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Abstract Article History

The effects of natural aging on low-density polyethylene (LDPE) films iii:;eegi %égéigﬁg
exposed to the environmental conditions of Setif (Algeria), known for its  pyplished: 30-09-2025
continental semi-arid climate, were examined. Over an 18-month natural

weathering period, the structural and thermal properties were investigated

using various techniques such as UV-Vis and FTIR spectroscopy, X-ray

diffraction spectroscopy (XRD) and differential scanning calorimetry

(DSC). The films were also subjected to mechanical tensile testing while the

rheological properties and the morphological characteristics were examined

using, respectively, a parallel-plate rheometer and Atomic Force

Microscopy (AFM). The results indicated significant changes in

crystallinity and crystallite size, as well as notable modifications in

mechanical properties, including tensile strength and elongation at break.

The effect of the natural al UV radiation was also reflected by the increase

in the complex viscosity, which can be attributed to UV-induced

crosslinking reactions and the alterations in surface properties validated by

Atomic Force Microscopy (AFM) analysis.

Keywords: Low-density polyethylene, Photooxidation, Natural ageing,
Greenhouses, Crystallinity, AFM.

1 Introduction

Low-density polyethylene (LDPE) is widely recognized as a superior material for agricultural uses
like greenhouses and mulching due to its excellent mechanical properties, transparency, durability, and
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cost-effectiveness. Its light transmission and thermal insulation capabilities support plant growth,
while customizable films improve photosynthesis through uniform light diffusion [1,2].
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However, despite its advantages, LDPE has faced criticism for its environmental impact. As a non-
biodegradable polymer, its extensive use in agriculture contributes to plastic pollution. Discarded
LDPE films often persist in the environment, breaking down into microplastics that contaminate soil
and water [3,4]. Many authors reported that while certain microorganisms have been identified to
metabolize polyethylene fragments, their efficiency is insufficient to address the volume of waste
generated [5—7]. Due to LDPE's resistance to natural degradation, scientists are innovating to improve
its sustainability by incorporating pro-degradant additives and using controlled environmental
conditions to accelerate its breakdown [8—10]. However, these methods are not yet widely
implemented in large-scale agricultural practices.

The natural degradation of LDPE is a complex and protracted process. LDPE's chemical structure,
characterized by long hydrocarbon chains and low crystallinity, makes it resistant to biodegradation and
photo-oxidation [11] . In natural environments, the degradation process primarily involves UV radiation,
heat, and oxygen, leading to oxidative breakdown and the formation of smaller molecular fragments [12]
(Scheme 1). This process, known as photo-oxidation, generates carbonyl and hydroxyl groups, which
further weaken the polymer matrix over time[13].
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Scheme 1: Mechanism of photo-oxidative degradation [14].

To address the durability challenges posed by prolonged exposure to sunlight and heat, hindered amine
light stabilizers (HALS) (Scheme 2) are widely used in LDPE films for agricultural applications. HALS
are highly effective in preventing photodegradation, a common issue in greenhouse and mulching films
exposed to harsh environmental conditions [15]. These stabilizers function by scavenging free radicals
generated during UV exposure, thereby inhibiting the chain reactions that lead to polymer breakdown
(Scheme 3). As a result, HALS-treated LDPE films exhibit improved longevity, retaining their
mechanical properties and optical clarity over extended periods [16].

Nonetheless, despite the environmental challenges posed by LDPE waste, its role in revolutionizing the
agriculture field in the broader Mediterranean region, including Algeria, is significant [17]. Indeed, by
utilizing LDPE films, greenhouses enable farmers to optimize conditions for plant growth, extend
growing seasons, and increase crop diversity. These benefits are particularly valuable in Algeria, where
agricultural strategies aim to increase productivity and where climatic conditions often limit traditional
farming practices. LDPE-based greenhouses have been instrumental in improving food security,
promoting high-value crops such as tomatoes, peppers, and cucumbers [18]. Additionally, LDPE
mulching enhances soil moisture retention, suppresses weed growth, and regulates soil temperature,
crucial for water efficiency in drought-prone areas. These practices address challenges like extreme
temperatures, limited water availability, and soil degradation, promoting sustainable agriculture.
However, the sustainable management, including recycling and developing biodegradable alternatives, is
vital to balance productivity with ecological responsibility.

