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ABSTRACT

Plastic waste management is one of the major environmental concerns of the present age. Single-use plastic bags, water bottles, and straws are the major
contributors to plastic waste. To overcome this plastic menace, the elimination of the usage of single-use plastic is essential. To meet the need for single-use
plastic, bioplastics fabricated from environmentally friendly raw materials are innovative and eco-friendly alternatives. Bioplastics are eco-friendly polymers that
can be used in various domains and applications. This review details the need to replace plastic with bioplastics, the term bioplastic, the environmental impact of
bioplastics, and conservation efforts through the use of bioplastics. In detail, the review contains the following: urgency of development, analytical term
bioplastic, environmental impact analysis of bioplastic, correlation between sustainable materials, and conservation. As a burgeoning field, plastics and
biodegradable polymers have recently received greater attention in waste minimization and eco-protection. This review aims to provide a theoretical basis for
reducing plastic pollution and promoting the development of the bioplastic industry. The existing issues regarding plastic pollution are also systematically
analyzed, and the recent progress in biodegradable plastics is summarized. The review suggests that eco-friendly plastics and biodegradable plastics should meet
the requirements of coordination between man and nature, meet the needs of the present, and not compromise the ability of future generations to meet their needs
while popularizing and developing bioplastics. In addition, the conclusions of the review may inspire more research and applications in the reduction of plastic
pollution. With the sustainability goals, many have proclaimed that the age of using plastics would be over. This venture is of paramount interest to the adapting
world.
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1. Introduction to Bioplastics and Sustainable Materials

Traditionally, plastics were produced from petroleum resources, but bioplastics, derived from natural, decomposable materials, have gained prominence.
Bioplastics are produced using agricultural biomass such as corn, sugarcane, potatoes, and other crops (Mangal et al., 2023). These bioplastics have
diverse applications in agriculture, medicine, food services, packaging, cutlery, canteens, and the clothing industry.

The concept of degradability is gaining traction, particularly in developing countries with rapidly growing technologies and increasing environmental
problems. Despite sanctions and economic incentives, plastic pollution remains rampant, threatening catastrophic environmental consequences (Dilshad
et al., 2021). The world is facing unprecedented waste management challenges, necessitating a pressing concern for reducing environmental impacts
and utilizing renewable materials.

To address these issues, there is a growing emphasis on eco-friendly packaging and sustainability. Governments, individuals, and organizations are
collaborating to mitigate environmental concerns (García-Depraect et al., 2021). Policy initiatives focus on environmental and economic development
through increased use of sustainable materials. Marketing efforts promote renewable materials that can be reused with minimal waste, demonstrating
growth and future potential.

The primary objective is to enhance the output and usefulness of bioplastics while minimizing climate threats. Ultimately, the goal is centered on
sustainability and conservation of the developing environment (Mangal et al., 2023).

1.1. Definition and Types of Bioplastics

The term "bioplastic" was first used in 1928 to describe naturally occurring materials, but today it refers to plastic materials derived from biological
sources or capable of biodegradation (Ali et al., 2022). Bioplastics offer numerous environmental benefits, particularly during their end-of-life stage,
compared to conventional plastics.
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Bioplastics can be grouped in various ways, but this review focuses on differentiation based on physical and chemical characteristics, as well as
biodegradability, which are crucial properties for potential applications (Lackner et al., 2023). There are three main groups of bioplastics: 1)
biodegradable polymers, 2) partially biodegradable polymers, and 3) non-biodegradable polymers. Biodegradable bioplastics deteriorate when exposed
to environmental conditions like UV radiation, temperature, oxygen, and humidity, unlike conventional monomers that take 500-1000 years to degrade.

Partially biodegradable bioplastics combine conventional and biodegradable polymers, allowing controlled biodegradation rates. Non-biodegradable
bioplastics lack environmental degradation-sensitive functionalities and require alternative degradation methods, such as thermal or catalytic
degradation (Ahsan et al., 2023). By designing bioplastics sensitive to environmental factors, they can be fully degradable or recyclable, enabling
industry benefits from recovery and recycling processes.

