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Abstract 

The postharvest preservation of banana (Musa paradisiaca) is essential to maintain fruit quality, 
reduce losses, and ensure consumer acceptability during storage and distribution. Packaging films 
play a critical role in protecting fruit from mechanical damage and environmental stress while 
extending shelf life. This study compared the physicochemical and mechanical properties of two 
widely used polyethylene films—high-density polyethylene (HDPE) and low-density polyethylene 
(LDPE)—under simulated postharvest conditions. Films were characterized by Differential 
Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric 
Analysis (TGA), and Flame Atomic Absorption Spectroscopy (AAS) for trace element detection. 
Structural integrity was assessed by macro- and microphotography, while tensile tests quantified 
mechanical performance. Results showed that HDPE presented higher melting stability, 
crystallinity, and tensile strength, with detectable zinc content (0.82–0.94 mg/100 g), whereas LDPE 
was zinc-free but exhibited greater flexibility. Both materials retained their polyethylene chemical 
fingerprint without oxidative degradation, although LDPE displayed more pronounced surface 
deterioration after weathering (288, 864, and 1440 h). These findings highlight HDPE’s superior 
stability and safety for banana export packaging, while emphasizing the importance of monitoring 
potential trace element migration to ensure compliance with food-contact regulations and 
sustainability in tropical fruit supply chains. 

Keywords: banana; postharvest packaging; polyethylene films; HDPE; LDPE; thermal analysis; 
FTIR; tensile properties; zinc migration 
 

1. Introduction 

Banana (Musa paradisiaca), one of the most consumed tropical fruits, plays a pivotal role in 
global trade and food security, particularly in Latin America, Africa, and Southeast Asia [1]. Its dual 
role as a staple food and export commodity underscores its socioeconomic importance, contributing 
to rural employment and income generation. However, as a climacteric fruit characterized by high 
respiration rates and ethylene production, bananas are highly perishable and prone to mechanical 
damage, dehydration, microbial infection, and rapid postharvest deterioration [2,3]. Postharvest 
banana losses often reach critical levels in producing countries due to inadequate handling practices 
and the use of inefficient packaging technologies [4]. 

To mitigate these losses, polymeric plastic packaging, particularly polyethylene (PE)—has 
become a widely adopted strategy to protect bananas, delay ripening, and maintain their sensory 
and physicochemical quality during storage and distribution [3]. PE films offer multiple 
advantages, including light weight, flexibility, transparency, affordability, and adjustable barrier 
properties [5]. Research further shows that antifungal coatings combined with PE packaging can 
reduce respiration rates and microbial spoilage, thereby preserving fruit quality [6]. Among the 
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main variants, low-density polyethylene (LDPE) and high-density polyethylene (HDPE) are the 
most used materials in fruit packaging. These polymers differ considerably in molecular structure, 
crystallinity, permeability, and mechanical behavior, which can influence their suitability for 
postharvest conservation [7,8]. 

Despite their widespread application, the underlying mechanisms by which packaging extends 
banana shelf life remain under investigation [9]. For example, vacuum packaging has been shown 
to reduce crown rot incidence by below 3% compared with over 50% in unpackaged controls 
during cold storage [5], while microperforated compostable LDPE films retained fruit quality for up 
to 30 days at 14 °C [10]. Similarly, the application of myo-inositol delayed ethylene biosynthesis and 
enhanced antioxidant mechanisms, prolonging shelf life [11,12]. However, chilling injury, 
characterized by lignification and oxidative stress, remains a major limitation during low-
temperature storage [6]. Reviews emphasize that edible coatings combined with LDPE or HDPE 
packaging reduce gas exchange and moisture loss, particularly when formulated with antioxidants 
or antimicrobials [13]. Moreover, mechanization of postharvest operations, such as field de-
handing, can enhance packaging efficiency and reduce labor dependence [14]. 

Nevertheless, there is still limited research directly comparing LDPE and HDPE under 
postharvest conditions specific to Musa paradisiaca [1]. Most studies have focused on fruit quality 
outcomes such as shelf life, firmness, or color changes, with less attention to the intrinsic 
physicochemical and mechanical properties of packaging materials [1,15,16]. Recent investigations 
highlight differences in crystallinity, permeability, and tensile strength between PE variants, which 
may affect their effectiveness in protecting climacteric fruits [17]. At the same time, environmental 
and food safety considerations—including additive migration [18], polymer thermal resistance 
[18,19], and recyclability or degradability [8]—are becoming increasingly relevant in packaging 
science. 

Advanced analytical techniques provide a comprehensive evaluation of polymer performance. 
Differential Scanning Calorimetry (DSC) determines melting temperature, onset of melting, and 
enthalpy of fusion, directly linked to crystallinity and stability under cold storage [20,21]. DSC has 
been applied to polymer composites and debris characterization, proving sensitive to crystallinity 
changes and useful in diagnostic contexts [22–24]. Thermogravimetric Analysis (TGA) quantifies 
mass loss, decomposition temperatures, and residues, providing insight into integrity under 
humidity and thermal stress [25]. Fourier Transform Infrared Spectroscopy (FTIR) identifies 
functional groups, additives, and degradation by-products, with studies on oxo-biodegradable PE 
confirming oxidative chain scission [25–28]. Atomic Absorption Spectroscopy (AAS) enables trace 
metal detection in food-contact polymers, supporting risk assessment of elements like Cd, Pb, and 
Zn [29–31]. 

Mechanical and structural characterization also contributes to understanding packaging 
performance. Tensile testing evaluates tensile strength, elongation at break, and Young’s modulus, 
reflecting the balance between resistance and flexibility under handling stress [32,33]. Macro- and 
microphotography document defects such as cracks or delamination that may compromise barrier 
function [33]. Similar approaches have been applied to edible protein-based films [34], biopolymer 
packaging [35], and recycled PE films, where microscopy has correlated structural changes with 
declining mechanical properties [36–38]. Innovations include dual-layer active films and 
nanocomposite systems with enhanced durability [39]. 

