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Abstract

Crop residue (paddy straw) burning is a major cause of severe air pollution in northern
India, particularly in Delhi. At the same time, plastic waste generated by the healthcare sector
contributes significantly to environmental pollution and health risks. This paper explores the
potential of converting crop residue, an abundant agricultural residue, into biodegradable
bioplastics that can be used in healthcare products such as gloves and packaging. By utilizing
crop residue as a raw material, this approach aims to reduce air pollution from burning,
decrease plastic waste, and promote sustainable development. The paper reviews existing
knowledge on bioplastics derived from agricultural waste and discusses the environmental,
economic, and social benefits of this innovative solution, along with challenges and future

prospects.

Parali-Based Bioplastics: A Sustainable Healthcare Solution

Agricultural residues such as crop residue (paddy straw) are often considered low-value
byproducts, frequently disposed of through open burning. This practice has become a persistent
environmental concern in many parts of India, contributing to significant air pollution and
associated health problems. Meanwhile, the global demand for sustainable materials is

increasing, driven by growing awareness of the environmental impacts caused by conventional
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plastics. Bioplastics, derived from renewable sources, have emerged as a potential alternative
to traditional petroleum-based plastics. The exploration of crop residues as raw materials for
bioplastic production offers an innovative way to address waste management challenges while
reducing environmental degradation. In particular, the healthcare sector presents an
opportunity for the application of such materials, given its substantial reliance on single-use
plastic products. This paper aims to explore the potential of crop residue conversion into

bioplastics and its implications for sustainable healthcare waste management.

Background & Context

Agricultural Waste and Crop Residue

Agricultural waste includes all the residual plant materials generated from farming
operations such as stalks, husks, leaves, and straw. In India, one of the most common and
abundant agricultural residues is paddy straw, locally known as crop residue. After the rice
harvest, farmers are left with a large volume of this biomass, which is traditionally considered
a low-value byproduct with limited uses. Due to the urgent need to clear fields for subsequent
crops and the lack of effective disposal methods, burning crop residue has become a widespread
practice among farmers, especially in the northern states of Punjab, Haryana, and Uttar

Pradesh.

While open-field burning of crop residue offers a quick and cost-effective way to clear
farmland, it releases a substantial amount of pollutants into the atmosphere. The smoke
generated contains particulate matter (PM2.5 and PM10), carbon monoxide, volatile organic
compounds (VOCs), and other toxic gases that contribute to severe air pollution. The thick
smog that forms during the harvest season in Delhi and surrounding regions has become an
annual environmental crisis, affecting the health and quality of life of millions of people.

Studies have shown that exposure to air pollution from crop residue burning is linked to
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increased incidences of respiratory diseases such as asthma, bronchitis, and chronic obstructive

pulmonary disease (COPD), as well as cardiovascular problems.

Moreover, the practice exacerbates the greenhouse gas effect by releasing carbon
dioxide, methane, and nitrous oxide, all of which contribute to climate change. The loss of
valuable organic matter through burning also diminishes soil fertility, further impacting
agricultural productivity over time. Despite government regulations and efforts to discourage
crop burning through penalties and awareness programs, the practice persists due to a

combination of economic factors, lack of alternatives, and traditional farming practices.

Alternatives such as incorporating crop residues into the soil, using them as animal
fodder, or converting them into compost are limited by factors such as the residue’s high silica
content, labor intensity, and seasonal constraints. Mechanical solutions like Happy Seeders and
other residue management equipment have been introduced but have not achieved widespread

adoption due to costs and accessibility issues for small-scale farmers.

In this context, exploring innovative uses for crop residue is crucial. Transforming this
biomass into valuable products such as bioplastics can offer a dual benefit: reducing the
environmental and health hazards caused by burning while creating new economic
opportunities for farmers and rural communities. Utilizing crop residue as a raw material for
bioplastics aligns with the principles of circular economy and sustainable development, aiming

to convert waste into resource.