We are at a technological crossroads, transitioning from petrochemical-based plastics to bioplastics from renewable and non-renewable resources
(Thomas et al., 2023). This shift promises less dependence on fossil fuels and higher-value products like resins and chemicals for fully biodegradable
and compostable artifacts. Future research should focus on enhancing the performance and consistency of raw feedstock conversion into useful
bioplastics.

1.2. Importance of Sustainable Materials in Environmental Conservation

The adoption of bioplastics and sustainable materials is crucial for a more sustainable world. Development in material science has the vision to avoid
such detrimental environmental effects, which were common in the past century like dumping of large amount of wastes into oceans and air pollution
(Phillip, 2024). To address this, industries need to lower the level of waste and emissions produced, which is not possible with the typical types of
plastics.

As of the direction benefiting the environment, industries have been developing towards a circular economy with a strong focus on material research
and future innovation (Baskoro et al., 2024). The social context is also the focus of this change, for the better. Marketing applications, such as
sustainable packaging, improve and create brand image and reputation, thus strengthening competitiveness and networking.

The sustainability challenge is an ecological-economic opportunity that forces the research community to go ‘beyond the generic’ in terms of material
characteristics of sustainable materials (Kumar et al., 2023). Stimuli-responsive biopolymers enable the transformation of the application range of
bioplastics through new bio-based additives that improve multifunctionality and introduce an element of sending and receiving signals. This innovation
potential the organisation as a means to accomplish the concept of multidimensional sustainability.

Therefore Sustainable Industries can ensure that the negative environmental impacts are prevented while at the same time identifying opportunities for
the development of economic capital. Day by day, the research is growing, for that, the bioplastics are going to be highly instrumental in making this
world a safer one.

2. Biodegradability and Compostability of Bioplastics

The properties of biodegradability and compostability of bioplastics are essential because they attempt to have a reduced environmental impact even
after having a higher carbon footprint (Cucina, 2023). Biodegradability involves microorganisms decomposing materials into biomass, carbon dioxide,
and water, leading to complete mineralization. Biodegradable plastics are designed to decompose easily, influencing microplastics' fate in the
environment.

For a product to be compostable, it must biodegrade within standardized methods, producing non-toxic compost that enhances plant growth (Phadke &
Rawtani, 2023). Bioplastics biodegrade in specific environments or compost through microorganism-driven enzymatic action. Complete biodegradation
requires optimal conditions, such as moisture, aeration, temperature, pH, and thermophilic microorganisms.

Compostability standards ensure plastics convert into carbon by-products, minimizing end-life greenhouse gas emissions. Industrial composting differs
from home composting, with standardized processes. Composting and anaerobic digestion efficiently decompose materials. Testing facilities assess
bioplastics' compostability under varying temperatures (-40 °C to 80 °C) and moisture content (40% to 60%).

However, in real-world scenarios without controlled composting or waste treatment, bioplastics can reduce recycling rates and complicate material
separation. Most bioplastics end up in household waste streams, requiring optimal disposal measures (Mujtaba et al., 2023). While bioplastics won't
single-handedly solve global plastic waste, they contribute to waste reduction. Strategies like green anaerobic digestion and energy recovery systems
can further mitigate waste management emissions.

2.1. Mechanisms of Biodegradation and Composting

Biological processes, driven by microorganisms like bacteria and fungi, degrade and break down organic materials, including bioplastics. Through
enzymatic processes, extracellular enzymes depolymerize plastic polymers into oligomers and monomers, which undergo metabolic processes to
produce CO2, H2O, biomass, and mineralization (Idris et al., 2023). Specific microorganisms, such as strain-specific bacteria or fungi with unique
extracellular enzymes, can catalyze depolymerization.
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The metabolic processes depend on factors like polymer type, crystallinity, oxygen presence, temperature, humidity, and plastic form. Extracellular
enzymes hydrolyze repeating monomers, as seen in cellulase enzymes breaking down cellulose into glucose. Chemicals, UV radiation, or mechanical
degradation can also assist polymeric bond cleavage (Wang et al., 2023).

