
International Journal of Current Science Research and Review 

ISSN: 2581-8341    

Volume 09 Issue 01 January 2026    

DOI: 10.47191/ijcsrr/V9-i1-44, Impact Factor: 8.048   

IJCSRR @ 2026   

 

www.ijcsrr.org 

  

334   *Corresponding Author: Karla Sherlyn Soní Ramírez                                  Volume 09 Issue 01 January 2026 

                               Available at: www.ijcsrr.org 

                                                         Page No. 334-349 

 

 

Biodegradable Materials for Packaging Design to Minimize Environmental 

Impact and Reduce Carbon Dioxide 
 

Karla Sherlyn Soní Ramírez1, Enrique de Jesús Mohedano Torres2, Melany Jacqueline Alcala Yepez3,  

Luz Angelica Cortes Madrigal4, America del Angel Farfán5 
1,2,3,4,5 Tecnológico Nacional de México Campus Pachuca 

 

ABSTRACT:  The research titled "Biodegradable Materials for Packaging Design to Minimize Environmental Impact and Reduce 

Carbon Dioxide" addresses the global issue of plastic and cardboard packaging waste, which contributes significantly to climate 

change. The introduction highlights the massive production of plastics (50% in Asia, with China accounting for 29%) and cardboard 

(over 400 million tons annually, with recycling rates below 60%). In Mexico, 40% of cardboard ends up in landfills due to systemic 

inefficiencies.  

A sustainable system is proposed based on two pillars: 3D printing with compostable organic filaments (such as PLA reinforced 

with agricultural waste: coffee, sugarcane bagasse, and rice husks) for internal inserts, and totomoxtle (corn husks pressed with bio-

epoxy resins) as an alternative to rigid cardboard. These materials reduce CO2 emissions by 30–50% (average 45%) compared to 

fossil-based plastics and degrade within 4–12 weeks in industrial composting, promoting a circular economy and cultural value in 

Mexico.  

The methodology is quantitative, correlational, and experimental, utilizing the SALSA method to review literature (2020–2025) 

from databases such as Nature and ScienceDirect. It includes a pilot study with convenience sampling in local companies, measuring 

variables such as CO2 reduction and industrial viability. Preliminary results confirm environmental and mechanical benefits but 

identify limitations in costs (2–3 times higher), scalability, and logistics. The analysis validates initial hypotheses, emphasizing the 

need for optimization to achieve industrial adoption and closing the gaps between theoretical potential and practical application. 
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INTRODUCTION 

Since its inception, the modernization of production processes has been aimed at satisfying societal demands. However, in many 

cases, this development has focused on producing various types of packaging with a deficient and limited lifespan, without 

comprehensively considering the environmental consequences derived from their production and disposal. 

A clear example is the surge in plastic manufacturing, which has generated a significant increase in the volume of waste globally. 

Regarding global production, approximately half of the plastics consumed worldwide are generated on the Asian continent, with 

China leading production at roughly 29%. This is followed by Europe at 19% and the USMCA (formerly NAFTA) countries at 

18%, while Latin America represents nearly 4% of total production. 

Similarly, on a global scale, the annual consumption of paper and cardboard exceeds 400 million tons; however, less than 60% of 

these materials are efficiently reintegrated into recycling systems (FAO, 2023). In the Mexican context, approximately 40% of 

cardboard packaging used across various industries ends up in landfills. This situation is mainly attributed to low efficiency in 

collection processes and the presence of inks, laminates, and prints that hinder or prevent recycling (INECC, 2024). 

In this regard, the development of a comprehensive sustainable packaging system is proposed to meet the diverse needs of each 

industry. This system is based on two fundamental pillars: 

3D Printing: The manufacturing of internal inserts using compostable organic filaments capable of turning into compost after their 

useful life. 

Corn Totomoxtle: The use of modified corn leaves (bracts) that protect the kernels until maturity. These pressed corn husks, coated 

with high-temperature resistant natural resins, serve as an alternative to cardboard for rigid packaging. This combination not only 
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addresses an environmental problem but also provides cultural value by recovering and reframing an agricultural material of great 

importance in Mexico: corn and its derivatives. 