Plastic Pollution Overview

Plastic pollution has become one of the most pressing environmental challenges
worldwide. Since their invention in the early 20th century, plastics have revolutionized

numerous industries due to their durability, versatility, and low cost. However, the durability
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that makes plastics useful also means they persist in the environment for hundreds of years,
accumulating in landfills, oceans, and other ecosystems, causing widespread harm to wildlife
and human health. India faces significant challenges in managing plastic waste, with urban
areas generating massive amounts of plastic refuse daily. Despite efforts to improve waste
segregation and recycling, a large proportion of plastic waste is either improperly disposed of
or dumped in open landfills. Single-use plastics, including bags, bottles, and packaging, form
a major component of this waste stream. The environmental consequences include soil
contamination, water pollution, and the proliferation of microplastics in the food chain.The
healthcare sector is a notable contributor to plastic pollution, given its extensive use of
disposable plastic products to maintain hygiene and prevent infections. Items such as gloves,
syringes, IV bags, packaging for medicines, and personal protective equipment (PPE) generate
large volumes of plastic waste. Healthcare plastics are often contaminated and classified as
biomedical waste, requiring specialized handling and disposal methods to prevent infection
risks. Conventional disposal methods such as incineration can release harmful dioxins and
furans, further exacerbating environmental pollution.The COVID-19 pandemic highlighted the
scale of this issue, with the global demand for PPE skyrocketing. The resulting increase in
healthcare plastic waste has strained existing waste management systems and underscored the
urgent need for sustainable alternatives. Developing biodegradable and bio-based plastics that
meet the stringent standards of the healthcare sector offers a promising solution to mitigate the
environmental footprint of medical waste.Bioplastics—derived from renewable biological
materials and often designed to biodegrade—represent an emerging technology that could
reduce reliance on fossil-fuel-based plastics and decrease environmental pollution. Agricultural
residues such as crop residue offer an abundant, low-cost, and renewable source of raw material
for bioplastic production. By repurposing crop waste, bioplastic manufacturing can also

provide economic incentives to farmers, reduce open-field burning, and support rural
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livelihoods. The convergence of these environmental, economic, and social factors makes the
investigation of crop residue-based bioplastics particularly relevant. This research aims to
evaluate the potential of this approach to contribute meaningfully to sustainable healthcare

waste management and environmental protection.

Bioplastics: Concept & Types

Plastics have become an essential part of modern life due to their versatility, durability,
and cost-effectiveness. They are used extensively across industries such as packaging,
automotive, construction, and healthcare. However, conventional plastics, primarily derived
from fossil fuels, present significant environmental challenges. They persist in the environment
for hundreds of years, contributing to pollution, harming ecosystems, and posing risks to
human health. These pressing concerns have accelerated the search for sustainable alternatives,
leading to the emergence of bioplastics—materials designed to reduce the environmental

footprint associated with plastic production and disposal.

What are Bioplastics

Bioplastics are a diverse group of materials derived from renewable biological sources,
such as plants, algae, or microorganisms. The term “bioplastic” broadly refers to plastics that
are bio-based, biodegradable, or both. It is important to understand the distinction between
these characteristics: Bio-based: Materials made wholly or partially from biological resources
rather than petroleum. Bio-based plastics reduce dependence on finite fossil fuels and can help
lower carbon emissions during production. Biodegradable: Materials capable of decomposing
into natural elements through microbial activity under specific environmental conditions, such
as soil, compost, or aquatic environments .Not all bioplastics are both bio-based and
biodegradable. Some are bio-based but non-biodegradable, while others are biodegradable but

made from petrochemical sources. The ideal bioplastic combines both traits, offering
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sustainability across the product lifecycle. Common types of bioplastics include: Polylactic
Acid (PLA): Produced by fermenting plant sugars (e.g., corn, sugarcane). PLA is widely used
in packaging, disposable cutlery, and medical applications due to its ability to biodegrade under
industrial composting. Polyhydroxyalkanoates (PHA): Naturally synthesized by bacteria
through fermentation processes. PHAs are notable for their biodegradability in various
environments, including marine and soil, making them promising for packaging and single-use
products. Starch-Based Plastics: These blend starch extracted from plants with other polymers
to improve mechanical properties. Starch is abundant and biodegradable, making these blends
a cost-effective option. Cellulose-Based Plastics: Derived from cellulose fibers found in wood
or agricultural residues. These plastics are renewable and can be engineered to biodegrade,

offering an environmentally friendly alternative for packaging.

Advantages of Bioplastics

The adoption of bioplastics offers several environmental, economic, and social benefits

compared to conventional plastics:

. Environmental Benefits: Bioplastics typically have a smaller carbon
footprint because their raw materials absorb carbon dioxide during growth. When
biodegradable, they break down into natural substances, reducing plastic pollution and

accumulation in landfills and oceans.