Degradability is another critical factor affecting recyclability and environmental performance 
of PE films. Accelerated weathering studies demonstrate structural and chemical modifications that 
influence service life [40–42]. Multi-technique analyses reveal the release of degradation by-
products during photo-aging [43–45], while recycling studies indicate that reprocessed LDPE may 
retain mechanical integrity [40,46,47]. Such evaluations predict patterns of degradation, aging, and 
durability across storage periods, bridging laboratory findings with real supply-chain conditions 
[3,48,49]. Comparative studies show that HDPE generally retains strength and barrier performance 
longer than LDPE [44,47,50], suggesting that HDPE may be more suitable for cold-chain export, 
while LDPE provides handling flexibility at the cost of greater environmental sensitivity [33,50]. 

Therefore, this study aimed to conduct a comprehensive physicochemical and mechanical 
characterization of HDPE and LDPE films used in the postharvest packaging of banana (Musa 
paradisiaca) [5,51,52]. The materials were evaluated using DSC, FTIR, TGA, AAS, tensile testing, and 
macro- and microphotography. The findings provide insights into the performance, stability, and 
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safety of these materials, supporting improved postharvest management, reducing fruit losses, and 
contributing to the development of more sustainable packaging practices [53–55]. In addition, the 
findings are contextualized within emerging research on biodegradable and nanocomposite 
packaging systems, which have demonstrated the ability to prolong banana shelf life, modulate 
ethylene production, and enhance overall sustainability in postharvest management [56–58] 

2. Materials and Methods 

2.1. Sample Collection and Treatment 

Banana (Musa paradisiaca) fruits at commercial maturity stage 1 were harvested in May 2024 
from farms located in El Oro province, Ecuador. Fruits showing visible defects or mechanical 
injuries were excluded. Upon arrival at the Department of Food and Biotechnology (DECAB), the 
fruits were washed with distilled water and air-dried at room temperature. 

A coating formulation was prepared using food-grade ingredients: whey, cassava starch, agar, 
and glycerol, supplemented with 400 ppm of cinnamon essential oil (Cinnamomum verum) for 
antifungal activity. The mixture was homogenized under magnetic stirring to ensure uniform 
dispersion of all components. The coating was applied by immersion, covering the entire fruit 
surface, and bananas were dried under ambient conditions for 12–15 min [59–61]. 

Following drying, bananas were individually packaged in two types of polyethylene films 
obtained from commercial suppliers: low-density polyethylene (LDPE) and high-density 
polyethylene (HDPE). The films had an average thickness of 0.10 ± 0.01 mm, measured with a 
digital caliper. Packaged fruits were stored under controlled conditions at 13 ± 1 °C and 95% 
relative humidity in a cold chamber. 

To evaluate the combined effect of the antifungal coating and polyethylene packaging on 
banana preservation, eight treatments were established. The experimental design included initial 
controls (0 h) and progressive storage intervals of 288, 864, and 1440 h (≈12, 36, and 60 days), which 
were selected as evaluation points for monitoring the physicochemical, mechanical, and structural 
performance of the fruits and packaging. A detailed description of the treatments is provided in 
Table 1. 

Table 1. Description of treatments combining antifungal coating and polyethylene packaging types. 

Code Polyethylene type Exposure time (h) Condition / Series 
T01 HDPE (high-density) 0 Initial control 
T02 HDPE (high-density) 288 ≈12 days 
T03 HDPE (high-density) 864 ≈36 days 
T04 HDPE (high-density) 1440 ≈60 days 
T05 LDPE (low-density) 0 Initial control 
T06 LDPE (low-density) 288 ≈12 days 
T07 LDPE (low-density) 864 ≈36 days 
T08 LDPE (low-density) 1440 ≈60 days 

2.2. Physicochemical Characterization 

2.2.1. Atomic Absorption Spectroscopy (AAS) 

Zinc (Zn) content in the polyethylene films was quantified by Flame Atomic Absorption 
Spectroscopy (AAS) using a PerkinElmer Analyst 200 spectrometer (PerkinElmer, Waltham, MA, 
USA), operated under the conditions recommended in the Analytical Methods for Atomic 
Absorption Spectrometry. Calibration curves were prepared with certified zinc standards (Merck, 
Darmstadt, Germany) in the range of 0.2–1.0 mg/L, and quality control samples were used to 
validate accuracy [29]. 

Sample digestion followed the procedure described in the Analytical Methods for Atomic 
Absorption Spectrometry (PL-1 Analysis of Polyethylene). Approximately 10 g of each polymer film 
was slowly calcined in a porcelain crucible until complete ashing of the organic fraction. The 
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crucibles were then placed in a muffle furnace at 800 °C for 30 min. After cooling, 0.9 g of sodium 
carbonate (Na₂CO₃, analytical grade, Ecuador) was added and heated until the carbonate was fully 
melted [29].  

Once cooled to room temperature, 7 mL of sulfuric acid (H₂SO₄, 3 M, analytical grade, 
Ecuador) was carefully added to dissolve the residue, and the crucible was rinsed thoroughly. The 
solution was then transferred to a 10 mL volumetric flask and diluted to volume with H₂SO₄ 3 M 
[29]. 

All laboratory glassware and crucibles were pre-cleaned with acetone (analytical grade, 
Ecuador), followed by sequential rinses with nitric acid (0.1 M and 6.5%, analytical grade, Ecuador) 
to minimize contamination. Results were expressed as mg Zn/100 g of film. The measurements 
were carried out in triplicate (n=3) using independent digestions for each sample type, and results 
are reported as mean ± standard deviation. 

2.2.2. Differential Scanning Calorimetry (DSC) 

The thermal behavior of polyethylene films was evaluated using a differential scanning 
calorimeter (DSC Netzsch 204 F1 Phoenix, Netzsch, Germany). Approximately 5–6 mg of each 
sample were weighed with an analytical balance (Denver Instrument Company AA-200) and sealed 
in standard aluminum pans. The tests were carried out under a nitrogen atmosphere (99% purity) 
to prevent oxidative degradation [23]. 