Recent studies support the viability of these solutions. The incorporation of organic waste—such as coffee, sugarcane bagasse, or 

rice husks—into the production of biocomposites for 3D printing has been shown to improve the mechanical properties of the 

filament while accelerating compostability under appropriate conditions (Yoha et al., 2023). 

Similarly, research on the biodegradation of PLA (Polylactic Acid)—a biodegradable bioplastic made from renewable natural 

resources like corn starch, cassava, sugarcane, or sugar beet—and reinforced bioplastics indicates that in industrial composting 

processes, disintegration times can vary between four and twelve weeks. Unlike petroleum-based plastics, PLA is obtained through 

the fermentation of plant starch to produce lactic acid, which is then polymerized (Müller et al., 2022). In the case of boxes made 

with totomoxtle, pressing and impregnation with bio-epoxy resins derived from vegetable oils allow for thermal and mechanical 

resistance similar to traditional cardboard. This reduces dependency on a material that is highly consumed yet infrequently recycled 

in practice (Wang et al., 2022). 

 

METHODOLOGY 

The research is defined as quantitative, as it focuses on measurable variables such as the decrease in carbon dioxide ($CO_2$) emissions 

during packaging production and disposal, and the improvement of industrial design through the use of biodegradable materials 

(Atiwesh et al., 2021).  

The study is correlational in nature, exploring the relationship between the use of biodegradable materials and the reduction of 

environmental impact (Ncube et al., 2021).Consequently, the work employs an experimental design, as it involves controlled testing to 

compare traditional versus biodegradable packaging. This process measures dependent variables—such as CO2 reduction and industrial 

feasibility—by manipulating independent variables, including types of organic filaments or coatings like totomoxtle (corn husk) with 

bio-epoxy resins (Zia et al., 2022). 

Application of the SALSA Systematic Scientific Review MethodThe SALSA method is applied to review the literature in a rigorous 

and systematic manner (Grant & Booth, 2009). Results were identified by prioritizing articles from 2020–2025 to ensure contemporary 

relevance. During the Appraisal stage, articles were evaluated using Life Cycle Assessment (LCA), the standard for measuring actual 

environmental impact (Sherwani et al., 2024). In the Synthesis phase, it was found that biodegradable materials reduce CO2 emissions 

by 30–50% compared to fossil-based plastics, although they face challenges regarding scalability and costs (Rosenboom et al., 2022). 

Therefore, to support the viability of the proposed experimental design, a background matrix has been consolidated. This matrix 

compiles the most recent research (2020–2025) published in high-impact databases such as Nature, ScienceDirect, MDPI, and 

PMC/NIH. This bibliographic synthesis utilizes the SALSA method to contrast how various authors address the global issue of 

greenhouse gas emissions derived from fossil plastics and emerging solutions based on biodegradable polymers and agricultural waste. 

 

Table I. Systematic Review (Derived from SALSA) 

Citación Database / 

Location 

Objective Problem Statement Key Findings / Results 

Ncube et al. 

(2020) 

PMC/NIH (Global) Evaluate the 

environmental impact of 

packaging materials. 

Greenhouse gas emissions 

from traditional plastics. 

Biodegradable materials 

reduce emissions by 44% 

vs. PET. 

Silva et al. (2025) ScienceDirect 

(Global) 

Analyze innovations in 

biodegradable food 

packaging. 

High waste levels and 

dependency on fossil-

based plastics. 

CO2 emission reduction of 

30-40% using 

compostable materials. 

Muhammad et al. 

(2025) 

MDPI (Global) Investigate consumer 

perceptions of 

bioplastics. 

Environmental impact of 

non-degradable plastics 

and CO2 emissions. 

Bioplastics reduce carbon 

footprint by 13% and 

degrade in 4-12 weeks. 
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Rosenboom et al. 

(2023) 

Nature (Global) Compare environmental 

footprints of emerging 

bio-materials. 

