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Abstract

Polyethylene terephthalate (PET) is a widely used material in container manufacturing, particularly in bottle
production. It is characterized by its low cost and widespread availability. However, its improper disposal has
significantly exacerbated global plastic pollution. For instance, less than 50% of plastic bottles are recycled. Moreover,
studies indicate that this issue has led to a significant accumulation of plastic waste in the oceans, which continues to
grow annually and could be considered floating islands of debris. This study proposes replacing PET with polylactic
acid (PLA), a biodegradable and biocompatible polymer with suitable properties for bottle production. PLA also has
a shorter decomposition time compared to PET, contributing to the reduction of carbon footprint and greenhouse gas
emissions. The research methodology included a diagnostic phase to define objectives, identify constraints, and
determine variables based on an extensive literature review. The design phase focused on modeling a PLA-based
bottle with detailed specifications and innovative structural features. Additionally, experimental evaluations of
biodegradability, compressive strength, and tensile strength were conducted to compare PET and PLA. The study
incorporated technical standards and engineering protocols to evaluate critical properties such as material permeability
and stress behavior. As a result, it was confirmed that PLA exhibits properties that make it a competitive material
compared to PET. In conclusion, this research presents a technically viable alternative to PET bottles through the use
of PLA, with the potential to significantly mitigate environmental impacts while maintaining the functional
requirements of packaging.
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1. Introduction

The issue arising from global plastic production is its inadequate management. As evidence of this, only 20% of
produced plastic bottles are recycled (Georgiou et al. 2022). Additionally, approximately 2.40 million tons of plastic
waste are dumped into the ocean worldwide. According to Alhazmi, Almansour, and Aldhafeeri, this accumulation of
2.40 million tons of waste in the ocean has led to the creation of “The Great Pacific Garbage Patch” (as cited in Ajaj
et al. 2022, p. 5). Furthermore, due to the inadequate disposal of PET bottles and their long-term persistence, CO2
emissions are generated, leading to respiratory problems and an increase in global warming. Additionally, ecosystems
are deteriorating, aquatic and terrestrial organisms are impacted, mosquito reproduction is encouraged, and various
diseases affecting public health are proliferating (Ajaj et al. 2022). To mitigate these environmental impacts, solutions
such as “Smart Use of Materials” (Suarez et al. 2022) and “material efficiency” (Pomponi et al. 2022) have been
proposed, focusing on the intelligent use of materials and improved packaging design. For this reason, it is proposed
to replace PET with a biodegradable material suitable for beverage packaging, such as PLA.
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1.1 Objectives

The general objective of this study is to assess the technica, and environmental feasibility of replacing PET plastics
with PLA plastics in functional beverage packaging as a sustainable alternative. Concerning the specific objectives,
these are outlined below:

Characterize the physical and chemical properties of PET and PLA bottles to determine their suitability for functional
beverage containment.

Design and conduct controlled laboratory experiments to evaluate the performance and durability of PLA and PET
plastics under various conditions relevant to packaging.

2. Literature Review

The growing concern over plastic waste highlights the need for sustainable alternatives in packaging. Alarmingly,
only 2% of plastic packaging is recycled into new products, with the rest ending up in landfills, being incinerated, or
polluting natural environments (Phelan et al. 2022). On a global scale, approximately 70% of plastic packaging is
discarded, specifically, 88.2 million tons of plastic waste annually (Soong et al. 2022). This inefficiency is further
compounded by health concerns, as studies show that 80% of microplastics in bottled water stem from PET bottles,
leading to an estimated annual intake of up to 90,000 particles per person (Kannan & Vimalkumar 2021). These
statistics emphasize the urgent need for alternatives like polylactic acid (PLA). PLA stands out as a biopolymer derived
from renewable biomass, offering biodegradability, biocompatibility, and superior mechanical properties, including a
high elastic modulus and transparency (Arrieta et al. 2014). Additionally, its production process generates significantly
lower greenhouse gas (GHG) emissions—only 11.85 kg CO2eq per equivalent mass, compared to 498 kg CO2eq for
PET (Mohammed et al. 2023). These attributes make PLA particularly suitable for short-shelf-life food packaging,
where its ease of processing and cost-efficiency are advantageous (Oliveira et al. 2022). Furthermore, the production
of PLA still accounts for substantial environmental impacts, including contributions to acidification (40%), climate
change (60%), and fossil fuel depletion (77%) (Moretti et al. 2021). Moreover, the environmental benefits remain
notable, as the production of PLA bottles results in significantly lower ecotoxicity levels 88.26% less than that of PET
(Baldowska-Witos et al. 2020). While PLA offers a promising solution for reducing the environmental footprint of
packaging, challenges remain in optimizing its production process and scaling its application. Its potential as a
sustainable alternative underscores the importance of continued innovation and investment in circular economy
strategies to mitigate the global plastic waste crisis.