In this study the efficiency of commercialized LDPE films stabilized with UV-stabilizers (HALS) was
evaluated under environmental conditions of Setif (Algeria), known for its continental semi-arid climate.
The changes in LDPE films, exposed for 18 months to natural weathering, were examined by
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spectroscopic techniques (UV-Vis, FTIR XRD), thermal analysis (DSC), mechanical tensile test,
rheological and morphological analysis (AFM). This study underscores the importance of understanding
how environmental factors influence polymer degradation over time, which is essential for optimizing
material selection and enhancing the durability of products used in agrlcultural and commercial settings.
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Scheme 2: Chemical structures of some hindred amine light stabilizers (HALS) [19].
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Scheme 3: Possible mechanisms of HALS action (a): with hydroxyls or alkyloxyamine; (b) and (c) with
peroxy radical [20].
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2  Materials And Methods

2.1 LDPE films aging

LDPE films (density of 0.92 and MFT of 0.33g/10min) were manufactured through an industrial extrusion
blow-molding process and stabilized using Ampacet additives (hindered amine light stabilisers) before
undergoing natural weathering in Setif (Algeria) for 18 months. The province of Setif (latitude 36°09’ N,
longitude 5°26" E) is located at approximately 1,100 meters above sea level and experiences a continental
semi-arid climate, characterized by scorching summers and freezing winters which create a demanding
environment for testing.

The exposure was performed on rectangular samples of the stabilized LDPE films following the ASTM
D1435 standard, with a 45° inclination facing south. Samples were periodically collected every three
months to assess the effects of natural aging over the testing period.

2.2 UV-Vis and FTIR spectroscopy

The unaged and aged LDPE films' surface were analyzed using the atomic force microscopy (AFM)
method. The surfaces topology and roughness were assessed by capturing AFM images with an MFP-3D
AFM (Oxford Instruments Asylum Research) in contact mode, employing a silicon cantilever with a
lateral resolution of approximately 0.1 nm. The Root Mean Square (RMS) roughness values were
computed from the height data in the AFM images. The samples were carefully stored were maintained in
a dry environment to prevent moisture absorption. !

2.3 UV-Vis and FTIR spectroscopy

XRD characterization was peformed on an X'Pert PRO PANalytical diffractometer using an
X-rays beam (CuKo) with a wavelength (1) of 1.542 A. The areas under the crystalline and
amorphous portions were used to calculate the degree of crystallinity (xc) using the
following equation:

I

X, =
CTI 41,

(D

where la and Ic are the integrated intensity corresponding to the amorphous and crystalline
phases, respectively.

The distance between parallel planes of atoms in a crystal lattice, the interplanar distance
(dnk1) 1s calculated using Bragg’s law, expressed as:

A
dhkl B ZSln(Hhkl)

(2)

where A is the wavelength of the X-rays, and 0hkl the is the angle of diffraction associated
with the lattice planes (hkl).

2.4 Differential scaning calorimetry analysis

Differential Scanning Calorimetry (DSC) measurements for LDPE films were performed
using a using a Perkin-Elmer Pyris 1 DSC machine, equipped with Pyris V 8.0 software. The
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procedure involved three consecutive heating and cooling cycles under a nitrogen
atmosphere, with a ramp rate of 10°C/min across a temperature range from 25°C to 160 °C.

2.5 Tensile test

Tensile properties were measured at room temperature using an MTS Synergie RT1000
testing apparatus at 1 mm/min cross-head speed. Dog-bone shaped specimens, cut from 1
mm thick plates, according to ISO 527-2 standards. Young’s modulus, tensile strength, and
elongation at break were calculated from force vs. elongation traces. Each sample was
measured at least six times to obtain an average value.

2.6 Rheological measurements

Dynamic rheological measurements were conducted using an ARES parallel-plate rheometer
with 25 mm plates and a 1 mm gap. A 5% strain ensured linear viscoelasticity, with
frequency sweeps from 0.1 to 100 rad/s at 170°C under nitrogen to prevent degradation.
Samples were preconditioned for 3 minutes and vacuum-dried before testing. Data, averaged
over three reproducible measurements, were analyzed using TA Orchestrator software to
determine complex viscosity (n*). A good reproducibility was obtained for all samples’
curves.