Variability in CO2 

emissions among bio-

products. 

Average emissions are 

45% lower, though none 

reach net-zero. 

Song et al. (2009) PMC (Global) Discuss the impacts of 

biodegradable materials. 

Waste management of 

conventional plastics. 

Benefits in greenhouse 

gas balances. 

Nivedita et al. 

(2024) 

RSC (Global) Advances in sustainable 

packaging. 

Impact of non-

biodegradable waste. 

Biodegradable polymers 

minimize environmental 

damage. 

Khan et al. (2025) ResearchGate 

(Indonesia) 

Develop biodegradable 

materials for consumer 

packaging. 

High environmental 

impact of conventional 

plastics. 

LCA shows reduction in 

emissions and energy by 

18-30%. 

Perrone et al. 

(2024) 

E3S Web (Global) Assess environmental 

sustainability of bio-

packaging. 

Need for LCA and 

biodegradability testing. 

Biodegradable packaging 

reduces impact if 

compostable. 

Zhang et al. 

(2024) 

ScienceDirect 

(China) 

Report on cellulose 

material for packaging. 

Water resistance 

limitations in current 

materials. 

Pure cellulose material 

reduces the use of 

disposable plastics. 

Bangar et al. 

(2021) 

Wiley (Global) Evaluate the status of 

biobased films for 

packaging. 

Effects on food quality and 

waste management. 

Improves preservation 

and reduces 

environmental impact. 

Stark & Matuana 

(2021) 

Forest Products Lab 

(USA) 

Review trends in 

biobased materials. 

Reduction of 

environmental impact 

throughout the cycle. 

Sustainable materials 

minimize waste and CO2 

González-López 

et al. (2023) 

Frontiers (Global) Review trends in 

biopolymers for 

packaging. 

Plastic pollution and the 

need for alternatives. 

Biopolymers reduce CO2 

if derived from renewable 

sources. 

Newswise (2025) Newswise (China) Evaluate emission 

reduction with 

bioplastics. 

Emissions from traditional 

plastic products. 

Substitution reduces CO2 

by 13-62%. 

RYAM (2025) RYAM (USA) Explore how sustainable 

packaging reduces 

impact. 

Waste from non-

biodegradable packaging. 

Biodegradable materials 

cut emissions. 

Unsustainable 

Magazine (2024) 

Unsustainable 

Magazine (Global) 

Analyze eco-friendly 

packaging to reduce 

footprint. 

Environmental 

degradation caused by 

plastics. 

Reduces emissions and 

anaerobic pollution. 

Sharma et al. 

(2025) 

Springer (Global) Explore innovations in 

biodegradable materials. 

Environmental impact of 

traditional plastics. 

Biopolymers improve 

compostability and reduce 

CO2 

Faezian et al. 

(2025) 

Taylor & Francis 

(Global) 

Review biodegradable 

packaging from 

agricultural waste. 

1.8 Gt of CO2 emissions 

caused by plastics. 

Reduces waste and O2by 

25%. 

HHC (2025) Hedgehog (Global) Discuss the role of 

packaging in 

sustainability. 

High impact of fossil-

based materials. 

Biobased plastics reduce 

emissions vs. 

conventional ones. 
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McKinsey (2025) McKinsey (Global) Analyze consumer 

perceptions of 

sustainability. 

Geographic differences in 

sustainable materials. 

Recyclability is key, 

along with emission 

reduction. 

Marichelvam et 

al. (2023) 

American 

Pharmaceutical 

Review (Global) 

Discuss sustainability in 

pharmaceutical 

packaging. 

Impact of plastics in supply 

chains. 

Biodegradable materials 

reduce carbon footprint. 

Source: own elaboration. (2025). 

 

Derived from the systematic review, the gathered scientific evidence demonstrates a clear convergence toward industrial 

sustainability, indicating that replacing conventional plastics with biodegradable alternatives is not merely an aesthetic trend but a 

quantifiable climatic necessity. Authors such as Ncube et al. (2020) and Rosenboom et al. (2023) establish a benchmark where 

carbon dioxide emission reductions consistently range between 44% and 45% compared to fossil polymers like PET.  