3. Methods

The experimental methodology was selected to evaluate the material properties, comprising five key tests: Opacity
and light transmittance, compression, tensile strength, chemical composition and biodegradability.

For the opacity and light transmittance tests, the requirements of ASTM D1003 were followed, which recommends at
least three samples per material type to ensure result averaging and improve accuracy. The samples should be 50 mm
in diameter or equivalent in square form (ASTM International 2000). Therefore, 3 x 3 cm samples were used for the
test. The Shimadzu UV-VIS spectrophotometer UV-2600 from the Docimology Laboratory at the University of Lima
was employed for the analysis. For the compression test, two references were used: ASTM D695 and the research
article “Behaviour of sand-filled plastic bottled clay panels for sustainable homes” by Kim et al. (2019). ASTM D695
specifies that for isotropic materials, at least five specimens should be tested, excluding and replacing any defective
or fractured samples (ASTM International 2010). In Kim et al.'s study, compression tests were conducted on 500 ml
PET bottles, suggesting an ideal test range of 8 to 12 specimens (Kim et al. 2019). Accordingly, 10 bottles were
selected for the test, meeting the threshold of five samples as per ASTM D695.

The test was conducted on the Tensometric X500-50 universal testing machine at the Metrology and Material Control
Laboratory at the University of Lima, with a test speed of 20 mm/min until a displacement of approximately 70 mm
was reached. With respect to the tensile strength test, ASTM D638 was applied, specifying the number of samples
based on the material type. For isotropic materials, a minimum of five specimens is required, sized according to the
thickness of the plastic being evaluated. For Type V specimens, ASTM D638 provides three test speeds (1, 10, and
100 mm/min); the standard recommends selecting a speed that causes failure within a range of 30 seconds to 5 minutes.
Samples exhibiting defects, deformations, or breakages outside the gauge section (G) at the sample center must be
discarded (ASTM International 2014). The tests were performed using the same equipment as in the compression test.
The equipment was calibrated and set to a speed of 1 mm/min for 10 PLA and PET samples. Additionally, paper was
applied to the ends of the samples to enhance grip during testing. With regard to the chemical composition analysis,
ASTM E1252 was followed, which outlines several techniques for solid sample analysis using spectrophotometry.
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One prescribed method involves grinding the sample into powder, compacting it into a pellet to ensure uniform
distribution, thus enabling accurate spectral analysis of the material's chemical components (ASTM International
2021). Although ASTM E1252 does not specify an exact sample quantity, it requires sufficient powder contact with
the crystal for reliable reading. For this, 10 PLA bottles and 12 PET bottles were ground. The grinding process was
performed using a blade mill in the Operations and Unit Processes Laboratory at the University of Lima. The analysis
was carried out using an FTIR spectrophotometer model IRTracer-100 in the Environmental Engineering Laboratory
at the University of Lima, configured for 32 scans with a resolution of 2 cm™. For the biodegradability test, the ASTM
D5338 guidelines were followed, which stipulate the use of compost inoculum, distilled water, plastic specimens, and
containers. The standard prescribes 12 containers, distributed as follows: 3 with plastic and compost, 3 with compost
only, 3 with biodegradable material and compost, and 3 with non-biodegradable material and compost (ASTM 2015).
Due to laboratory constraints, the test conditions were adjusted based on the resources available in the Microbiology
Laboratory at the University of Lima. Three containers were used: the first containing mushroom cultivation substrate
with PLA fragments, the second containing substrate and PET fragments, and the third containing substrate only.
These three containers were placed in a Precision Scientific BOD incubator at 50°C for 6 days, with measurements
taken every 12 hours. It is worth noting that this temperature is the maximum setting of the incubator, and the duration
of the experiment was determined based on the availability of the equipment.