. Waste Valorization: Utilizing agricultural residues, such as crop
residue, transforms otherwise waste biomass into valuable raw materials. This process
helps reduce harmful practices like open-field burning, which significantly contributes

to air pollution and climate change.
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. Economic Opportunities: By creating demand for agricultural
residues, bioplastic production can provide farmers with additional income streams. It
can also stimulate rural employment in biomass collection, processing, and

manufacturing industries.

. Healthcare Applications: The healthcare sector relies heavily on
single-use plastics to prevent infection and maintain hygiene. Bioplastics offer a
pathway to sustainable healthcare waste management by providing materials that meet

safety standards while minimizing environmental impact.

. Circular Economy Alignment: Bioplastics contribute to a circular
economy by closing the loop on resource use. Instead of fossil fuel extraction and
plastic waste accumulation, bioplastics enable renewable resource use and

environmentally safe disposal or recycling.

Agricultural Residues as Feedstocks for Bioplastics

Feedstock selection is critical to the sustainability and economic feasibility of
bioplastics. While first-generation bioplastics primarily use food crops such as corn or
sugarcane, this raises concerns about food security, land use competition, and ethical
considerations. Consequently, attention has shifted to second-generation feedstocks, including
non-food biomass such as agricultural residues and waste. Crop residue (paddy straw) is one
such residue. Generated in large quantities after rice harvesting, crop residue mainly consists
of lignocellulosic biomass—complex carbohydrates such as cellulose, hemicellulose, and
lignin. These components can be broken down through various chemical and biological
processes to extract fermentable sugars or directly converted into biopolymers suitable for
bioplastic production. Using crop residue as a feedstock offers several advantages:

Environmental Impact Reduction: Diverting crop residue from open burning reduces air
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pollution, greenhouse gas emissions, and health risks associated with toxic smoke. Resource
Efficiency: It leverages a readily available, renewable resource without competing with food
crops or requiring additional land. Economic Empowerment: Farmers gain new income
opportunities by selling or processing their agricultural waste, while rural communities may
benefit from job creation in biomass handling and bioplastic manufacturing. Processing
agricultural residues involves multiple steps such as: Pretreatment: Breaking down the tough
lignin structure to expose cellulose and hemicellulose for further processing. Methods include
steam explosion, chemical treatment, or enzymatic hydrolysis. Fermentation: Converting
sugars into bioplastics precursors like lactic acid or PHA via microbial fermentation.
Polymerization and Processing: Synthesizing bioplastics from monomers and shaping them
into usable forms (films, containers, medical devices).Research is ongoing to optimize these
processes for higher efficiency, lower costs, and minimal environmental impacts. Challenges
such as lignin removal, consistency of biomass supply, and scaling up production remain areas

of active development.

Challenges & Future Perspectives

Despite the promising potential of bioplastics, several barriers must be addressed to

enable large-scale adoption:

. Cost Competitiveness: Currently, bioplastics are more expensive to
produce than petrochemical plastics due to raw material processing complexity and

limited economies of scale.

. Material Properties: Some bioplastics have lower thermal stability,
mechanical strength, or moisture resistance, restricting their suitability for certain

applications.
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. End-of-Life Management: Effective biodegradation requires
appropriate environmental conditions (industrial composting facilities) that are not
universally available. Inadequate waste management infrastructure can result in

bioplastics ending up in landfills or incinerators, negating environmental benefits.

. Consumer Awareness and Policy Support: Public understanding of
bioplastics’ advantages and proper disposal methods is limited. Stronger regulatory
frameworks, incentives, and standards are needed to encourage production, usage, and

infrastructure development.

Looking ahead, technological innovations such as genetic engineering of
microorganisms, improved pretreatment methods, and novel polymer blends could enhance the
performance and affordability of bioplastics. Furthermore, integrating bioplastic production
with sustainable agricultural practices and circular economy principles promises holistic

environmental and social gains.

By transforming agricultural residues like crop residue into bioplastics, it is possible to
address intertwined challenges of agricultural waste management, plastic pollution, rural
livelihoods, and sustainable healthcare materials simultaneously. This approach represents a

vital step toward achieving long-term environmental sustainability and economic resilience.