However, the literature also warns of the complexity of achieving "net-zero," justifying the importance of conducting specific 

experimental studies that measure not only the material's origin but also its behavior throughout the entire Life Cycle Assessment 

(LCA), as suggested by Perrone et al. (2024) and Khan et al. (2025). 

From an industrial design perspective, the transition toward using biopolymers and agricultural waste such as the cellulose reported 

by Zhang et al. (2024) or the residues discussed by Faezian et al. (2025 presents a dual benefit. On one hand, the environmental 

impact is mitigated by reducing the carbon footprint in ranges that can reach up to 62%, according to recent reports by Newswise 

(2025).  

On the other hand, integrating these materials into the supply chain allows for accelerated degradation, with timeframes ranging 

from 4 to 12 weeks (Muhammad et al., 2025), solving the problem of accumulated waste in ecosystems that traditional plastics 

would take centuries to degrade. 

Finally, the interpretation of the matrix emphasizes that the viability of these new packaging solutions critically depends on the 

optimization of their mechanical properties and preservation capacity. Research by Bangar et al. (2021) and Silva et al. (2025) 

indicates that, while compostable materials offer a significant reduction in CO2 the current challenge lies in matching the durability 

of synthetic materials. This knowledge gap reinforces the relevance of the experimental design proposed in this work, which seeks 

to correlate the composition of organic materials with functional efficiency, ensuring that environmental sustainability does not 

compromise product integrity in industrial contexts.  

To establish a comprehensive framework for the proposed materials, it is essential to identify the technical and economic barriers 

currently documented in the scientific literature. While biodegradable alternatives offer a clear environmental advantage, their 

implementation faces specific constraints that must be addressed through innovative design. Table 2 summarizes these limitations, 

while the subsequent table outlines the strategic application of the proposed solutions within the industrial context. 

 

Table 2. Types of KPIs 

Limitation Description Literature Examples 

High production costs Bioplastics require specialized processing, raising costs 2–3 

times compared to fossil-based plastics. 

Muhammad et al. (2025); 

Versino et al. (2023) 

Inferior mechanical 

properties 

Lower thermal and mechanical resistance, limiting applications 

in rigid packaging. 

Silva et al. (2025); Faezian et al. 

(2025) 

Dependency on specific 

conditions 

Biodegradation often occurs only in industrial composting, not 

in natural environments or landfills. 

Bishop et al. (2023); Song et al. 

(2009) 

Renewable source 

variability 

Competition with food supplies (e.g., corn for PLA) and shifts 

in footprint due to land use. 

Sastre et al. (2022); Dilkes-

Hoffman et al. (2022) 
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Limited scalability Large-scale production is not yet optimized, resulting in 

variable emission levels. 

Meereboer et al. (2022); Khan et 

al. (2025) 

Recycling stream 

contamination 

Mixing bioplastics with conventional plastics complicates 

existing recycling systems. 

Perrone et al. (2024); Bishop et 

al. (2020) 

Source: own elaboration. (2025). 

 

The data presented in the table 3 indicates a significant gap between the environmental potential of biopolymers and their industrial 

feasibility. The limitations highlight that while materials like PLA are sustainable in theory, their high cost and mechanical fragility 

require the use of additives or composite structures, such as the organic waste fillers proposed in this study to become competitive. 

 

Table 3. Application  

Application Description Contextual Benefits (Based on Introduction) 

Food Packaging Using PLA reinforced with organic waste (e.g., 

sugarcane bagasse) for 3D-printed inserts. 

Reduces $CO_2$ during production/disposal; 

complements totomoxtle for structural rigidity. 

Industrial Rigid 

Packaging 

Pressed totomoxtle treated with bio-epoxy resins 

for box manufacturing. 

Replaces non-recycled cardboard, reducing the 40% 

landfill rate in Mexico. 