4. Data Collection

The collected information on relevant aspects of the opacity and light transmittance, compression, tensile, chemical
composition, and biodegradability tests is presented. Regarding the transmittance test, it measures the amount of light
that passes through a material (ASTM International 2000). It is important to highlight that increased crystallinity
enhances the material's resistance to UV rays, which can trigger a chain reaction leading to material degradation.
While many plastics do not directly absorb radiation, impurities within the material can absorb it, breaking polymer
chains and making the material brittle (Zeus 2019). In the compression and tensile tests, the mechanical behavior of
the material is assessed. For example, density is related to the weight of the bottle per unit volume; a higher value
means the bottle is heavier, which can affect transport and handling. The modulus of elasticity indicates the material's
rigidity: a higher modulus means the material will resist deformation under load more effectively. The yield stress
represents the maximum stress the material can withstand before permanent deformation occurs; therefore, a higher
yield strength indicates better resistance to irreversible deformation.

Finally, the peak stress refers to the maximum stress the material can withstand before failure, indicating the material's
ultimate resistance to fracture. Regarding chemical composition analysis, techniques such as spectroscopy are used to
identify functional groups that influence the material's macroscopic properties. Finally, regarding the biodegradability
test, a study evaluated the decomposition of the material after anaerobic treatment. The results showed that after 100
days, the material developed cracks and easily disintegrated (Zaborowska, M., 2021). In contrast, PET, a polymer
derived from petroleum, is known for its intrinsic chemical stability, preventing rapid decomposition in the
environment. PET is estimated to take between 400 and 500 years to decompose, significantly contributing to the
accumulation of plastic waste (Gambino et al. 2020; Aslani et al. 2021).

5. Results and Discussion

5.1 Numerical Results

Regarding the compression test of the PET bottles, as shown in Figure 1, the maximum force applied was recorded in
PET-9, with a value of 273.10 N, while the minimum was recorded in PET-5, with a value of 76.10 N. Regarding the
cross-sectional area, a standard deviation of 24.130 mm was obtained, indicating low variability considering an
average of 2975.26 mm. The posterior diameter remained relatively constant, with a standard deviation of less than
0.5 mm. The average density was 24.84 kg/m>. In terms of the elastic modulus, the minimum value was 0.219 N/mm?
in PET-4, and the maximum was 4.092 N/mm? in PET-5, indicating that the latter exhibits greater stiftness. For the
yield stress, the highest value was observed in PET-10, with 0.021 N/mm?, while PET-2 demonstrated lower resistance
before permanent deformation. Regarding the peak stress, the highest value was 0.091 N/mm? in PET-9.
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Test N° Peak force Area Breadth Density Young's Modulus Yield stress Peak stress
™ (mn?) (om)  (kg/r) (/) Nm) (/)

PET-1 68.100 2975.404 61.550 24.890 3.747 0.017 0.023
PET-2 99.000 2970.572 61.500 24.835 3.746 0.012 0.033
PET-3 252.900 2979.273 61.590 24.778 0.260 0.019 0.085
PET -4 245.900 3011.284 61.920 24.436 0.219 0.020 0.082
PET-5 76.100 3011.284 61.920 24.358 4.092 0.020 0.025
PET - 6 100.900 2954.172 61.330 24.829 3852 0.019 0.034
PET-7 226.200 2949357 61.280 25.189 0.542 0.018 0.077
PET-8 226.000 2958.027 61.370 24.749 0.963 0.018 0.076
PET-9 273.100 2995.742 61.760 24.831 0.572 0.020 0.091
PET - 10 220.400 2947.432 61.260 25.462 0.361 0.021 0.075
MEAN 178.860 2975.255 61.548 24.836 1.835 0.018 0.060
S.D 81.873 24.130 0.249 0.320 1.756 0.003 0.028
C. of Var. 0.458 0.008 0.004 0.013 0.957 0.138 0.459