Process of Converting Crop Residue to Bioplastics

The transformation of crop residue, or paddy straw, into bioplastics involves several
crucial stages that convert this abundant agricultural residue into valuable, biodegradable
materials. Crop residue primarily consists of lignocellulosic biomass made up of cellulose,
hemicellulose, and lignin. These components form a tough and resistant matrix, necessitating

careful processing to access fermentable sugars essential for bioplastic production.
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Collection, Pretreatment & Preparation

The first step in the process is the efficient collection of crop residue from rice fields
post-harvest. Traditionally, farmers burn this residue to clear fields, leading to severe air
pollution and health hazards. Instead, the residue can be gathered through mechanical balers or
manual methods, creating a sustainable supply chain. Once collected, crop residue is dried to
reduce moisture content, chopped to reduce particle size, and milled for uniformity. This
preprocessing facilitates effective chemical and biological treatments. Pretreatment is essential
to break down the lignin barrier and expose cellulose and hemicellulose for conversion.
Various methods are employed for this purpose. Chemical pretreatment includes acid
hydrolysis, which breaks down hemicellulose and softens lignin, and alkaline treatment,
effective for lignin removal. Physical techniques like steam explosion use high-pressure steam
to disrupt biomass structure, while biological pretreatment involves lignin-degrading fungi or
enzymes that selectively degrade lignin with minimal environmental impact. Often, a

combination of these methods optimizes sugar yield and lowers energy consumption.

Fermentation, Polymerization & Product Formation

Following pretreatment, the cellulose and hemicellulose are converted into fermentable
sugars such as glucose and xylose. Microorganisms then ferment these sugars into bioplastic
monomers. Lactic acid bacteria, for instance, produce lactic acid, which is chemically
polymerized into polylactic acid (PLA)—a bioplastic with applications in packaging and
medical disposables. Other bacteria synthesize polyhydroxyalkanoates (PHAs) intracellularly,

which are biodegradable polyesters suitable for various applications.

Optimizing fermentation involves controlling environmental conditions such as pH,
temperature, oxygen levels, and nutrient supply to maximize yield and control polymer

properties. After fermentation, polymers are extracted and purified. Chemical polymerization
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processes transform monomers into long-chain polymers. These biopolymers are then
processed using conventional plastic manufacturing techniques such as extrusion and injection
molding to form final products like films, containers, or healthcare items including gloves and

scrubs.

Quality control is vital, especially for medical applications, ensuring bioplastics meet
standards for sterility, durability, and biodegradability. Proper waste management is also
critical to enable effective biodegradation, as environmental conditions greatly influence

breakdown rates.

Environmental Benefits and Challenges of Using Crop residue-Based Bioplastics

The development and use of bioplastics derived from agricultural residues such as crop
residue present significant environmental benefits, particularly in addressing pollution and
waste management issues. However, despite their potential, these bioplastics also face certain

challenges that must be considered to ensure sustainable implementation.

Environmental Benefits

One of the most significant advantages of crop residue-based bioplastics is their
contribution to reducing air pollution. In many rice-producing regions, open burning of crop
residue is a common practice, releasing large quantities of particulate matter and greenhouse
gases such as carbon dioxide, methane, and nitrous oxide into the atmosphere. This burning
not only degrades air quality, causing respiratory problems and other health issues but also
contributes substantially to climate change. By diverting crop residue from burning to
bioplastic production, this hazardous practice can be minimized, improving air quality and
reducing carbon emissions. Bioplastics made from crop residue are inherently biodegradable,

which reduces the long-term accumulation of plastic waste in landfills and natural
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environments. Unlike conventional petroleum-based plastics, which can take hundreds of years
to degrade, bioplastics break down more rapidly under appropriate environmental conditions,
reducing the burden on waste management systems and lowering soil and water pollution risks.
This biodegradability is particularly beneficial in healthcare settings, where disposable items
generate large amounts of plastic waste. Moreover, utilizing crop residue adds value to
agricultural residues that are otherwise considered waste. This creates new economic
opportunities for farmers and rural communities by generating an additional income stream
through the collection and sale of biomass. It promotes circular economy principles by turning

waste into resources, fostering sustainable rural development.