The experimental procedure followed ASTM D3418 (ASTM International, West 
Conshohocken, PA, USA) [62]. Each specimen was subjected to a first heating cycle from 25 °C to 
200 °C at a constant rate of 10 °C·min⁻¹, followed by a 10 min isothermal stage. Samples were then 
cooled to room temperature at the same rate and subjected to a second heating cycle under identical 
conditions. The first heating cycle was used to eliminate the thermal history of the films, whereas 
the parameters reported corresponded to the second heating cycle [24]. 

From the DSC thermograms, the melting temperature (Tm), onset of melting (Tonset), and 
enthalpy of fusion (ΔHf) were determined. The degree of crystallinity (Xc) was calculated using a 
reference enthalpy of fusion for 100% crystalline polyethylene (ΔH° = 293 J·g⁻¹). Each treatment was 
analyzed in three independent specimens (n = 3), and the results are expressed as mean ± standard 
deviation [50]. 

2.2.3. Fourier Transform Infrared Spectroscopy (FTIR) 

The chemical structure of HDPE and LDPE films was analyzed by Fourier Transform Infrared 
Spectroscopy (FTIR) at 0, 288, 864, and 1440 h of storage under cold-chain conditions (13 °C, 95% 
RH). Analyses were performed on a Bruker Alpha II spectrometer equipped with an Attenuated 
Total Reflectance (ATR) diamond crystal module, following ASTM E1655-17 [26,28]. 

Spectra were acquired in the range of 4000–500 cm⁻¹ with a resolution of 4 cm⁻¹, averaging 32 
scans per sample. All spectra were background-corrected, and a mild baseline adjustment was 
applied to improve comparability. For figure presentation only, light smoothing was applied; 
however, all calculations were performed on unsmoothed, baseline-corrected spectra [26]. 

The polyethylene fingerprint was monitored at the characteristic CH₂ stretching (2916 and 2848 
cm⁻¹), bending (1471 and 1462 cm⁻¹), and rocking (730 and 720 cm⁻¹) vibrations. Oxidation markers 
were evaluated in the carbonyl region (1700–1730 cm⁻¹) relative to the methylene scissoring band at 
1462 cm⁻¹. Crystalline order was assessed through the intensity ratio of the rocking doublet at 
~730/720 cm⁻¹ [5,37]. 

Results are presented as overlay plots across 4000–600 cm⁻¹ to compare functional group 
positions and intensities, and as focused windows on the 800–680 cm⁻¹ and 1700–1740 cm⁻¹ regions 
to highlight crystallinity and potential oxidation changes, respectively [37]. Instrument settings and 
background acquisitions were kept constant throughout the analysis to ensure reproducibility and 
comparability across polymers and storage times. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2025 doi:10.20944/preprints202509.1156.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1156.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 20 

 

2.2.4. Thermogravimetric Analysis (TGA)  

Thermogravimetric analysis was carried out according to ASTM E1131 using a TA Instruments 
Q500 system equipped with a platinum pan and automated mass/temperature calibration. Film 
specimens (8–10 mg) were die-cut from the central area of each sheet to avoid edge effects and 
defects. For each exposure condition (0, 288, 864, and 1440 h) and polymer type (HDPE, LDPE) 
[25,27]. 

An empty-pan baseline was recorded prior to each run to correct for buoyancy and 
instrumental drift. Samples were equilibrated at 50 °C for 10 min, then heated from 50 to 900 °C at 
10 °C·min⁻¹ under high-purity nitrogen (99.999%) flowing at 60 mL·min⁻¹. To quantify non-volatile 
residue (e.g., inorganic additives or contaminants), an additional oxidative step was performed at 
900 °C for 20 min by switching the purge gas to air at the same flow rate [27]. 

Raw mass-loss curves (mass % vs. temperature) were exported at 1–2 °C intervals. Derivative 
thermogravimetry (DTG) was obtained by numerical differentiation using a Savitzky–Golay 
smoothing filter (21-point window, second-order polynomial) to enhance peak readability without 
altering temperature values [5,25]. From the TGA/DTG curves, the following parameters were 
extracted: (i) T₅% and T₉₅% (temperatures at 5% and 95% mass loss), (ii) T₅₀% (midpoint of 
decomposition), (iii) Tonset (extrapolated onset) and Tmax (DTG peak temperature), and (iv) 
residual mass at 900 °C (and ash after the oxidative step). Results are reported as mean ± SD (n = 3) 
and visualized as 2D overlay plots and 3D surfaces (temperature × exposure time × mass loss) with 
T₅%, T₅₀%, and T₉₅% markers highlighted. 

2.3. Structural and Mechanical Characterization 

2.3.1. Macro- and Microphotography 

HDPE and LDPE bags were analyzed under conditions: (0, 288, 864 y 1440 horas). From each 
condition, flat specimens of approximately 70 × 70 mm were cut and conditioned at 23 ± 2 °C for at 
least 30 min prior to imaging. Samples were placed on a matte black background to highlight 
cracks, surface defects, and textures [33,36]. 

Photographic documentation was carried out using a Sony Alpha 9 digital camera equipped 
with a Sigma Sport 70–200 mm f/2.8 DG DN lens, mounted on a tripod. The focal length was set at 
70 mm, and the exposure parameters were: aperture f/9, exposure time 1/20 s, and ISO 100. A 5-s 
shutter delay was applied to avoid vibration. Images were captured in RAW format and 
subsequently converted into PNG files for further processing and analysis. 

Illumination was provided by two high-CRI (≥ 95) LED light sources positioned at 45° relative 
to the sample plane and diffused through translucent panels to minimize specular reflections. An 
additional grazing light (~20°) was used to emphasize microtextures, extrusion marks, and surface 
defects induced by use.  

Microstructural analysis of the polyethylene films was performed using a Nikon Eclipse E200 
compound microscope (DECAB, EPN). Samples of HDPE and LDPE bags were collected at 0 h 
(unused control) and after 288, 864, and 1440 h of use as banana packaging. For each condition, film 
pieces of approximately 2 × 2 cm were cut and mounted flat on glass slides, with edges fixed using 
adhesive tape to avoid curling [63]. 