Sustainable 3D 

Printing 

Compostable filaments made from agricultural 

waste for internal structural inserts. 

Enhances mechanical properties and accelerates 

composting (4–12 weeks). 

Circular Supply 

Chain 

Integrating biocomposites into Mexican 

industries using corn derivatives. 

Adds cultural value and reduces reliance on Asian 

plastics (29% of global share). 

LCA Testing in 

Design 

Life Cycle Assessment (LCA) to evaluate total 

emissions from production to disposal. 

Minimizes comprehensive environmental impact by 

correlating with $CO_2$ variables. 

Industrial 

Composting 

Designing products specifically for controlled 

degradation in specialized facilities. 

Prevents anaerobic emissions and generates fertilizer 

to support sustainable agriculture. 

Source: own elaboration. (2025). 

 

The pilot test using a convenience sample is justified within the experimental design due to its focus on initial feasibility and variable 

control. Given that the research is quantitative and correlational, the pilot phase allows for the testing of preliminary hypotheses—

such as the correlation between the use of biodegradable materials and $CO_2$ reduction—within a controlled context (Hernández-

Sampieri & Mendoza, 2018). This approach is particularly relevant to the Mexican packaging industries, where it is estimated that 

40% of cardboard ends up in landfills (INECC, 2024). 

The convenience sample, centered on local companies with access to totomoxtle (corn husk) or PLA, facilitates rapid and low-cost 

recruitment. This is ideal for refining emission measurement instruments before scaling to randomized samples (Creswell & 

Creswell, 2018). According to Flick (2018), this minimizes ethical risks and optimizes resource utilization, ensuring that 

experimental manipulations between control groups and biodegradable materials generate valid preliminary data for technical 

adjustments. This procedure aligns with the principles of efficient experimentation in environments with technical constraints, such 

as variability in biodegradation timelines (Müller et al., 2022). 

 

RESULTS 

Pilot test 

• Objective: To determine the application of biodegradable materials in packaging, with the aim of reducing CO₂ emissions 

and testing their actual functionality. Similarly, to optimize the working method and detect errors prior to larger-scale 

implementation. 

• Sampling: In this pilot test, a sample was used due to its availability. Several local companies with easy access to materials 

such as corn husks and biodegradable PLA were selected. This facilitated a quick, economical, and monitored test, 

appropriate for its initial stages, especially in Mexico, where cardboard recycling is limited. 

• Biodegradable materials used PLA with organic waste was used for internal parts and corn husks for rigid packaging. 
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• Quality: Reinforced PLA improves fragility and pressed corn husks provide rigidity for packaging. Both meet the basic 

requirements but need improvement to be used on an industrial scale. 

• Sustainability: Biodegradable materials reduce CO₂ emissions by 30-50% and promote the circular economy by using 

agricultural waste, without generating anaerobic emissions (gases produced when matter decomposes without oxygen 

(Ministry of the Environment, 2021)). 

• Cost and delivery: In the pilot phase, reinforced PLA costs 2-3 times more. Totomoxtle is cheaper, but requires extra steps. 

Logistics are only suitable for small scale. 

• Duration: Compostable filaments and treated totomoxtle degrade in 4-12 weeks when subjected to industrial composting, 

demonstrating that they biodegrade quickly. 

• Tools: The pilot test uses 3D printers, press molds, measuring tools, LCA software, and simulation to estimate CO₂ reduction. 

• Simulated data: As this is a pilot test, simulated data is used to calculate CO₂ reduction, compare materials, and make 

adjustments to life cycle analysis models in order to observe initial trends. 

Results Of The Pilot Test 

Based on the information presented and in accordance with the pilot test, the following preliminary results were obtained: 

biodegradable packaging reduces CO₂. PLA reinforced with organic waste improves mechanical performance. Totomoxtle replaces 

cardboard. Limitations: costs, scalability, and consistency. 

 

Table 4. How much these materials help reduce CO₂ 

Key point 

 

What the evidence tells us  In simple terms 

 

The starting point Normal (petroleum-based) plastics are the 

baseline for pollution. 