Temperature influences biodegradation, with increased temperatures resulting in higher CO2 production. This is because temperature, amount of food
and other variables which are often defined as favorable condition for the existence of an organism are now favorable for its biological activity.
Biodegradation is not the same as composting because microorganisms involved in metabolic reactions breakdown, utilize, and metabolize plastic
polymers for energy utilization or for incorporation in to microbial biomass.

The bioplastics degrade into monomers which are utilizable in function of metabolism for energy or biomass. Temperature, feed and water improve
metabolism activity and growth among other biologic conditions. The enhancement of the biophysical properties of the soil can be attributed to the
application of bioplastics Because of these features, bioplastics are considered suitable for exploiting environmentally (Liu et al., 2024).

3. Life Cycle Assessment of Bioplastics

Life cycle assessment (LCA) is a very important instrument in assessing the environmental consequences of technologies and products. In the case of
bioplastics, LCA gives a detailed account of the environment at various stages in a product’s life cycle ranging from the resources used, impacts made
during manufacturing, and effects at the time of use and disposal (Lai et al., 2022). Bioplastic products also hold an inherent advantage of lower energy
consumption and lower emission rates if it uses sustainable sources of raw material and green manufacturing processes.

Bioplastic films have several stages of production process right from extraction of raw materials for fermentation, manufacturing, use and transport and
disposal. The implementation of life cycle planning adjusts the way the environmental cost of a product is perceived. LCA findings by both driving
forces and sinks present detailed conclusions of either positive or negative impacts on the selected substrates or applications, thus assisting the
evolving/product-development manufacturers or the policymakers.

Due to the biobased features, uses of the bioplastics can enjoy a niche market, thus bioplastics can meet the competitive pricing strategies. Their
biodegradability and compostability are considerations for disposal with little energy demands with CO2 returned to the plant quickly. On the same
note, the fact that bioplastics are recyclable surfaces as a primary advantage especially if the energy costs required for this process are kept manageable
(Ali et al., 2023).

Hence, by the support of LCA, the stakeholders would be able to enhance the beneficial use and reduce the undesirable effects of bioplastic, and
enhance the execution of sustainable development.

3.1. Environmental Impact of Bioplastics Production

The data showed that the production phase is central to the life-cycle assessment of bioplastics. The raw materials needed for making bioplastics are
agricultural land, water to support the agricultural processes of growing feedstock crops, as well as energy to support the tillage and fertilisation process
(Ali et al., 2023). Moreover, the bioplastics production process such as pelletization or transportation and processing also consumes energy. The total
energy output includes agricultural as well as industrial productions, as well as other inputs, such as heat and chemical energy.

Nonetheless, the production of bioplastics causes ecological effects for example occupying and transforming the land use from A to B if not produced
under sustainable agriculture (Jin et al., 2023). A conflict between productivity and environmental efficiency in agriculture is notable. To this end,
advances in technology will be required at the technical level to ensure that costs applied towards the production of the crop/biomass varieties are kept
low.

Environmental impacts of bioplastic described by Life Cycle Assessments (LCAs) report that the eligible drawbacks should be reduced, for instance,
wastage, deforestation and soil erosion (Synani et al., 2024). It is for this reason that reducing the portion of bioplastics in marketed processed goods
cannot be achieved by those producing them alone. It is argued that an interdisciplinary strategy provides a better solution for improving the ecological
conditions of the society.

4. Applications of Bioplastics and Sustainable Materials

Bioplastics can be used I various industries based on their properties but since they are biodegradable they are widely used in packaging industries
(Mangal et al., 2023). This is particularly the case in food packaging; bioplastics are more sustainable than the traditional plastics that dominate this
market. From the market angle, successful experiments and product shows that bioplastics actually have huge market.

It becomes possible to design new types of biodegradable packaging products, blunt pelvic cell, curl films for fresh foods, entirely of those licenses,
which are employed as sheer packing material. Bioplastics are used in more than packaging materials but in sectors such as agricultural the use of non-
hazardous products are being enhanced (Siddiqui et al., 2024). Biodegradable pots have been found to work and are in use in horticulture and are a
system solution on renewable resources from cradle to grave. Market reports confirm efforts to develop new applications and markets for bio-based and
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biodegradable materials to replace conventional ones. Bioplastics' versatility makes them well-positioned alternatives to traditional materials, with
successful case studies demonstrating their potential (Molina-Besch & Keszleri, 2023).