Observations were carried out under bright-field transmitted illumination at 40× 
magnifications. Images were acquired with a Nikon Digital Sight camera system controlled by NIS-
Elements software and exported in TIFF/PNG format.  

For each storage interval, at least three representative fields per sample were recorded, 
covering both general views and localized defects. The analysis focused on documenting surface 
texture, extrusion marks, microcracks, delamination zones, and other features associated with 
environmental exposure, mechanical stress, or polymer relaxation.  

This methodology provided complementary evidence to macrophotography, allowing the 
detection and quantification of microstructural changes associated with storage and weathering in 
HDPE and LDPE packaging films. 
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2.3.2. Tensile Testing  

Uniaxial tensile properties of the polyethylene films were determined in accordance with 
ASTM D882. For each polymer (HDPE, LDPE) and storage time (0, 288, 864, 1440 h), rectangular 
strips were die-cut with a CEAST punch to 120 mm × 10 mm (length × width) along the machine 
direction to maintain orientation. Film thickness was measured at three locations with a digital 
micrometer; the average value was used for stress calculations. 

Tests were carried out on an Instron universal testing machine (model 1011) fitted with flat 
grips and a 5 kN load cell. The initial grip separation was 70 mm and the crosshead speed was 500 
mm·min⁻¹, consistent with ASTM D882 for the thickness range of these films. Experiments were 
conducted under laboratory conditions (23 ± 2 °C). For each condition, n = 10 specimens were tested 
to enable reporting of mean values and standard deviations. 

Young’s modulus (E) was calculated from the initial linear region (0.05–0.25% strain), while 
maximum tensile strength (σ_max) and elongation at break (ε_b) were obtained at the peak load 
and at rupture, respectively. Results are reported as mean ± standard deviation for each polymer 
and exposure time. 

3. Results 

3.1. Atomic Absorption Spectroscopy (AAS) 

Zinc (Zn) was analyzed in the polyethylene films at the initial stage (0 h). Among the two 
treatments tested, T01 (HDPE, initial control) showed detectable Zn concentrations, ranging from 
0.82 to 0.94 mg/100 g, with an average of 0.93 ± 0.05 mg/100 g (n = 3). In contrast, T05 (LDPE, initial 
control) presented Zn concentrations below the limit of quantification (LC = 0.006 mg/100 g). 

These results demonstrate that Zn was only detected in the HDPE film, likely due to the 
incorporation of Zn-based additives or catalysts during manufacturing. The absence of Zn in LDPE 
(T05) indicates greater consistency with food-contact safety standards. Although the Zn level in T01 
was low, its detection underlines the importance of monitoring trace metals in packaging materials 
used for banana export. 

3.2. Differential Scanning Calorimetry (DSC) 

The second heating cycle revealed clear differences in the thermal behavior of HDPE and 
LDPE films subjected to accelerated weathering (Table 2). HDPE exhibited consistently higher 
melting temperatures (Tm = 129.8–137.5 °C) compared with LDPE (Tm = 118.6–125.4 °C), 
confirming its greater crystalline stability. Onset temperatures (Tonset) followed the same trend, 
remaining close to Tm in all cases. 

The enthalpy of fusion (ΔHf) and crystallinity (Xc), calculated using a conservative baseline 
approach, showed variable responses across exposure times. In HDPE, ΔHf dropped sharply at 864 
h (0.15 ± 0.08 J/g; Xc = 0.05 ± 0.03%), indicating severe structural rearrangements, and partially 
recovered at 1440 h (1.40 ± 0.55 J/g; Xc = 0.48 ± 0.19%). In contrast, LDPE displayed a more stable 
profile, with ΔHf reaching a maximum of 2.35 ± 0.95 J/g (Xc = 0.80 ± 0.32%) at 864 h before 
decreasing moderately at 1440 h (1.15 ± 0.65 J/g; Xc = 0.39 ± 0.22%). 

Overall, the DSC analysis demonstrates that HDPE maintains higher melting stability than 
LDPE throughout the study, although its crystalline decreases significantly under prolonged 
exposure. LDPE, while less crystalline overall, exhibited more gradual and less pronounced 
structural changes.  

Table 2. Differential Scanning Calorimetry (DSC) parameters of HDPE and LDPE films after 0, 288, 864, and 
1440 h of weathering. 

 
Polyethylene 
type 

Exposure 
time (h) 

Condition / 
Series 

Tm (°C) Tonset (°C) ΔHf (J/g) Xc (%) 
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T01 
HDPE (high-

density) 
0 

Initial 

control 

130.0 ± 1.5 128.0 ± 1.0 3.20 ± 0.50 1.09 ± 

0.17 

T02 
HDPE (high-

density) 
288 ≈12 days 

129.8 ± 1.2 128.5 ± 1.1 3.05 ± 0.90 1.04 ± 

0.31 

T03 
HDPE (high-

density) 
864 ≈36 days 

137.5 ± 2.5 136.9 ± 2.8 0.15 ± 0.08 0.05 ± 

0.03 

T04 
HDPE (high-

density) 
1440 ≈60 days 

132.7 ± 2.1 131.1 ± 2.6 1.40 ± 0.55 0.48 ± 

0.19 

T05 
LDPE (low-

density) 
0 

Initial 

control 

118.6 ± 2.1 116.9 ± 2.0 1.40 ± 0.80 0.48 ± 

0.27 

T06 
LDPE (low-

density) 
288 ≈12 days 

123.7 ± 0.9 122.3 ± 1.0 1.55 ± 0.75 0.53 ± 

0.25 

T07 
LDPE (low-

density) 
864 ≈36 days 

125.4 ± 1.6 123.6 ± 1.7 2.35 ± 0.95 0.80 ± 

0.32 

T08 
LDPE (low-

density) 
1440 ≈60 days 

123.4 ± 0.8 122.0 ± 0.7 1.15 ± 0.65 0.39 ± 

0.22 
 

The DSC thermograms (Figure 1) showed distinct melting transitions for HDPE and LDPE 
films at 0 and 1440 h of storage. At the initial stage, HDPE exhibited a melting peak at 130.0 °C, 
which shifted slightly to 132.7 °C after 1440 h, confirming its higher crystalline stability. LDPE 
presented lower melting temperatures, increasing from 118.6 °C at 0 h to 123.4 °C at 1440 h. These 
results demonstrate that HDPE consistently maintained higher thermal stability compared with 
LDPE, while both polymers displayed moderate shifts in melting behavior after prolonged 
exposure. 