 We start with what we already know: traditional 

packaging causes a lot of pollution during 

manufacturing and disposal. 

The real potential Biodegradable materials can reduce emissions 

by 30% to 50%. 

 In the best-case scenario, pollution can be reduced 

by almost half, which represents a major step 

forward. 

The figure we work with The average reduction is around 45%.  This is not a promise, it is a figure that is repeated 

in various studies. 

A specific case Compared to a common plastic such as PET, 

the reduction was 44%. 

 Even when compared to widely used materials, the 

results remain positive. 

The trick is in the end result. The material must be sent to an industrial 

composting plant. 

 If it ends up in a regular landfill, it does not degrade 

properly and the environmental benefit is lost. 

Source: Rosenboom et al., (2022), Ncube et al. (2020), Table 2. 

 

Table 4 shows the key points regarding the benefits of CO₂-friendly materials. As mentioned above, normal plastics are the baseline 

for pollution, and thanks to biodegradable materials, carbon dioxide consumption can be reduced by up to 45% as long as it ends 

up in an industrial composting plant. 

 

Table 5. How we improve PLA to make it more resistant. 

Feature 

 

Standard PLA (the problem) 

 

Enhanced PLA (the solution) 

 

 What we achieved 

 

Does it break when 

hit? 

Yes, easily (3/10). 

 

Much less (7/10). 

 

 It became more than twice as 

impact resistant. 

Is it rigid? 

 

Acceptable (6/10), but it can 

deform. 

Improved (8/10). 

 

 Greater structure to protect fragile 

products. 
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Is it flexible? Very inflexible (2/10). Moderately flexible (5/10). 

 

 No longer breaks on the first 

bend. 

Can it withstand 

heat? 

Low (4/10). Improved by 50%  

(6/10). 

 It withstands temperature changes 

better during transport. 

How do we achieve 

this? 

 

— Blends with sugarcane bagasse 

and husks. 

 The material is improved, and 

agricultural waste is put to good 

use. 

Source: Yoha et al., (2023) 

 

According to the information presented in Table 5, we can obtain mechanical factors that help us better understand their properties. 

According to Yoha, 2023, both materials need significant improvement; however, by adding additives (sugarcane bagasse, coffee 

waste, and rice husks), they improve to a more acceptable degree.  

 

Table 6. Why totomoxtle is a good option to replace cardboard in Mexico 

Aspect to compare 

 

Reality of cardboard in 

Mexico 

 

Proposal with totomoxtle 

 

Conclusion 

 

Where does it end 

up? 

 

Forty percent ends up in 

landfills. 

 

It biodegrades in industrial 

composting. 

 

It reduces a serious local pollution 

problem. 

How long does it 

take to disappear? 

 

Years, or it does not degrade if 

it is laminated. 

Between 1 and 3 months. The change in degradation time is 

very significant. 

How much does the 

material cost? 

Reference cost (8/10). Cheaper as a raw material 

(6/10). 

 

Corn husks that are normally 

discarded are used. 

And the process? Already established industry. Requires pressing and natural 

resins. 

Investment in new factories is 

needed. 

Does it have added 

value? 

 

Generic material. 

 

Material with cultural value of 

corn. 

Gives the product identity and 

supports the local countryside. 

Source: (INECC, 2024) 

 

In Mexico, 40% of cardboard is discarded, ending up in landfills, without any use or opportunity. With the information collected, 

Table 6 was created, presenting the main aspects to be compared and how totomoxtle offers a better proposal for a sustainable 

future. 

Graphs of results 

To improve the visualization of the results, graphic organizers are presented that display the information in a way that is easier to 

understand, highlighting the most important points. 
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Figure 1. CO₂ Reduction: Biodegradable vs. Traditional Packaging 

Source: own elaboration. (2026) 

 

Figure 1 shows that the reported range is 30 to 50%, with an average of 45%. The study by Ncube et al. (2020) shows a specific 

reduction of 44% for biodegradable materials compared to materials derived from the petroleum industry. 