The expanding use of bioplastics highlights their potential to transform various industries and promote sustainability.

4.1. Packaging Industry

The packaging industry, which is one of the greatest users of plastics worldwide, is considered to have monumental environmental concerns, such as
waste generation, pollution, and emissions of greenhouses gases. Nonetheless, bioplastics seem to hold an opportunity (Phelan et al., 2022). Therefore,
bioplastics should be preferred to usual plastics because of its lower production of CO2 and energy required from oil. Bio-degradative biopolymers
degrade within a short time and do not emit hazardous material; they can be actually buried into the ground.

Many studies have been conducted on biodegradable materials for packaging to increase the packaging innovation films, bags, multipacks, food
container and cups. The use of bioplastics improves Companies’ sustainability, giving them a way to convey improved value to the buyers (Jacobsen et
al., 2022). This change has led to virgin plastic usage setbacks, and has also meet the increasing consumer expectation to transition to reusable
packaging materials.

There is evidence that European consumers are willingly accepting and preferring bioplastic packaging that shows their support for biodegradable
packaging (Navarre et al., 2022). Therefore, as consumers make the switch to green products, packaging industry in particular is advancing its
innovation with bioplastic packaging to meet environmental concerns.

This increasing awareness is due to the fact that bioplastics offer the prospect for reinventing packaging and reducing its negative effects on the
environment.

4.2. Agricultural Sector

Bioplastics are being used across the agricultural value chain, especially in mulch film, poised to become one of the largest applications. Scientists
believe that the incorporation of eco-friendly biodegradable and compostable bioplastics can be a better substitute to conventional plastics because they
decrease volume of waste, enhance the soil condition and its water holding capacity (Xiao et al., 2023). That’s why bioplastics are perfect for mulch
films – they decompose in the ground shortly after the planting season.

Apart from mulch films, bioplastics are being used in tools related to agriculture such as nurseries and greenhouses. Innovative applications include
sustainable planting containers, made through 3D, which may also be injection molded using soluble polymers, allowing for the mechanical
transplanting process to be controlled using an automated system, as devised by Henseler in 2024. Other agricultural uses of bioplastics have also been
considered for seed coating with intention of discouraging birds from eating.

Recently, the colorant carriers of bioplastics have the potential to use mushroom on the agar plates where economically available dead biomass
resources were expounded by Xiong et al., 2023. Real life shows that bioplastics can be used in agriculture and horticulture are rather promising
according to several case examples. But LCS, is critical to achieve the overall understanding of any environmental consequences.

Over time, bioplastic are becoming more diverse that opens up more opportunities to package more products apart from agriculture which can improve
the way crops are grown and how they are managed (Nanda et al., 2022). Ongoing optimization of bioplastics production and integrated systems
solutions will drive further adoption.

5. Challenges and Opportunities in the Bioplastics Industry

The bioplastics industry has made significant strides towards sustainability, addressing growing environmental concerns. However, several obstacles
must be overcome before bioplastics can enter the mainstream (Akinsemolu et al., 2024). Higher production costs and competition for valuable
agricultural land are notable challenges. Moreover, biodegradation alone is insufficient, and regulatory hurdles deter investors.

The safe use and disposal of biodegradable plastics remain under discussion, with impending regulatory standards. An ideal standard would facilitate
safe biodegradation in environments where bioplastics are prevalent. The evolution of these standards will significantly impact the bioplastics industry's
growth potential.

Despite these challenges, the demand for sustainability drives the adoption of bioplastics. Research and development efforts aim to reduce production
costs, potentially making bioplastics more competitive with conventional petrochemical-based resins (Sajid et al., 2024). Innovation opportunities exist
in modification chemistry, biopolymer blending, and specialty plastics development.