2.7 Morphological study using AFM

The unaged and aged LDPE films' surface were analyzed using the atomic force microscopy
(AFM) method. The surfaces topology and roughness were assessed by capturing AFM
images with an MFP-3D AFM (Oxford Instruments Asylum Research) in contact mode,
employing a silicon cantilever with a lateral resolution of approximately 0.1 nm. The Root
Mean Square (RMS) roughness values were computed from the height data in the AFM
images. The samples were carefully stored were maintained in a dry environment to prevent
moisture absorption.

3 Results and discussion

3.1 UV-Vis spectroscopy analysis

Figure 1 shows the UV-Vis absorption spectra of LDPE films containing the photostabilizer, recorded at
different exposure times to natural ageing. LDPE typically exhibits a flat and featureless absorption
profile in the UV and visible regions due to the lack of chromophores or conjugated systems [21,22].
However, in this study, three absorption bands are observed between 220 nm to 350 nm due to the
presence of UV-stabilizer additives. HALS, which are included to enhance UV resistance, act by
scavenging free radicals generated during photo-oxidation, preventing the degradation of the material.
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Figure 1: UV-Vis absorption spectra of LDPE films at varying exposure times.

Over an exposure period ranging from O to 18 months, a decrease in the intensity of these
absorption bands was noted, suggesting the loss of stabilizers due to environmental
exposure. This loss, caused by factors such as chemical reactions or physical leaching,
ultimately reduced the film's efficacy in providing UV protection. Interestingly, there's a
slight increase in absorption at 230 nm, attributed to the m—n* transitions of C=C (carbon-
carbon double bonds) and C=0O (carbon-oxygen double bonds). This suggests the formation
of new chemical bonds as a result of prolonged exposure

3.2 FTIR spectroscopy analysis

The FTIR spectra of virgin low-density polyethylene (LDPE) serve as a reference for its chemical
composition and structure, characterized by prominent peaks attributed to C-H vibrations of
methylene groups in the 2800-3000 cm™, 1460-1470 cm™ and 720-730 cm™ regions. The
fingerprint region (600-1500 cm™) shows typical hydrocarbon chain vibrations. Notably, virgin
LDPE lacks significant peaks in the 1700-1800 cm™ (carbonyl groups) and 3200-3600 cm™
(hydroxyl groups) regions, indicating the absence of oxidative degradation and hydrolysis[23].

The effects of the exposure to the natural weathering on the chemical structures of LDPE films
are reflected by the noticeable changes in the corresponding spectra as revealed in figures 2-b to
2-g. The emergence of peaks in 1700-1800 cm™ and in the 1100-1300 cm™ regions, indicative of
the formation of carbonyl groups and C-O-C bonds, highlights the alterations in the polymer
structure such as chain scission or crosslinking; however, the increasing intensities of C-O-C
bonds’ peaks go to favor of the crosslinking suggestion.
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Figure 2 : FTIR spectra of LDPE films subjected to different exposure intervals.

Additionally, the increased absorbance in the 3200-3600 cm™ range suggests the presence of
hydroxyl groups, suggesting hydrolysis or the formation of alcohols and acids due to the
oxidative degradation [24]. These findings collectively demonstrate the susceptibility of LDPE
films to environmental stressors, impacting their mechanical and thermal properties.

3.3 XRD Characterization

Characterization via X-ray diffraction is widely used to assess the structural changes occuring in
materials at the atomic level. The results from X-ray diffraction analysis of unaged and aged
polyethylene films are illustrated in Figure 3. The XRD patterns for all samples reveal
characteristic peaks of low-density polyethylene associated with specific crystallographic planes,
such as (110), (200), and (020) indicating a well-defined crystalline structure [14]. The
characteristics of these peaks, namely the peak intensity, their position (20) and the interplanar
distance (d) together with the crystallinity ratios are gathered in Table 1 and Table 1, respectively.
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Figure 3 : XRD diffractograms of LDPE films before and after degradation.
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Exposure Peak 2Theta d Exposure Peak  2Theta

time intensity ©) (hkl) time  intensity () d(hkl)
351459 214626 414715 586409 2156621 4.11723

0 265.46  23.67553 3.76430 199.8  23.90429 3.72879
21465 3621402 247850 MOMDS 35047 362977 2.47298

348025 21.45608 4.13811 |5 796561 21.12607 4.20200

3months 38328 2385292 3.72745 O 513.65 23.41726 3.80523
27023 363294 372745 477.89 35.81825 2.50497

497321 2158833 411306 . 5693.16 2155097 4.12010

6months 3277 2373757 375460 ' 50176 23.82395 3.73191
400.82  36.37557 2.46786 441.49 3632095 2.47145

5227.42  21.44762 4.13973
9 months 633.13 23.9451 3.71330
204.34  36.34758 2.47583

Table 1: XRD parameters for PE samples.