 
Figure 2. Improved Mechanical Performance: Reinforced PLA 

Source: Own elaboration (2026) 

 

Figure 2 shows the improvement in performance according to PLA reinforced with organic waste (bagasse, shells), which shows 

significant improvements in all mechanical properties, especially in impact resistance and rigidity. PLA without any additives is 

shown in orange, while the improved material is shown in pink (Yoha et al., 2023). 
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Figure 3. Replacement of Cardboard with Totomoxtle in Mexico 

Source: Own elaboration (2026) 

 

In Figure 3, we can see that cardboard is widely used in packaging not only in Mexico but worldwide, but around 40% ends up in 

landfills and, when contaminated, takes a long time to degrade. In contrast, pressed totomoxtle decomposes in 4 to 12 weeks, is less 

dependent on imported materials, and takes advantage of the cultural value of corn (INECC, 2024). 

 
Figure 4. Limitations: Comparative Analysis of Barriers 

Source: Own elaboration (2026) 

 

In Figure 4, PLA scored well in terms of cost, although it is two to three times more expensive than conventional plastics. In terms 

of scalability, its large-scale production is not yet fully optimized and logistics are limited. It also exhibits variations in its mechanical 

properties because it depends on agricultural raw materials, and it requires special industrial composting infrastructure for proper 

disposal. 
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Analysis of the Pilot Test 

The pilot test analysis confirms the initial technical and environmental viability of the materials evaluated, validating hypotheses 

about CO₂ reduction and allowing for adjustments for future studies. Although there is a gap between environmental potential and 

industrial feasibility, the proposed solutions are environmentally promising and provide a solid basis for optimizing costs, 

performance, and industrial adoption in Mexico. 

 

CONCLUSIONS  

The evaluated biodegradable materials, such as PLA reinforced with agricultural waste (sugarcane bagasse, coffee grounds, and rice 

husks) and totomoxtle (corn husks) pressed with bio-epoxy resins, demonstrate initial technical and environmental viability. These 

materials reduce CO2  emissions by a range of 30–50% (with an average of 45%) compared to fossil-based plastics and traditional 

cardboard, provided they are disposed of in industrial composting plants.  

The pilot test confirms that these materials enhance mechanical properties—such as impact resistance and stiffness—through 

organic additives, enabling their use in internal packaging (3D printing) and rigid formats. However, limitations persist regarding 

costs (2–3 times higher for PLA), scalability, and logistical consistency, necessitating further optimization for large-scale industrial 

adoption.  

This proposal addresses local issues in Mexico, such as the 40% of cardboard that ends up in landfills, by repurposing agricultural 

waste and promoting accelerated degradation (4–12 weeks). This contributes to a quantifiable reduction in accumulated waste and 

anaerobic emissions without compromising product integrity in industrial contexts.  

Overall, the study validates the preliminary hypotheses regarding the correlation between the use of biodegradable materials and 

the mitigation of environmental impact. It highlights that this is not merely an aesthetic trend but a quantifiable climatic necessity, 

although a gap is identified between theoretical environmental potential and practical feasibility, justifying future adjustments to 

bridge this divide.  

These conclusions are directly derived from the pilot findings, the tables (Table 3 on CO2 reduction, Table 4 on PLA improvements, 

Table 5 on totomoxtle vs. cardboard), and the figures (Figure 1 on CO2 reduction, Figure 4 on barriers), supported by the SALSA 

systematic review.  

Results Interpretation and Significance  

The findings of this document represent a practical advancement in the search for sustainable solutions to the global packaging 

waste problem, particularly in a context like Mexico, where the production and disposal of plastics and cardboard contribute 

significantly to pollution and greenhouse gas emissions. Essentially, they signify that it is possible to transition from polluting fossil 

materials (such as petroleum-derived plastics and non-recyclable cardboard) toward local biodegradable alternatives, such as 

reinforced PLA (polylactic acid) and totomoxtle, without sacrificing basic functionality.  