The bioplastics industry faces opportunities and threats in capacity, partnerships, and competition with larger corporations. Strategic navigation of these
factors will shape the industry's future (Nawaz et al., 2024). Effective addressing of existing challenges will be crucial for bioplastics to realize their full
potential.
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5.1. Regulatory Frameworks and Standards

The bioplastics industry is governed by regulatory frameworks and standards that ensure product safety and environmental sustainability. These
regulations cover critical aspects such as labeling, biodegradability claims, manufacturing, raw materials, and end-of-life disposal practices [Painuli et
al., 2024]. The absence of clear definitions for bioplastics can lead to confusion among consumers and manufacturers, hindering market growth.

Key Benefits of Uniform Global Standards:

 Promote Consumer Acceptance: Uniform standards help build trust among consumers, driving market growth.

 Guide Research and Development: Clear standards guide companies in product development.

 Ensure a Level Playing Field: Standards ensure fair competition among companies.

 Facilitate International Trade: Uniform standards simplify global trade.

Bioplastics regulation is developed by governments and nonprofit organizations, including consumers, manufacturers, and trade associations [Painuli et
al., 2024]. Effective regulation has a significant impact on market dynamics, restricting the marketplace to companies adhering to outlined criteria.

Industry Growth and Development:

The bioplastics industry will experience steady growth, accelerating with technological breakthroughs and new product innovations. Authorities must
be prepared to adapt to new evidence as the sector advances [Silva et al., 2024].

6. Innovations in Bioplastics Research

Researchers are actively developing bioplastics to enhance strength, elasticity, biodegradability, and applications, while optimizing manufacturing
processes to reduce time, energy, and waste (Folino et al., 2023). Partnerships between academia and the private sector drive experimental work,
anticipating significant advancements in bioplastics. Future innovations rely on emerging technologies, particularly in characterization, combining
biology, engineering, and environmental science.

Public acceptance is crucial for bioplastic innovations to become economically sustainable (Ali et al., 2023). This underscores the need for a forward-
looking approach to develop an innovation pathway for bioplastics.

Since the inception of plastics, efforts have focused on minimizing environmental impact. Specifically, there has been interest in using and the
potentials benefits offered by bioplastics (Kumar et al., 2023). But problems exist to date and there are fatal shortcomings and gaps in the research. This
paper surveys the current state of bioplastics research through a close reading of existing literature with brief reflections on public acceptance and
engagement as critical components in adopting more sustainable plastic systems.

Such hurdles would hence require successful public engagement and acceptance approaches for the optimization of bioplastics.

6.1. Emerging Technologies

New procedures will continue to be developed in biochemistry and material science that offer potential to invent new bioplastics and improve the
current types. One challenge that has been described is the synthesis of biocompatible materials and those derived from bio resources to rival petroleum
based commodity thermoplastic polymers. For example, polyethylene has a biodegradation resistance ability allowing it to be determined for centuries
without losing its core properties. Still, under bio-based polyethylene, it is possible to replace polyethylene with materials that are grown or
manufactured utilizing crops, by products of the biopolymer, or with carbon sourced from biomass or from direct air capture techniques (Kumar et al.,
2023). Through enzyme engineering based on directed evolution, it becomes possible to design pathways from biomass not only to polylactic acid, an
important constituent of many commodity thermoplastics, but to specific branching patterns for further improvement of bioplastics’ performance
(Narancic et al., 2020).

Specifically developed commercial enzymes are available that can be used to produce new forms of poly(ethylene) material which has higher
biodegradation resistance while also possessing commercial applicability (Behera et al., 2022). Scientists also have the efforts in employing various
microorganisms to produce a wide range of high yield and relatively cheap biocompatible and bio-based materials to enhance complementary existing
materials with advanced functionalities (Jaffur et al., 2023). Materials science is following similar approaches; it is also testing further different device
processing approaches like 3D printing to unlock new material characteristics in everyday products (Altalhi, 2022). Also, new gene clusters specialized
in microorganisms are being engineered to synthesize bio-sourced replacements for commodity thermoplastics such as ultra-high molecular weight
polyethylene. Highly efficient enzyme mixtures are emerging to boost the bio- degradation of agricultural biopolymers, including starch- and protein-
based bioplastics, to create nutrient-dense soil amendments without any risk to environmental biosphere (Dilshad et al., 2021).