Figure 1. PET compression test results

Regarding the compression test of the PLA bottles, the results are shown in Figure 2. The maximum force applied was
recorded in PLA-9, with a value of 323.40 N, while the minimum was observed in PLA-10, with a value of 200.80 N.
Regarding the cross-sectional area, a standard deviation of 21.04 mm was obtained, indicating low variability
considering an average of 2793.55 mm. The posterior diameter remained relatively constant, with a standard deviation
of less than 0.5 mm. The average density was 44.57 kg/m?®. For Young's modulus, the minimum value was 6.851
N/mm? in PLA-4, while the maximum value was 11.465 N/mm? in PLA-1. For the yield stress, the highest value was
0.115 N/mm? in PLA-9, indicating that this material can withstand higher stresses before experiencing permanent
deformation. Regarding the peak stress, the highest value was also 0.115 N/mm? in PLA-9.

Test N° Peak force Area Breadth  Density Young's Modulus Yield stress Peak stress
™ (mnr’) (mm) (kg/nr) (N/mnr’) (N/mn’) (N/mnr’)

PLA-1 209.400 2,795.480 59.660 44.482 11.465 0.034 0.075
PLA-2 318.000 2,791.733 59.200 44.650 9.126 0.114 0.114
PLA-3 294.500 2,759.982 59.280 45.195 8.307 0.079 0.107
PLA-4 268.100 2812374 59.840 44.307 6.851 0.053 0.095
PLA-5 276.000 2,756.259 59.240 45.004 7.535 0.098 0.100
PLA-6 202.000 2.810.494 59.820 44.260 10.695 0.072 0.072
PLA-7 291.900 2,797.355 59.680 44.623 9.396 0.104 0.104
PLA-8 270.200 2,786.116 59.560 44.647 7.068 0.097 0.097
PLA-9 323.400 2.814.254 59.860 44.231 8.736 0.115 0.115
PLA-10 200.800 2.811.434 59.830 44.291 10.460 0.071 0.071
MEAN 265.430 2793.548 59.597 44.569 8.964 0.084 0.095
S.D 46.129 21.040 0.265 0.327 1.574 0.027 0.017
C. of Var. 0.174 0.008 0.004 0.007 0.176 0.319 0.176

Figure 2. PLA compression test results

Based on the results obtained for both materials, the following conclusions can be drawn. The PLA bottles exhibited
a higher Young's modulus, yield stress, and peak stress, indicating greater resistance to initial deformation, the ability
to withstand higher stresses before undergoing permanent deformation, and a higher tension before reaching their
maximum resistance compared to the PET bottles. However, the PLA bottles showed more dents and fractures than
the PET bottles. This can be attributed to their lower ductility and a more brittle fracture mechanism. Additionally,
the molecular chain orientation in PLA may be less favorable for resisting deformation in the direction of the applied
load compared to PET. It is also important to note that the average cost of the test was $20.56, and it was conducted
on August 28th and 29th.

In the tensile test, the results were analyzed to evaluate key performance indicators. Initially, 10 samples were tested;
however, due to machine configuration issues, several outliers were detected. As a result, the analysis was refined to
focus on 6 samples. As shown in Figure 3, the lowest peak force was 50.50 N, observed in PET-5, while the highest
was 65.20 N in PET-4. Furthermore, the peak stress varied, with a minimum of 13.80 N/mm? in PET-3 and a maximum
of 18.63 N/mm? in PET-4. Finally, Young's modulus recorded its lowest value of 532.68 N/mm? in PET-2 and its
highest value of 780.90 N/mm? in PET-6.
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Test N°© Peak force Peak stress Young's modulus
™ (IN/mm®) (IN/mnr*)
PET -2 58.600 16.740 532.680
PET -3 48.300 13.800 604.600
PET -4 65.200 18.630 581.280
PET -5 50.500 14.430 564.540
PET -6 59.800 17.090 780.900
PET -7 57.700 16.490 557.050
MEAN 56.683 16.197 603.508
S.D 6.252 1.787 90.174

C. of Var. 0.110 0.110 0.149

Figure 3. PET tensile test results

As shown in Figure 4, the lowest peak force was 102.60 N in PLA-4, while the highest was 162.20 N in PLA-S.
Moreover, the peak stress varied from 4.69 N/mm? in PLA-4 to 7.41 N/mm? in PLA-5. Young's modulus also showed
significant variation, with the lowest value of 190.03 N/mm? recorded in PLA-9 and the highest value of 262.24
N/mm? in PLA-S.