From PEO to PE18, the crystallinity increases from 36.45% to 49.26%, reflecting a significant structural
transformation due to the degradation of amorphous regions, which are more susceptible to environmental
factors. *This increase is partly attributed to the replacement of C-H bonds by C=O bonds in the
amorphous regions, as evidenced by FTIR results. Secondary crystallization, driven by seasonal
temperature variations, also contributes to the rise in crystallinity [25,26]. In the initial phase (PEO—PE6),
the moderate increase suggests early-stage degradation, while the intermediate phase (PE6—PE12) shows
temporary stabilization. The final phase (PE12—PE18) exhibits a sharper increase, indicating advanced
degradation and further growth of existing crystallites or coalescence of smaller crystals. The interchain
distances remain unchanged, as evidenced by minimal variation in peak angles, while the lattice strain
decreases due to the reorganization and stabilization of the polymer network. These changes indicate a
shift towards a more brittle structure with reduced mechanical flexibility over time.

From the above results, the increase in the crystallinity from 36.45% (PEO) to 49.26% (PE18), highlights
significant structural changes due to the degradation of the polymer chains and the rearrangement to more
reorganized domains, which are more vulnerable to environmental effects. This increase is partially
linked to the substitution of C-H bonds with more polar groups such as C=0O and O-H bonds, as
confirmed by FTIR results. Seasonal temperature variations further drive secondary crystallization,
contributing to the rise in crystallinity. During the initial phase (PEO—PE6), a moderate increase reflects
early-stage degradation, while the intermediate phase (PE6-PE12) shows temporary stabilization. In the
final phase (PE12—-PE18), a sharper increase suggests advanced degradation and crystallization of smaller
crystals, leading to larger crystallite sizes. Despite this, interchain distances remain unchanged, with
minimal variation in peak angles, while decreased lattice strain indicates polymer network reorganization
and stabilization. These transformations result in a more brittle structure with reduced mechanical
flexibility over time.

PEO PE3 PE6 PE9 PE12 PE15 PE18
Crystallinity % 36.45 38.96 42.55 42.84 41.83 46.10 49.26

Table 2: The degree of crystallinity of PE.
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3.4 DSC Thermal analysis

The DSC thermograms obtained for unaged and aged LDPEs during heating and cooling cycles are
illustrated in figures 4.a and 4.b. The heating cycle analysis of LDPE films subjected to natural aging
reveals a small shift of the melting temperature of the initial film from 108.5°C to higher temperatures
(110.5°C). While modest, this transition temperature shift reflects aging-induced reorganization of the
crystalline domains, as evidenced by corresponding XRD peak

The cooling cycle thermograms further substantiate these findings by displaying a crystallization peak at
97°C, indicating the films' ability to reorganize into crystalline domains upon cooling. This demonstrates
that the material retains its structural integrity and capacity for crystallization even after extended
exposure. Additionally, the consistent ac relaxation temperature at 61°C across all samples suggests that
the amorphous phase of the LDPE remains largely unaffected by natural aging, underscoring the stability
of the films' non-crystalline regions.
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Figure 4: DSC thermograms of LDPE films before and after exposure to natural weathering