It is critical to point out that more studies are required to validate some of these advances as sustainable, affordable, and feasible for the circular
economy model applicable to industrialized business. Also, technologies for such applications have to be created to mitigate risks involved including
biotechnological release of artificial microorganisms that synthesize biodegradable bio-plastics with pathogens or toxins in the bio-plastics.
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Biochemistry is now playing a growing role in research involving bioplastics that is now becoming relevant in environmental science and engineering.
The current advancements in enzyme-catalyzed synthesis bioplastics make the process yield material that though performs well, it is hard to degrade.
This is a clear indication that further research on enzyme enhanced plastic additives should be conducted in order to enhance the degradation rate of the
persistent materials (Hubbe et al., 2021). This future studies should take into account the virulence assays and controlled degradation experiment to
better assess the general applicability of these concepts in the environment (Kumar et al., 2024).

Bioplastics have very low energy demand and are associated with the advantage of renewability. This is especially because of their disposability in
different land and water habitats where biodegradation is possible and there is virtually no biodegradation threshold after the products have come to the
end of their useful life expectancy (Gadaleta et al., 2022).

7. Case Studies of Successful Implementation

The following is a compilation of several short case studies from interviews conducted with subjects from diverse industries concerning the use and
consequences of bioplastics. The case studies are on the food and beverage industry, retailing, automotive industry, healthcare and sustainability
industries. Examined cases of bioplastic applicability shed the light on the successful fulfillment of its application in these industries. The emphasized
aspects are the level of technical knowledge, coordination, and research, and the conditions under which bioplastic solutions were chosen to satisfy
clients’ demands (Moshood et al., 2022; Sudhakar et al., 2023).

For instance, a new solution in the food & beverage industry has emerged to decrease the bio-based plastic containers used for media transport savings
of transport and energy costs and reduction in CO2 emissions. In packaging, new solutions for fruits using less material with a clear mark on
environmental contribution have been developed (Khatami et al., 2021). In the automotive industry, there is now the first car made of 100% bioplastic,
and manufacturing and its use follow bio-sustainability (Friedrich, 2021).

The development of a new range of materials for trials in health care has been made by manufacturing synthetic peptoid polymers that have room for
the required physical, chemical, and toxicological characteristics to meet the in vivo trials (Neves et al., 2020). In the field of fashion industry, a
company has successfully adopted innovation in engineering to manufacture range of textile fibers from different protein fibers including keratin fibers,
which are derived from cats. This novel method borrows from industries in the food and especially pet food industry that use fungal fermentation in
their production of proteins. The new technology is a solution for the technical and commercial issues of a circular economy by recycling the waste
keratin and developing textile fibers, which can promote zero waste (Boccalon & Gorrasi, 2022; Mohammed et al., 2023).

Such variations suggest that sustainability in bioplastic solutions represents another concept under the umbrella of experiential concept development
which promotes versatile advantages corresponding to a multitude of customer values and needs (Borge et al., 2022; Liu et al., 2022; Maraveas, 2020).

7.1. Companies Leading in Bioplastics Innovation

Some of the examples of distinctive and localized outlooks on the application of biopolymers are Hippeas, Rubbermaid, Sarpack, Tetra Laval, and
Sukano. They also are looking for a possibility to use bioplastics in their offerings as well as care about needs of the market concerning environment.
These companies have made extensive attempts to develop new bioplastics for their uses and prompt the new bioplastic suppliers to make the required
changes upstream of the value chain (Moshood et al., 2022; Costa et al., 2023).

With respect to these companies, the manufacture of bioplastic is consistent with improving quality of the feedstock during post-consumer recycling
processes. For example, incorporating antimicrobial agents into polypropylene supports their sustainability values and branding while facilitating the
introduction of innovative products into new markets. They firmly believe that their commitment to sustainability should drive the industry to
collaborate with critical research institutions. This cooperative approach is essential given the complexities of the polymers they handle, the global
capital at stake, and the specialized techniques required to operate effectively, while also addressing potential contaminants (Keränen et al., 2023; Nessi
et al., 2021).