Test N° Peak force Peak stress  Young's modulus
() (N/mnr) (N/mn)
PLA -3 120.000 5.479 190.880
PLA-4 102.600 4.685 191.940
PLA-5 162.200 7.406 262.240
PLA-6 132.400 6.046 210.540
PLA-7 127.700 5.831 198.880
PLA-9 114.100 5.210 190.030
MEAN 126.500 5.776 207.418
S.D 18.610 0.850 25.507

C. of Var. 0.147 0.147 0.123

Figure 4. PLA tensile test results

Based on the results obtained for both materials, the following conclusions can be drawn. Although PLA shows higher
resistance to maximum force compared to PET, it also exhibits lower rigidity and greater flexibility. This means that
while PLA can withstand more force before breaking, it is more prone to deformation under moderate loads due to its
flexibility. In contrast, PET, with greater rigidity, is better at resisting deformation but may be less capable of
withstanding extreme forces without fracturing. In summary, PET is more resistant to deformation and behaves in a
more rigid manner, while PLA, although stronger in terms of force resistance, is more flexible and less rigid. It is also
important to mention that the cost of the test averaged $6.17 and was conducted on September 5, 12 and 19.

5.2 Graphical Results

In this section, the results of transmission, biodegradability, and chemical composition tests will be interpreted.
Additionally, an overview of the associated testing costs and scheduled dates will be presented to provide a
comprehensive analysis of the feasibility and implementation timeline for these evaluations

Regarding the transmittance test, it refers to the amount of light passing through a material (ASTM International
2000). It is also important to note that higher crystallinity increases resistance to UV rays, which can trigger a chain
reaction within the material leading to its degradation. Although many plastics do not absorb radiation, certain
impurities can cause it by breaking the main polymer chains, making the material brittle (Zeus 2019). The test yielded
transmittance percentages for different wavelength bands in nanometers. In Figure 5, the pink line represents PET
material and the orange line represents PLA; indicating that PET exhibits lower light transmission with a maximum
value of 89.76%, while PLA reaches 94.16%. This experiment was conducted on October 3rd in the Docimology
Laboratory, with a total cost of $6.17.
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Figure 5. Transmittance analysis result

Regarding the biodegradability test, data were obtained from the software connected to the incubator. This software
primarily provided the biochemical oxygen demand (BOD) in mg/L every 12 hours over 6.5 days. Due to an equipment
issue, the duration of the experiment was shortened from the originally agreed 21 days; and had a total cost of $15.93.
The BOD was multiplied by 1 liter, the container’s capacity, to obtain the BOD solely in mg.
To calculate the theoretical CO2 evolution, the following preliminary calculations were performed. First, the
approximate molar masses of each element were considered: Carbon (C) at 12 g/mol, oxygen (02) at 16 g/mol, and
carbon dioxide (CO2) at 44 g/mol. It should also be noted that, according to the material balance, all elements in the
chemical equation contain 1 mole. Therefore, the conversion factor used was 44 g CO2 / 32 g O2 for each provided
BOD value. From measurement 14 to 25, the theoretical CO2 quantity remained constant as it exceeded the software
limits. Figure 6 is presented to observe the increase in CO2 quantity, indicating that PLA is being decomposed by
organisms, such as bacteria, in a biodegradation process.
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Figure 6. Theoretical CO2 evolution

Figure 7 shows the biodegradation percentage of the material. This was calculated by dividing the difference between
the final and initial BOD quantities by the final BOD. It is important to note that the indicator reflects a one-day period
to standardize the results.
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Regarding the chemical composition analysis using the IR spectrophotometer, the results are presented below in
Figure 8. The test conditions included 32 scans and a resolution of 2 cm™ with the model “RTracer-
100 _IRTracer100.” The test was conducted from September 4th to 12th in the microbiology laboratory, with a cost of
$2.06. In the graph, the peaks are characteristic of the functional groups of each material; the purple line represents
PET, while the red line represents PLA.