3.5 Mecanical tensile test

The low-speed stress-strain test for LDPE films exposed to the various aging periods was very useful to
well illustrate the changes induced in terms of the elongation at break, the tensile strength and the

elasticity modulus. Figure 5 presents the evolution of three mechanical properties of LDPE films, tensile
strength at break, elasticity modulus, and elongation at break, over 18 months of natural weathering.
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Figure 5: Variations in the tensile mechanical properties of aged films as a function of exposure time: a)
Tensile strength at break b) Elasticity modulus c¢) Elongation at break
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The tensile strength at break (Figure 5.a) initially increases within the first 3 months, likely due to UV-
induced cross-linking, which temporarily enhances the material's strength, however, between 3 and 12
months, this property stabilizes, indicating a balance between cross-linking and degradation. After 12
months, the tensile strength at break drops, suggesting a degradation processes such as oxidative chain
scission and embrittlement. On the other hand, the elasticity modulus (Figure 5.b) and the elongation at
break (Figure 5.c) decrease steadily over the 18 months. This trend indicates a progressive loss of
stiffness in the LDPE film, as polymer chains break and structural integrity declines due to prolonged
environmental exposure, including UV radiation, oxygen, and moisture. These results highlight the
progressive deterioration of LDPE films under natural weathering. Cross-linking and chains scission
processes initially counteract degradation, enhancing tensile strength temporarily. However, over time,
oxidative degradation and chain scission dominate, leading to reduced stiffness, strength, and elongation
capacity. This combined effect compromises the mechanical performance and lifespan of LDPE films in
outdoor applications.

3.6 Rheological properties of LDPE films before ad after ageing

Results from dynamic rheological study of films exposed to natural ageing for 18 months, determined
using a plate-plate rheometer, are depicted in Figures 6 and 7. These figures respectively illustrate the
variation in complex viscosity (n*) as a function of shear rate and the change in viscosity of the films
over the duration of exposure to natural aging.

The complex viscosity-shear rate curves (Figure 6) exhibit similar shapes for all samples. At low shear
rates, the viscosity remains nearly constant across all samples indicative of a shear thinning behaviour
[27]. However, at high shear rates, the viscosity significantly decreases until it approaches values near
zero. Regarding the viscosity of the films, an increase with exposure time is noticed, as confirmed by
Figure 6, which shows a gradual rise in viscosity with increased exposure time, reaching a plateau after
more than 9 months of exposure. Figure 7 indicates that the viscosity increases linearly up to 9 months of
exposure to natural aging, after which the increase slows down, reaching a plateau at 97 KPa.s.
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Figure 6: Complex viscosity of LDPE films exposed Figure 7: Complex viscosity of LDPE films exposed to
to natural ageing as a function of shear rate at T = natural ageing as a function of exposure time (y = 0.0039
170 °C s1)

3.7 Surface caracterisation (AFM)

The atomic force microscopy (AFM) allows for a comprehensive analysis of films at both micro and
nano scales, highlighting the impact of aging on surface properties. The results obtained from this
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analysis are illustrated in Figure 8a and 8b for LDPE films before ageing and after 18 months
ageing, respectively. Indeed, using contact mode AFM, the observed surface after degradation
exhibits rougher and intricate morphology with more frequent undulations, compared to undegraded
film, as reported in Table 3.
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Figure 8 : AFM Images LDPE film

a) Before ageing b) After 18 months ageing

Parameter Initial LDPE films Aged LDPE films
Spectral RMS Amplitude 6.75 nm 13.3 nm
Maximum Height Variation 100 nm 200 nm
Spectral Period 2.51 ym 1.68 um

Surface Features Broad, widely spaced undulations. Finer, more frequent undulations.

Dominant Characteristics Smooth, relatively uniform. Rougher, intricate morphology.

Table 3: AFM results for LDPE films’ surfaces before and after natural aging

4 Conclusion

This study examined the impact of natural ageing on LDPE films subjected to semi-arid
environmental conditions in Setif, Algeria, over a period of 18 months. The material performance
was assessed using various effective methodologies. The spectroscopic examination employing
UV-Vis and FTIR validated the presence of several chemical functionalities (hydroxyls, acids,
esters, etc.) resulting from oxidative degradation. Furthermore, the X-ray diffractograms and DSC
thermograms indicate a notable tendency of increased crystallinity in LDPE with prolonged
exposure time. This structural modification has influenced the mechanical, morphological, and
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rheological properties of aged LDPE films in comparison to the unaged films. Consequently, when
LDPE films are subjected to heat or UV radiation, they experience oxidation, resulting in the
concurrent processes of chain scission and cross-linking. These findings are essential for
comprehending the durability and performance of LDPE films in analogous conditions,
highlighting its prospective applications in greenhouse coverings and packaging materials.
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