 

Figure 1. Representative DSC thermograms of HDPE and LDPE plastic films used for banana (Musa 
paradisiaca) preservation at 0 h and 1440 h of weathering under storage conditions. 

3.3. Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR spectra of HDPE and LDPE films (T01–T08) exhibited the characteristic polyethylene 
fingerprint throughout the storage period (0–1440 h), with no evidence of new functional groups. 
All spectra consistently showed: (i) strong methylene stretching bands at ~2918 and ~2848 cm⁻¹ 
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(ν_as(CH₂), ν_s(CH₂)), (ii) methylene bending at ~1472 and ~1463 cm⁻¹ (δ(CH₂)), and (iii) the 
orthorhombic rocking doublet at ~730/720 cm⁻¹ (ρ_r(CH₂)). No carbonyl absorption was detected in 
the 1700–1740 cm⁻¹ region, indicating negligible oxidative formation of C=O groups within the 
method’s detection limits. Similarly, no distinct vinyl signals (~910–990 cm⁻¹) were observed. A 
summary of the main FTIR band assignments and their stability over time is provided in Table 3. 

Band positions remained essentially constant across exposure times, and relative intensities 
varied only within experimental noise. In HDPE (T01–T04), the 730/720 cm⁻¹ doublet—commonly 
used as a qualitative marker of crystalline ordering—did not exhibit systematic broadening or loss 
of intensity, which is consistent with DSC findings of high melting stability and only moderate 
reductions in fusion enthalpy at prolonged storage. LDPE (T05–T08) also preserved its polyethylene 
spectral profile with minimal shifts, confirming structural stability during the test period. 

Overall, FTIR corroborates that the chemical backbone of both HDPE and LDPE remained 
intact throughout storage and that the structural rearrangements suggested by DSC are attributable 
to crystalline reorganization rather than oxidative degradation. 

Table 3. FTIR spectral assignments for polyethylene films (HDPE and LDPE) and observed changes across 
storage times. 

Wavenumber (cm⁻¹) Assignment Observation across time 

~2918, ~2848 ν_as/ν_s(CH₂) Stable positions and relative 
intensities in all series. 

~1472, ~1463 δ(CH₂) (scissoring) Stable; used as internal reference 
for qualitative indices. 

~730, ~720 ρ_r(CH₂) 
(orthorhombic) 

Doublet preserved; no systematic 
loss—consistent with modest 
crystallinity changes. 

1700–1740 C=O (carbonyl) Not detected; Carbonyl Index 
effectively ~0 within noise. 

910–990 =CH₂ / vinyl Not evident; no unsaturation 
growth. 

 
The evolution of the orthorhombic rocking doublet (~730/720 cm⁻¹), commonly used as a 

qualitative marker of crystallinity in polyethylene, is shown in Figure 2. Spectra of HDPE and LDPE 
films recorded between 800 and 680 cm⁻¹ at different storage times (0, 288, 864, and 1440 h) reveal 
that the characteristic doublet remained preserved throughout the experiment, with only minor 
variations in intensity. 

 

Figure 2. FTIR spectra of HDPE (a) and LDPE (b) films in the 800–680 cm⁻¹ region, highlighting the 
orthorhombic rocking doublet (~730/720 cm⁻¹) after 0, 288, 864, and 1440 h of storage. 

As shown in Figure 3, the FTIR spectra of HDPE and LDPE films in the 800–680 cm⁻¹ region 
confirm the preservation of the orthorhombic rocking doublet (~730/720 cm⁻¹) across all exposure 
times (0, 288, 864, and 1440 h). Only minor intensity variations were detected, consistent with the 
stability of the polyethylene crystalline structure observed throughout the storage period. 
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Figure 3. FTIR spectra of HDPE (a) and LDPE (b) films in the 800–680 cm⁻¹ region, highlighting the 
orthorhombic rocking doublet (~730/720 cm⁻¹) after 0, 288, 864, and 1440 h of storage. 

As shown in Figure 4, the full FTIR spectra of HDPE and LDPE films (4000–500 cm⁻¹) remained 
stable throughout the storage period. The characteristic polyethylene fingerprint—methylene 
stretching (~2918 and 2848 cm⁻¹), bending (~1472/1463 cm⁻¹), and rocking (~730/720 cm⁻¹)—was 
consistently preserved, and no new absorption bands were detected. In particular, the absence of 
carbonyl signals (1700–1740 cm⁻¹) indicates that oxidative degradation did not occur under the 
tested conditions. 

 

Figure 4. FTIR spectra of HDPE (a) and LDPE (b) films in the 4000–500 cm⁻¹ region after 0, 288, 864, and 1440 h 
of storage at 13 °C and 95% RH. 

As shown in Figure 5, the full FTIR spectra of HDPE and LDPE films remained stable during 
the 0–1440 h storage period. The characteristic polyethylene fingerprint was preserved in all 
samples, and no additional absorption bands were detected. In particular, the carbonyl region 
(1700–1740 cm⁻¹) remained free of new signals, confirming the absence of oxidative degradation 
and supporting the conclusion that structural changes observed by DSC are attributable to 
crystalline reorganization rather than chemical oxidation. 
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Figure 5. FTIR spectra of HDPE (a) and LDPE (b) films in the 4000–500 cm⁻¹ region after 0, 288, 864, and 1440 h 
of storage. The shaded area indicates the carbonyl region (1700–1740 cm⁻¹). 