In each spectral band, a characteristic “peak” is generated due to the percentage of transmittance (T%) exhibited by
the material. Complementarily, the percentage of absorbance (Abs%) is calculated as the complement of the
transmittance. This test enables the identification of functional groups within materials, which are indirectly related
to their macroscopic properties.
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Figure 8. Composition analysis results

The first peak corresponds to the carbonyl (C=0) group in esters, notable for its highly polar bond and strong peak
due to carbon-oxygen interactions (Miller 2022). Its double bond requires approximately 741 kJ/mol to break
(LibreTexts n.d.). For PLA, the carbonyl peak is observed around 1750 cm™ (Mofokeng et al. 2012), while for PET,
it appears between 1700 cm™* (Smith 2022) and approximately 1745 cm™ (Venkatesulu et al. 2024), influenced by its
aromatic ring. Chemical composition analysis confirmed peaks at approximately 1750 cm™ for PLA and 1711 cm™
for PET. While this functional group does not directly affect material properties, its double bond enhances structural
rigidity and stability, as more energy is required to break the bond. In PLA, it also contributes to biodegradability
through hydrolysis, where water molecules break polymer chains via nucleophilic attack (Gu et al. 2023). The second
peak relates to the deformation of the C-H bond in PLA and aromatic ring stretching in PET. In PLA, this occurs at
1470-1450 cm™ in the methylene (CH2) group, known as “scissoring” deformation (LibreTexts n.d.), and in the
methyl (CHs) group as the “umbrella” mode (Beaucage n.d.). For PET, aromatic ring C-C bond stretching occurs
within 1400-1500 cm™ (LibreTexts n.d.). Experimental data showed peaks at 1450 cm™ for PLA and 1411 cm™ for
PET. The third peak is associated with ester (C-O-C) stretching. For PLA, this appears at 1140-1070 cm™* for saturated
esters (Miller 2022). Mixed esters, with one aromatic carbon, show peaks at 1010—-1050 cm™ and 1200-1300 cm™,
with the aromatic ring causing higher frequency peaks (Miller 2022). According to LibreTexts (n.d.), this stretching
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typically occurs within the 1000 - 1300 cm™ range. PET peaks were observed at 1209 cm™ and 1092 cm™, while PLA
peaks appeared at 1180 cm™* and 1080 cm™. Additionally, PET exhibits a unique peak at 720—730 cm™, linked to the
methylene (CH2) group due to ester-aromatic ring interactions (Socrates 2021; Pereira et al. 2017).

5.3 Proposed Improvements

The proposed improvements for the project include several adjustments to enhance testing accuracy and data
representativeness.

In the biodegradability test, it is essential to consider both the composting inoculum’s operating temperature and the
incubator’s maximum temperature, as some inoculums function at higher temperatures, such as 60°C, while the
incubator in the Microbiology laboratory has a limit of 50°C, which restricts experiments under these conditions.
Extending the incubation period for samples would allow observation of variations over several weeks, and
incorporating oxygen and CO2 sensors would provide more precise measurements. Using additional samples and
containers in the biodegradability test would also enhance data robustness. For the tensile tests, it is recommended to
use alternative types of grips on the X500-50 universal testing machine, as the small sample sizes led to measurement
difficulties. Conducting these tests across a range of temperatures, from 14 to 30°C, is also advised, as the indicators
do not show a proportional relationship with temperature. This approach would yield results that more accurately
reflect the bottles' life cycle. Finally, for the chemical composition test, using alternative laboratory equipment would
facilitate more efficient fine powder collection, as the current process requires multiple repetitions and allows only
small quantities of powder to be extracted per cycle.

