 1* 588 = 1°

Different superscript letters in the same column indicate significant differences according to one-way ANOVA, followed Tukey’s at a 95% confidence level (p < 0.05).

reduction in tensile stress and percentage of elongation, respectively.
The HDPE + Ag sample showed a 63.1% and 99.8% reduction in
tensile stress and percentage of elongation, respectively, Table 5,
indicating the photodegradation advancement. Additionally, the
results show no considerable influence of the addition of Ag
nanoparticles on the mechanical properties of the samples
exposed to accelerated aging.

Studies (Fairbrother et al., 2019; Hsueh et al., 2020) evaluated the
changes in performance of HDPE films after degradation by natural
environmental aging and accelerated aging. The results showed that
HDPE films become brittle, with higher temperatures and more
intense UV radiation accelerating the reduction in elongation at
break. Other studies (Ainali et al., 2021; Carrasco et al,, 2001;
Grigoriadou et al., 2011) have shown that exposure to UV
radiation leads to a non-monotonic response in the tensile
strength of HDPE, characterized by an initial increase followed
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by a decline, whereas the elastic modulus demonstrates a more
intricate dependence on aging time.

3.3.2 Thermal properties

To assess the impact of accelerated aging on the thermal stability
of the studied samples, the samples exposed for 12 and 30 days in
degradation tests were analyzed using TGA. Table 6 summarizes the
initial temperature of mass loss (T;), the maximum mass loss
temperature (T,,,,), and the final temperature of mass loss (Ty)
values obtained for the HDPE and HDPE + Ag samples in relation to
the exposure time to the accelerated aging degradation test.

TGA results displayed that the presence of Ag nanoparticles
increases the thermal stability of the polymer during UV exposure,
nonetheless of the exposure time to the accelerated aging test. The
HDPE + Ag sample displayed a slight increase in thermal stability,
showing a moderate increase in all three temperatures (T, Ty and
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Ty), which is clear evidence that Ag nanoparticles stabilize the HDPE
against UV exposure. However, the HDPE sample showed a
decrease in thermal stability with the increase in exposure time
to the accelerated aging degradation test. The HDPE sample exhibits
a reduction in the initial temperature of mass loss of 15 °C after
30 days of exposure to accelerated aging when compared to the
unexposed sample.

In summary, the results show that the additive does not
affect the initial mechanical or thermal performance of HDPE,
but it alters the degradation pathways during natural and
accelerated aging. Specifically, we highlight the trade-off
between antimicrobial effectiveness and degradation behavior:
the presence of Ag nanoparticles partially stabilizes the polymer
against UV radiation but, at the same time, leads to a greater loss
of elongation at break under environmental exposure. This dual
role of the additive-preserving antimicrobial activity during use
while modifying long-term degradation-offers new insights into
the design of active packaging systems, where both product
and environmental must be

functionality persistence

considered.

4 Conclusion

The purpose of this study was to evaluate the degradation of
high-density polyethylene (HDPE) rigid packaging with and
without the additive,
composed of silver nanoparticles supported on a silica-ceramic

incorporation of an antibacterial
base, through three different degradation tests. The presence of
silver nanoparticles as an antibacterial additive in the HDPE
packaging increased the shelf life of pasteurized milk from 7 to
15 days, however, the influence of this additive on packaging
properties and degradation is unknown. Polyethylene is a
polymer that exhibits excellent stability against biodegradation
processes, as ascertained by soil burial test, where the samples
showed no degradation, primarily due to the short exposure time
tested. The incorporation of antibacterial additive did not affect
the mechanical properties, such as Young’s modulus (E),
maximum tensile stress (0,,), and elongation at break (e,), nor
did it alter the thermal stability of HDPE. The samples proved to be
more susceptible to degradation from exposure to both natural
environmental and accelerated aging processes, as evidenced
primarily by the decrease in mechanical properties such as
maximum tensile stress and rupture deformation. Additionally,
it was observed that the loss of these properties occurred
independently of the presence of the additive. However, for
samples exposed to natural environmental aging, those
additive greater loss of
deformation. The elastic modulus exhibits more complex

containing showed a rupture
exposure-time-dependent behavior. The deterioration of the
material after exposure to degradation tests was also confirmed
by the loss of thermal stability of the HDPE sample without the Ag
nanoparticles. Such a phenomenon was also observed to a lesser
extend for the sample with the incorporation of Ag nanoparticles,
which maintained the thermal stability of the polymer closer to
that of the unexposed sample, evidencing that the additive also
stabilizes the HDPE against UV exposure.
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