3.4. Thermogravimetric Analysis (TGA) 

As illustrated in Figure 6, the TGA curves showed consistent thermal decomposition profiles 
across all exposure times (0, 288, 864, and 1440 h). The 50% mass loss temperature (T₅₀%) was nearly 
unchanged for HDPE (≈489–492 °C) and slightly lower for LDPE (≈469–472 °C), confirming the 
intrinsic difference in thermal resistance between the two polymers and the absence of significant 
degradation during storage. 

 

 

Figure 6. 3D TGA curves of HDPE (a) and LDPE (b) films showing weight loss (%) as a function of 
temperature and exposure time (0, 288, 864, and 1440 h). Markers indicate T₅%, T₅₀%, and T₉₅%. 

In Figure 7, the DTG curves illustrate the decomposition behavior of HDPE and LDPE films at 
different storage times. Both polymers showed a single, well-defined degradation peak, confirming 
their thermal homogeneity. For HDPE, Tmax values remained in a narrow range (488–492 °C), 
while LDPE exhibited slightly lower Tmax values (468–472 °C). These results indicate that storage 
up to 1440 h did not significantly alter the thermal degradation pathway of either polymer, 
although HDPE consistently demonstrated higher thermal stability than LDPE. 
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Figure 7. Derivative thermogravimetric (DTG) curves of HDPE (a) and LDPE (b) films after 0, 288, 864, and 
1440 h of storage. Tmax values indicate the temperature of maximum decomposition rate. 

Figure 8 shows the thermogravimetric behavior of HDPE and LDPE films, highlighting the 
onset (T₅%) and final stages (T₉₅%) of thermal degradation after different storage times. In HDPE, 
T₅% remained nearly constant at ~460–465 °C, while T₉₅% was reached between 521 and 524 °C. 
LDPE presented slightly lower values, with T₅% ranging from 435 to 440 °C and T₉₅% between 504 
and 507 °C.  

 

 

Figure 8. Thermogravimetric (TGA) curves of HDPE (a) and LDPE (b) films after 0, 288, 864, and 1440 h of 
storage, showing T₅% and T₉₅% values. 

3.5. Macro- and Microphotography 

As illustrated in Figure 9, surface alterations became increasingly evident in both HDPE and 
LDPE films with prolonged storage.  

 

HDPE 
0 horas 288 h 864 h 1440 h 

LDPE 
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Figure 9. Macrophotographs of HDPE and LDPE films at 0, 288, 864, and 1440 h of storage, showing 
progressive surface changes. 

Figure 10 shows the micrographs of HDPE and LDPE films at 0, 288, 864, and 1440 h. Both 
polymers displayed a progressive increase in surface deposits and defects with longer storage 
times. 

 
HDPE 

0 horas 288 h 864 h 1440 h 

LDPE 
0 horas 288 h 864 h 1440 h 

Figure 10. Micrographs of HDPE and LDPE films at 0, 288, 864, and 1440 h of storage, showing progressive 
accumulation of surface defects and deposits. 

3.6. Tensile Testing 

Figure 11 shows the tensile properties of HDPE and LDPE films during storage (0, 288, 864, 
and 1440 h). Panel (a) displays maximum tensile strength (σmax), panel (b) elongation at break (εb), 
and panel (c) Young’s modulus (E). Data are reported as mean ± standard deviation (n = 10). 

 
Figure 11. Tensile properties of HDPE and LDPE films after 0, 288, 864, and 1440 h of storage: (a) maximum 
tensile strength (σmax), (b) elongation at break (εb), and (c) Young’s modulus (E). 

4. Discussion 
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4.1. Atomic Absorption Spectroscopy (AAS) 

The detection of Zn in the HDPE film (T01) but not in the LDPE film (T05) highlights 
compositional differences between polyethylene types that may be attributed to the manufacturing 
process. Zinc compounds are often incorporated as stabilizers, catalysts, or slip agents in 
polyethylene production, especially in high-density formulations, which could explain the 
measurable concentration observed in T01. In contrast, the LDPE film (T05) was free of detectable 
Zn, suggesting either the absence of Zn-based additives or a concentration below the analytical 
limit of quantification [64]. 

Although the Zn level detected in HDPE was relatively low (0.93 mg/100 g), its presence is 
relevant for food-contact materials, since international regulations establish strict migration limits 
for heavy metals in plastic packaging. Previous studies have also reported trace levels of Zn in 
HDPE used for food storage, linking its origin to Ziegler–Natta catalysts or stabilizers employed 
during polymer extrusion [29,50,56]. The absence of Zn in LDPE may indicate a cleaner formulation 
more compatible with food safety requirements. 

From a postharvest perspective, the differences in trace metal content between HDPE and 
LDPE should be considered when selecting packaging materials for banana export. While HDPE 
offers superior thermal and mechanical stability compared to LDPE, the potential presence of trace 
metals underscores the importance of continuous monitoring and regulatory compliance [56]. 

4.2. Differential Scanning Calorimetry (DSC) 

The DSC results revealed clear differences between HDPE and LDPE films used in banana 
packaging. HDPE consistently exhibited higher melting temperatures (129.8–137.5 °C) compared 
with LDPE (118.6–125.4 °C), reflecting its greater crystalline stability. The onset of melting (Tonset) 
followed a similar pattern, remaining slightly below Tm in both polymers [23,24]. 

The enthalpy of fusion (ΔHf) and crystalline (Xc) showed moderate variations during storage. 
In HDPE, ΔHf and Xc decreased significantly at 864 h, followed by partial recovery at 1440 h, 
indicating structural rearrangements and possible secondary recrystallization after initial 
destabilization [24]. In contrast, LDPE exhibited a more stable profile, with ΔHf reaching a 
maximum at 864 h and decreasing moderately thereafter. These results suggest that HDPE 
undergoes more pronounced reorganization during storage, while LDPE shows gradual but less 
intense changes. 