1. CO2 Reduction and Environmental Sustainability: The 30–50% decrease in CO2emissions implies a direct contribution to 

climate change mitigation. For example, if scaled industrially in Mexico where 40% of cardboard ends up in landfills 

generating anaerobic methane—this could reduce thousands of tons of  CO2 equivalent per year. This promotes a circular 

economy by repurposing agricultural residues (such as bagasse or husks) that would otherwise be discarded. This not only 

minimizes the carbon footprint in production and disposal but also accelerates degradation (4–12 weeks vs. centuries for 

traditional plastics), preventing waste accumulation in ecosystems.  

2. Mechanical Improvements and Industrial Viability: Results show that adding organic waste to PLA improves properties 

like stiffness and impact resistance. This means these materials can compete with conventional options in real-world 

applications, such as 3D-printed internal inserts or rigid packaging. However, cost limitations and scalability indicate that 

while environmentally promising, they are not yet economically competitive without further innovation, highlighting the 

need to balance sustainability with practicality.  

3. Cultural and Local Implications: In Mexico, the use of totomoxtle adds cultural value by repurposing a corn derivative—

an iconic element of national identity. This signifies that solutions are not only technical but also integrate socioeconomic 

aspects, such as job creation in agriculture and reducing dependence on cardboard imports.  

In summary, the results represent a step toward "net-zero" or low-impact packaging, validating that sustainability is quantifiable and 

feasible but dependent on optimizations to overcome practical barriers. This aligns with global trends, such as those reported by the 

FAO (2023) regarding deficient cardboard recycling, and reinforces the urgency of transitions in polluting industries.  
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Critical Discussion of the Methodology  

The methodology of this document is quantitative, correlational, and experimental, complemented by a systematic review using the 

SALSA method (Search, Appraisal, Synthesis, Analysis). The pilot test results largely align with this approach but also reveal 

strengths and limitations that invite critical discussion.  

• Alignment with the Quantitative and Correlational Approach: The methodology focuses on measurable variables, such as 

CO2 reduction (dependent variable) and material composition (independent variable). The results confirm this through 

simulated and preliminary data, showing clear correlations: for instance, the use of reinforced PLA correlates with a 44–

45% reduction in emissions (citing Ncube et al., 2021, and Rosenboom et al., 2022). This is consistent with the SALSA 

review, which synthesized findings from recent literature (2020–2025). However, the reliance on simulated data in the pilot 

limits quantitative robustness, as it lacks large-scale empirical measurements.  

• Consistency with Experimental Design: The experimental approach involves controlled tests comparing traditional vs. 

biodegradable packaging. The results support this by demonstrating mechanical improvements (Table 4). However, the use 

of convenience sampling (local companies) introduces biases. While the pilot validates preliminary hypotheses, results are 

not generalizable without scaling to random samples, aligning with SALSA's warnings on scalability (Rosenboom et al., 

2022).  

• Limitations and Discrepancies: While the methodology emphasizes rigor, the results highlight practical gaps (high costs, 

limited logistics). For example, while the SALSA synthesis predicts dual benefits, the results reveal that mechanical 

fragility persists without specific additives, contrasting with some theoretical optimisms in the literature ( Zhang et al., 

2024).  

Future Lines of Research  

1. Industrial Scalability and Large-Scale Testing: Scaling the pilot to real industrial trials across Mexico and Latin America 

to measure CO2 in mass production via full LCAs.  

2. Optimization of Mechanical Properties and Innovative Additives: Research into nanotechnology and bioengineering to 

develop advanced composites, such as PLA with carbon nanotubes derived from waste.  

3. Socioeconomic Impact and Cost-Benefit Analysis: Integrating mixed methods to quantify economic benefits and consumer 

perceptions (inspired by Muhammad et al., 2025).  

4. Degradation in Non-Ideal Environments: Field experiments in unmanaged environments (varied Mexican soils) using IoT 

sensors to monitor methane emissions.  

5. Integration with Emerging Technologies: Exploring 4D printing or blockchain for material traceability and "smart" PLA 

that changes properties with temperature.  
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