5.4 Validation

The biodegradability test aimed to achieve a degradation percentage of over 70% after a 45-day period (Moreno 2020).
However, due to limited availability of the incubator housing the samples, the test was conducted over a 4-day period.
During this time, daily measurements of biodegradation percentages were recorded for both PET and PLA. It is
important to note that PET remained at 0% biodegradation, while PLA showed measurable variations, making it the
primary focus of the analysis. To evaluate the results in comparison to the reference value, the variation in the
biodegradation percentage between the value at the start of the final day and the value at the start of the second day
was calculated. This period was selected because, after 12 hours on the final day, the Biochemical Oxygen Demand
(BOD) reached 600 mg O-/L and stabilized due to system limitations. Therefore, for a more accurate assessment, the
value recorded before this stabilization was used.

Specifically, the BOD at the beginning of the last day was 590 mg O./L, compared to 205 mg O-/L at the beginning
of the second day, resulting in a calculated variation of 65.25%, as shown in Figure 9. Despite the test being limited
to just 4 days, this result closely aligns with the expected reference value. Therefore, it can be inferred that the
biodegradation percentage would likely increase with a longer test duration. These findings highlight the high
biodegradability of PLA.

Biodegradability

Day 1 percentage variation

(¥
w
=

Start 0 205 | 416 | 590 65.25%

Figure 9. Biodegradation percentage variation

Regarding the transmittance test, the ASTM International (2000) standard, “Standard Test Method for Haze and
Luminous Transmittance of Transparent Plastics,” specifies optimal total transmittance values between 90% and 99%.
The results obtained in the test align with this standard, as the minimum and maximum values recorded were 88.24%
t0 89.76% for PET and 90.31% to 94.55% for PLA. Therefore, based on the results, both materials meet the established
parameter, with PET demonstrating the highest level of performance, as shown in Figure 10.

Material Minimum Maximum Average Expected percentage
PET 88.24% 89.76% 88.93% 00% - 99%
PLA 90.31% 94.55% 92.51%

Figure 10. Total transmission percentage
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In addition, regarding the haze percentage values, according to the previously mentioned standard, the optimal haze
range must be below 2%. Based on the results obtained in Figure 11, both materials meet the established parameter,
with PET being the most optimal.

Material Diffuse transmission (%)  Total transmission (%) Haze (%) Expected percentage
PET 1.26% 80.93% 1.40% <29
PLA 1.72% 92.51% 1.86%

Figure 11. Haze percentage

In relation to the compression test, the evaluated indicator is the yield stress (N/mm?). The values obtained for PET
and PLA are presented below in Figure 12. In the case of PET, the yield strength is within the range of 20 to 107
N/mm? on average (MatWeb, 2024); however, the average value obtained is 0.018 N/mm?. For PLA, the yield stress
is considered close to the flexural elastic limit, which is at least 0.170 MPa (MatWeb, 2024). The obtained value is
0.084 N/mm?. Therefore, in both cases, there are discrepancies compared to the reference data; however, the difference
is more significant in the case of PET. This can be explained by the ambient temperature of 15°C and the loading rate
of 20 mm/min.

Test N° PET Stress PLA Stress Yield

Yield (N/mm?) (N/mm?)
1 0,017 0,034
2 0,012 0114
3 0.019 0,079
1 0,020 0,053
5 0,020 0,098
6 0.019 0,072
7 0,018 0,104
8 0,018 0,097
9 0,020 0,115
10 0,021 0071
MEAN 0,018 0,084
s.D 0,003 0,027
C. of Var. 0,138 0,319

Figure 12. Stress Yield

Regarding the results of the chemical composition, a summary table is presented that compares the spectral bands,
where the presence of specific functional groups is expected, according to various authors, with the values obtained
using the equipment. Figure 13 allows for verification that the measured values fall within the range proposed by these
authors.