Overall, HDPE films maintained higher thermal stability than LDPE throughout the study [22]. 
The consistently higher Tm values confirm the greater crystalline fraction of HDPE, which may 
contribute to its superior performance in protecting bananas under cold storage conditions. The 
presence of zinc detected in HDPE films may also contribute to delaying degradation processes, 
enhancing its stability compared with LDPE. 

4.3. Fourier Transform Infrared Spectroscopy (FTIR) 

Across all four FTIR datasets (full-range stacked and overlay; rocking-region stacked and 
overlay), both polyethylene films preserved the characteristic spectral fingerprint throughout the 
60-day storage period (0–1440 h, 13 °C, 95% RH). The CH₂ stretching doublet (~2918/2848 cm⁻¹), 
CH₂ bending (~1472/1463 cm⁻¹), and the orthorhombic rocking doublet (~730/720 cm⁻¹) remained 
constant in position and shape, indicating that the polymer backbone did not undergo detectable 
chemical modification, in agreement with prior studies on PE stability under controlled storage 
conditions [25–28]. 

The carbonyl window (1700–1740 cm⁻¹), highlighted in the full-range spectra, showed no 
absorption across time, yielding an effective Carbonyl Index ≈ 0, within experimental noise. 
Similarly, no signals of vinyl/unsaturation (~910–990 cm⁻¹) were observed. These results rule out 
measurable oxidative processes such as chain scission or carbonyl build-up under the imposed cold 
and humid conditions, consistent with previous reports where PE showed negligible oxidation in 
the absence of photo-oxidative stress [26–28]. 

When comparing polymers, HDPE consistently displayed a sharper and more defined 730/720 
cm⁻¹ doublet than LDPE, reflecting its higher orthorhombic crystalline order. The preservation of 
this doublet over time suggests that HDPE retained a more robust crystalline lattice during storage. 
In LDPE, minor intensity variations were detected, but without peak broadening or shifting, 
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supporting that its crystalline form was preserved. Such subtle differences align with the DSC 
results, which indicated structural rearrangements attributable to lamellar reorganization rather 
than polymorphic transformation [23,24]. 

In the full-range overlays, the strong CH₂ stretching peaks (~2918/2848 cm⁻¹) did not show 
systematic drift, and relative intensity variations were within the range expected for thin-film 
packing effects rather than chemical change [26,28,37]. Importantly, these FTIR findings are 
coherent with the DSC observations: HDPE maintained higher melting temperatures with moderate 
changes in enthalpy of fusion, while LDPE showed slightly larger fluctuations but no spectroscopic 
evidence of oxidative degradation. The detection of trace Zn in HDPE by AAS did not correspond 
to carbonyl formation, suggesting that under the tested cold and humid conditions, catalytic 
oxidation was not promoted  [29,50]. 

Overall, FTIR demonstrates that both HDPE and LDPE films were chemically stable over 60 
days of storage. The absence of carbonyl development and the preservation of the polyethylene 
fingerprint indicate low risk of oxidative aging, with HDPE showing slightly greater stability in 
crystalline markers. In practical terms for banana packaging, these results support the suitability of 
HDPE—and, to a lesser extent, LDPE—for postharvest applications, in line with recent research 
highlighting the role of polymer crystallinity and stability in food packaging performance [25,28,37] 

4.4. Thermogravimetric Analysis (TGA) 

The TGA profiles of HDPE and LDPE films exhibited a single major decomposition step under 
nitrogen, with near-complete volatilization (≈98–99%) and low residual mass (≈1–2%). This one-step 
degradation is typical of polyolefins and confirms the absence of additive concentrations that 
would generate additional mass-loss events, consistent with previous studies on polyethylene 
thermal behavior [44,45]. 

Quantitatively, HDPE proved more thermally stable than LDPE. Characteristic degradation 
temperatures were consistently higher for HDPE: T₅% ≈ 459–463 °C, Tmax ≈ 498 °C, and T₉₅% ≈ 521–
524 °C. In contrast, LDPE presented T₅% ≈ 436–440 °C, Tmax ≈ 478 °C, and T₉₅% ≈ 504–507 °C. The 
≈20–25 °C difference between polymers reflects their structural differences: the higher crystallinity 
and lower chain branching of HDPE increase the energy barrier for random chain scission, thereby 
shifting the decomposition window to higher temperatures [46,47]. 

Across all storage times (0, 288, 864, and 1440 h), neither 2D overlays nor 3D representations 
(temperature × exposure time × mass loss) revealed systematic variations in T₅%, T₅₀%, or T₉₅% 
beyond experimental scatter. This indicates that the accelerated storage protocol did not induce 
sufficient bulk oxidation to alter the pyrolytic pathway under inert conditions, corroborating earlier 
findings that PE degradation under nitrogen is largely unaffected by moderate weathering [48]. The 
small and nearly constant residue was slightly higher for HDPE, which can be attributed to trace 
inorganic content (e.g., Zn), in line with the AAS results [29]. 

From an application standpoint, the observed degradation window (~430–500 °C depending 
on polymer and metric) is well above the service temperatures encountered in agricultural 
packaging, supporting the thermal robustness of both materials. The invariance of T₅%/T₅₀%/T₉₅% 
after 1440 h further demonstrates that the polymer matrix did not experience significant thermal 
deterioration during storage. Similar reports highlight that the service performance of polyethylene 
films is not compromised unless subjected to photo-oxidative or oxidative thermal stress [45,49]. 

It should be noted that all measurements were conducted under inert nitrogen. Oxidative 
ramps or isothermal holds would likely accentuate differences related to surface oxidation. 
However, within the adopted protocol, the results confirm that HDPE retains superior thermal 
stability compared to LDPE, and that accelerated storage did not materially affect the TGA response 
of either polymer. 

4.5. Macro- and Microphotography 

Macroscopic inspection revealed progressive surface changes in HDPE and LDPE films across 
the storage period (0–1440 h, 13 °C, 95% RH). At time zero, both polymers displayed smooth 
surfaces with homogeneous gloss and no visible defects, indicating structural integrity and the 
absence of degradation. After 288 h (~12 days), HDPE remained virtually unchanged, showing only 
faint longitudinal extrusion marks, while LDPE began to exhibit early modifications such as loss of 
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surface gloss, fine roughness, and small undulations. These differences reflect the higher 
morphological heterogeneity and lower dimensional stability of LDPE compared with HDPE 
[44,45]. 