Challenges and Limitations

Despite these advantages, there are several challenges associated with producing
bioplastics from crop residue that must be addressed. The efficiency of the conversion process
depends heavily on the pretreatment and fermentation technologies used. Some pretreatment
methods require high energy inputs or hazardous chemicals, which could offset environmental
benefits if not managed carefully. Additionally, fermentation processes may require

optimization to achieve commercially viable yields and production rates.

Economic factors also pose challenges. Currently, the production cost of bioplastics
remains higher than that of conventional plastics, mainly due to the cost of raw materials,
processing technology, and scale of production. Scaling up bioplastic production from
agricultural residues like crop residue requires significant investment in infrastructure and

technology development.

Another important consideration is the variability in biomass quality, which can affect

the consistency of bioplastic properties. Agricultural residues vary depending on factors such

12
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as crop variety, harvesting methods, and storage conditions, requiring adaptive processing

strategies.

Finally, the biodegradability of bioplastics depends on specific environmental
conditions such as temperature, moisture, and microbial activity. Inadequate disposal systems
and lack of composting facilities could limit the environmental advantages, leading to

accumulation similar to conventional plastics.

Applications of Crop residue Based Bioplastics in Healthcare

The healthcare industry is a significant contributor to global plastic waste, with a vast
majority of medical products designed for single-use to prevent contamination and infection.
Conventional plastics used in hospitals and clinics, derived from fossil fuels, are not
biodegradable and accumulate in landfills or the environment, posing severe ecological and
health risks. Crop residue-based bioplastics offer an innovative and eco-friendly alternative
that addresses these challenges while maintaining the stringent safety and performance

standards required in healthcare.

Disposable Medical Supplies

One of the most direct and impactful applications of crop residue-derived bioplastics is
in the manufacture of disposable medical supplies such as gloves, surgical masks, caps, gowns,
and shoe covers. These items are essential for maintaining hygiene and preventing cross-
contamination but generate enormous plastic waste, often discarded after a single use.
Bioplastics like polylactic acid (PLA) and polyhydroxyalkanoates (PHAs), synthesized from
crop residue biomass, provide similar physical properties such as flexibility, durability, and
resistance to microbial penetration, making them suitable replacements.For example,

disposable gloves made from bioplastics can offer adequate barrier protection while

13
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decomposing more quickly after disposal. This reduces the environmental burden of hazardous
medical waste, which otherwise persists in ecosystems for decades. Additionally, masks and
gowns produced from bioplastic fibers can be designed to maintain breathability and comfort
without sacrificing protective performance. Hospitals adopting these materials contribute

significantly to lowering their carbon footprint and reducing plastic pollution.

Pharmaceutical Packaging

Pharmaceutical packaging is another crucial area where crop residue-based bioplastics
demonstrate significant utility. Medications and medical devices require packaging that
ensures product sterility, prevents moisture ingress, and provides physical protection during
transport and storage. Bioplastics can be engineered to meet these functional requirements,
offering high barrier properties and durability. Packaging materials made from crop residue-
derived bioplastics have the added benefit of being biodegradable, which mitigates the
environmental impact once disposed of. This is particularly important in healthcare settings
where packaging waste volumes are high and often contaminated, complicating recycling
efforts. Using biodegradable bioplastics simplifies waste management by enabling composting

or controlled degradation, thereby aligning with broader healthcare sustainability goals.

Advanced Medical Applications: Bioresorbable Devices.

Beyond disposables and packaging, bioplastics have growing potential in advanced
medical applications such as bioresorbable implants, sutures, and tissue engineering scaffolds.
These devices are designed to perform a specific function temporarily within the body and then
safely degrade, eliminating the need for surgical removal and reducing patient risk. While the
majority of such devices currently rely on synthetic biopolymers, the chemical composition of
crop residue-based bioplastics—rich in cellulose derivatives—positions them as promising

candidates for future development. For instance, PLA-based materials can be processed into

14



The Princeton Journal of Interdisciplinary Research 2025 (Vol. 1, No. 2) - ISSN 3069-8200

bioresorbable sutures and implants, and research is ongoing into incorporating natural fibers
from crop residue to enhance mechanical properties and biocompatibility. This emerging field
combines materials science with biotechnology and offers opportunities for sustainable

innovation in medical technology.

Challenges and Implementation Considerations

Adopting crop residue-based bioplastics in healthcare is not without challenges.
Medical-grade materials must meet strict regulatory standards for safety, sterility, mechanical
strength, and chemical stability. Ensuring these standards requires comprehensive testing and

quality control throughout the production process.