Functional group  Sample Expected band (cm-1) Author Spectrum (cm-1) T (%) Abs (%)
PLA 1750 (Mofokeng et al., 2012) 1750.43 59.45 40.55
Carbonyl C=0 (Smith, B.C, 2022)
g 700 - 1745 . 710.: .67
PET 1700 - 1745 (Venkatesulu et al., 2024) 1710.89 69.33 30.6
C-Hand PLA 1470 - 1450 (LibreTexts, . f) 1450.49 9037 9.63
stretching of the
aromatic ring PET 1400 - 1500 (LibreTexts, s. f)) 1410.95 93.80 6.20
4 53 3847
PLA 1140 - 1070 Miller (2022) s o o
1080.16 55.02 44.98
Ester C-O-C 1200 - 1300 (Miller, 2022)
; 1209.39 91.17 .83
PET 1010 - 1050 (Miller, 2022) i1 ;3 el )8,33’6
1000 - 1300 (LibreTexts, s. f) i i =

Methylene CH2

g PET 720 - 730 (Socrates, G., 2001) 720.43 68.41 31.59
deformation

Figure 13. Spectrophotometer results

In relation to the tensile test, the evaluated indicators are the peak stress (MPa) and the elasticity modulus or Young's
modulus (GPa) shown in Figure 14. The estimated values for PLA and PET are presented for a temperature range of
10 to 20°C, as the laboratory temperature is considered. Regarding peak stress (MPa), it ranges from 0.160 to 3000
MPa. It also varies from 5 to 42 MPa when the temperature is between 30 and 110°C. Therefore, a value below 5 MPa
is considered. The obtained average value is 5.78 N/mm? or MPa, which meets the reference value.

As for the elasticity modulus (GPa), it ranges from 0.00232 to 13.8 GPa. It is specified that for a temperature range of
30 to 110°C, the value varies from 2.96 to 3.60 GPa. Therefore, a value below 2.96 GPa is considered. The obtained
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average value is 207.42 MPa, which aligns with the estimated value (MatWeb, 2024). For PET, regarding peak stress
(MPa), it ranges from 22 to 830 MPa. The obtained average value is 16.20 N/mm? or MPa, which does not meet the
reference value. Regarding the elasticity modulus (GPa), it ranges from 1.57 to 5.20 GPa. The obtained average value
1s 603.51 MPa or 0.60351 GPa, which meets the estimated value.

Material PET PLA
Test N° Peak stress Young's modulus Peak stress Young's modulus
(N/mn¥) (N/mnp) (N/mn¥) (N/mn¥)
1 16.74 532.68 5.48 190.88
2 13.8 604.6 4.69 191.94
3 18.63 581.28 7.41 262.24
4 14.43 564.54 6.05 210.54
5 17.09 780.9 5.83 198.88
6 16.49 557.05 5.21 190.03
MEAN 16.197 603.508 5.778 207.418
S.D 1.787 90.174 0.931 27.941
C. of Var. 0.110 0.149 0.161 0.135

Figure 14. Peak stress and elasticity modulus

6. Conclusion

In this section, the conclusions of the present study are presented.

Regarding the properties of the materials studied, the following observations are made. PET is characterized by its
hardness, high transparency, and adequate thermal resistance. However, it is derived from fossil sources, which results
in slow decomposition. On the other hand, PLA is considered a material with lower hardness compared to PET, low
impact resistance, and low permeability. Furthermore, it is produced from organic compounds, making it
biodegradable. Under optimal conditions, it could degrade within 100 days.

Tensile, compression, light transmittance and opacity, chemical composition, and biodegradability tests were planned
and conducted for both plastics. These tests were carried out in the laboratories of Metrology and Materials Control,
Assaying, Microbiology, and Environmental Engineering. Moreover, each test was based on a specific standard. It is
worth noting that the procedures were adapted to the availability of the equipment, and the suggestions of the
laboratory staff were taken into consideration. Controlled laboratory experiments highlighted the key performance
differences between PET and PLA under conditions relevant to beverage packaging. PET proved to be more resistant
to deformation and maintained its integrity better under mechanical stress. PLA, despite its reduced mechanical
performance, showed promising results in biodegradability tests, aligning with sustainability goals. Laboratory testing
in University of Lima played a crucial role in evaluating the practical performance of PET and PLA, providing reliable
data on their physical, chemical, and mechanical properties. These experiments allow for a thorough comparison of
durability and biodegradability, helping to identify strengths and limitations of each material.
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