By 864 h (~36 days), deterioration became more evident. HDPE retained a relatively stable 
surface, although isolated transverse microcracks were observed. In contrast, LDPE displayed 
deeper folds, rougher zones, and visible fissures that disrupted surface uniformity, indicating its 
greater vulnerability to mechanical stress and environmental exposure [46,47]. At 1440 h (~60 days), 
HDPE still preserved most of its surface integrity, with only localized microcracks and partial loss 
of gloss. LDPE, however, showed advanced deterioration with multiple cracks, widespread 
roughness, and incipient delamination  [48–50]. 

Microscopic evaluation at 40× magnification provided further evidence of these trends. HDPE 
controls (0 h) exhibited continuous and compact surfaces aligned with extrusion direction, free of 
significant defects. After 288 h, only minor irregularities were detected. At 864 h, isolated transverse 
microcracks emerged, associated with accumulated stress during storage, and became slightly more 
frequent at 1440 h, accompanied by localized stress points and irregular edges, although the overall 
surface continuity was preserved. 

LDPE controls (0 h) already showed a more heterogeneous microstructure, attributable to its 
lower crystallinity and higher chain branching [25,26]. At 288 h, surface irregularities became more 
evident, with rougher textures and localized loss of smoothness. After 864 h, transverse 
microcracks, discontinuities, and rougher zones were detected, consistent with reduced mechanical 
strength. By 1440 h, LDPE exhibited microdelamination, multiple cracks, and increased 
irregularities, confirming its higher susceptibility to aging under the tested conditions [37,49,50]. 

4.6. Tensile Testing 

The tensile results revealed modest but systematic changes in the mechanical response of both 
polyethylene films during 0–1440 h of storage, consistent with physical aging processes such as 
lamellar reorganization rather than chemical degradation. This interpretation is supported by DSC, 
which showed stable or slightly enhanced melting behavior, and by FTIR, which confirmed the 
absence of carbonyl absorption in the 1700–1740 cm⁻¹ region. Together, these findings suggest that 
variations in tensile properties stem from microstructural rearrangements within the 
semicrystalline morphology instead of oxidative chain scission [23,25,26,37]. 

When directly compared, HDPE exhibited a more stable mechanical profile than LDPE. In 
HDPE, maximum tensile strength remained nearly constant (≈28.2 to 27.2 MPa), Young’s modulus 
increased slightly, and elongation at break decreased moderately (≈126% to 103%), indicating mild 
stiffening accompanied by reduced ductility. LDPE followed the same qualitative trend but with 
larger relative variations: strength declined slightly (≈12.5 to 11.8 MPa), modulus rose modestly 
(≈310 to 340 MPa), and elongation decreased progressively (≈480% to 430%). These results agree 
with previous reports that attribute the lower strength and modulus of LDPE to its higher 
branching and lower crystallinity compared with HDPE [42–46]. 

In absolute terms, HDPE was consistently stronger (≈2.3×) and stiffer (≈3×) than LDPE at any 
time point, while LDPE retained substantially higher ductility (≈4× HDPE at 1440 h). This balance 
reflects the structural influence of chain architecture on mechanical performance, consistent with 
earlier studies on semicrystalline polyolefins [45–47]. 

From an application perspective, both films maintained sufficient structural integrity over the 
60-day storage period, relevant to postharvest logistics. The combination of nearly constant 
strength, slight stiffening, and declining ductility indicates that HDPE preserves load-bearing 
capacity, while LDPE provides the flexibility required to accommodate handling stresses. However, 
the reduction in ductility observed in LDPE highlights its greater susceptibility to tear initiation 
under localized deformation. These comparative results support the selection of HDPE where 
dimensional stability and resistance are prioritized, and LDPE where flexibility is required; 
multilayer or hybrid packaging systems could provide a practical strategy to combine these 
attributes in banana export applications [48–50]. 

5. Conclusions 
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This study provided a comprehensive evaluation of HDPE and LDPE films used in the 
postharvest packaging of banana (Musa paradisiaca). HDPE contained detectable trace amounts of 
zinc (0.82–0.94 mg/100 g), whereas LDPE was zinc-free, reinforcing the importance of monitoring 
trace elements in food-contact materials. 

Thermal analysis confirmed higher melting stability in HDPE, with Tm ranging from 129.8 to 
137.5 °C, compared to 118.6–125.4 °C in LDPE. At 864 h, HDPE showed a sharp reduction in fusion 
enthalpy (ΔHf = 0.15 ± 0.08 J/g; Xc = 0.05 ± 0.03%), followed by partial recovery at 1440 h (ΔHf = 1.40 
± 0.55 J/g; Xc = 0.48 ± 0.19%). In contrast, LDPE displayed a more gradual profile, with ΔHf peaking 
at 2.35 ± 0.95 J/g (Xc = 0.80 ± 0.32%) at 864 h. FTIR confirmed the preservation of the polyethylene 
fingerprint, with no carbonyl growth (CI ≈ 0). 

Mechanical testing showed that HDPE maintained higher tensile strength (σ_max ≈ 28.2 → 
27.2 MPa) and stiffness (E ≈ 910 → 980 MPa), while elongation at break decreased from 126 ± 18% to 
103 ± 14%. LDPE, although less resistant (σ_max ≈ 12.5 → 11.8 MPa; E ≈ 310 → 340 MPa), retained 
much greater ductility (ε_b ≈ 480 → 430%). 

In summary, HDPE films demonstrated superior stability, resistance, and durability under 
simulated postharvest conditions, while LDPE films provided greater flexibility. These findings 
support evidence-based decisions in banana export packaging and highlight the importance of 
balancing performance, safety, and sustainability while moving towards more eco-friendly 
alternatives. 
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