Sterilization methods used in healthcare, such as autoclaving, gamma radiation, or
ethylene oxide treatment, must be compatible with bioplastics without degrading their
properties. Furthermore, bioplastics need to maintain mechanical integrity during use and not
release any harmful substances. Research into optimizing polymer blends and additives is

ongoing to address these requirements.

From an operational perspective, healthcare facilities need to establish proper disposal
and composting protocols to fully realize the environmental benefits of bioplastics. Without
suitable waste management infrastructure, bioplastics may still end up in landfills or

incinerators, limiting their biodegradability advantages.

Economic and Social Impact in Healthcare

The transition to crop residue-based bioplastics also offers economic and social
benefits. It fosters local industries by creating demand for agricultural residues, providing
farmers and rural workers with additional income streams. Manufacturing bioplastics can
generate employment opportunities, particularly in rural areas where crop residue is abundant.

15
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Healthcare institutions, governments, and policymakers have an essential role in
incentivizing the adoption of bioplastics through subsidies, green procurement policies, and
public awareness campaigns. These efforts contribute to a circular economy that prioritizes

sustainability, reduces pollution, and improves public health outcomes.

Socioeconomic Impact and Future Prospects

The innovation of converting crop residue into bioplastics is not just an environmental
breakthrough but a promising socioeconomic opportunity. By transforming agricultural residue
into a valuable industrial input, it creates ripple effects across farming communities, healthcare

sectors, and sustainable start-ups.

Economic Empowerment and Rural Development

India produces over 500 million tonnes of agricultural waste annually, much of which
is either burnt or discarded. Paddy straw (crop residue), in particular, is often set ablaze to clear
fields, contributing massively to air pollution. Redirecting this biomass into bioplastic
manufacturing offers farmers a sustainable revenue stream. Instead of viewing crop residue as
a nuisance, it becomes a monetizable resource, especially in states like Punjab, Haryana, and
Uttar Pradesh. This shift can generate rural employment—not only in collection and processing
but also in decentralized manufacturing units. When women-led self-help groups are trained
and involved in basic production, packaging, or quality checks, it supports gender-inclusive
development. Such employment models can be critical in economically weaker regions,

enhancing household incomes while contributing to green manufacturing.

Industrial and Start-up Potential

At a national level, the crop residue-to-bioplastics model aligns well with Make in

India, Startup India, and Atmanirbhar Bharat missions. Green start-ups and entrepreneurs
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working in sustainable packaging or healthcare supplies can leverage this model to develop
eco-friendly products. With growing ESG (Environmental, Social, and Governance)
expectations globally, sustainable alternatives to petrochemical-based plastics are in increasing
demand. Technological collaborations with research institutes could enhance the efficiency of
biomass conversion and the performance of bioplastics. If scaled, this can create bioeconomy
hubs in rural districts, connecting local economies with national healthcare infrastructure and

even export markets.

Future Prospects and Recommendations

To realize this potential, a few strategic steps are essential:

. Policy Support: Government incentives like biomass collection
subsidies, tax exemptions for biodegradable products, and grants for rural bioplastic

units can lower initial barriers and ensure long-term scalability.

. Infrastructure Development: Setting up rural procurement systems,
preprocessing units, and micro-manufacturing clusters would ensure consistent supply

chains. Cold chains and transportation must be built to preserve biomass quality.

. Regulatory Alignment: Standardizing medical-grade bioplastics and
streamlining certification processes will encourage adoption by hospitals and pharma
companies. Ensuring compatibility with sterilization and waste management protocols

is key.

. Community Training & Awareness: Educating farmers on biomass
value, and training rural youth and women in production, quality assurance, and
business management will build a strong grassroots workforce. Parallelly, consumer

awareness around bioplastics needs to grow to encourage demand-side shifts.
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. Investment and Research: Encouraging public-private partnerships
and investing in R&D will help overcome material limitations (e.g., shelf-life, strength,
and cost-efficiency). Universities and material scientists must collaborate to optimize

the biomass-to-bioplastic pathway.

In essence, this model not only addresses a significant environmental issue but offers a
blueprint for inclusive green development. By turning a pollutant into a product, empowering
rural communities, and fulfilling sustainability needs of modern industries, crop residue-based

bioplastics represent a confluence of innovation, equity, and ecology.
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