Each company has adopted distinct business strategies on their paths to becoming leaders in their respective fields. They have dedicated years to
developing new products, which are reportedly gaining traction. While higher-priced, high-performing products lead to a steady market pace,
challenges remain. Industry experts warned these companies that a lack of available feedstock combined with market prices could spell disaster;
however, this has not been the case. It is evident that innovation in the plastics industry is shifting from cutthroat competition to a more collaborative
environment, where innovation can coexist with partnership (Fontoura & Coelho, 2022; Gong et al., 2020; Brown et al., 2020).

8. Future Outlook and Trends in Bioplastics and Sustainable Materials

The growth of the bioplastics and sustainable materials markets is expected to accelerate in the coming years, driven primarily by climate change and
the need for a circular economy. This transition from a linear to a circular economy is influencing material and product selection, making eco-friendly
options increasingly appealing. As consumers become more aware of the environmental issues associated with conventional plastics, they are
advocating for government bodies to invest in and promote sustainable alternatives and technological innovations. This shift is leading to significant
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success factors and market drivers for the future of bioplastics, which are anticipated to offer high performance, stability, and unique properties, thereby
enhancing their competitiveness across various industrial sectors (Degli et al., 2021; Costa et al., 2023; Cooke & Pomeroy, 2023).

Emerging carbon-negative or net-zero technologies are creating new opportunities for the bioplastics market, with an increased emphasis on corporate
responsibility and sustainable growth. Regulatory pressures are expected to significantly influence the development of bioplastics on both national and
international levels. The need for innovation is paramount, as the development of new technologies and alternative materials must be viewed as
complementary rather than mutually exclusive. While blending different types of plastic materials may become standard practice, bioplastics will likely
face competition from a broader range of functional materials in the future (Moshood et al., 2022; Keränen et al., 2023; Baskoro et al., 2024).

In this context, developing bioplastics with value-added properties and enhanced industrial functionalities can create demand and improve market
potential. Public investment in innovative technologies, along with increased research and development capacities among corporates, SMEs, and public
research institutions, will be essential to fostering innovation and unlocking the full potential of these materials. As environmental concerns gain
prominence, technological advancements enable rapid dissemination of information, amplifying public outcry and awareness. This more informed
society is likely to drive changes in consumer behavior, indirectly fostering the demand for eco-friendly materials. Additionally, educational institutions
may promote the use of sustainable materials in their operations, influencing students to carry their sustainable values into the private sector (Nanda et
al., 2022; Ibrahim et al., 2021; Kong et al., 2023).

9. Conclusion

In conclusion, the present review outlines a range of challenges threatening environmental sustainability and the role that sustainable materials,
including bioplastics, can play in addressing some of them. With more than 335 million tons of plastics produced annually, the dominant use of
conventional plastics is a primary contributor to anthropogenic harm to the environment, including the destruction of wildlife habitats and litter
problems. Growing populations, urbanization, and economic development in newly industrialized countries will lead to increases in the scale of these
problems. Thus, there is an urgent need to transition away from a 20th-century linear plastics system to a more sustainable alternative. The development
of biodegradable bioplastics from renewable feedstocks can substantially reduce the negative external societal and ecological costs outlined above.
Potential advantages of bioplastics in relation to primary energy use and climate change reduction include: the intrinsic biodegradability of some
bioplastics in certain environments once they have fulfilled their function; easy recycling using established organic waste treatment infrastructure;
lowering greenhouse gas emissions; and the sourcing of raw materials from sustainable agricultural regimes.

There are challenges facing the bioplastics industry, including: the need to improve the end-of-life properties of bioplastics; dropping the price to
stimulate demand; overcoming regulatory barriers and skepticism in public opinion; and deterring organized lobbying against bioplastics by the
petrochemical industry. These need to be addressed, ideally with strong, coherent support from domestic and international strategic policies. We argue
that holding off investment to further develop bioplastics until these barriers are resolved is not an option: a long time lag typically exists for
biotechnology research and commercial development to translate into bioplastics production. Research and deployment of bioplastics should be
advanced immediately, given the many potential societal and agricultural benefits that their widespread adoption represents. The more bioplastics are
produced and consumed, the faster the environmental and public benefits will grow. It is ultimately up to individual consumers to drive the bioplastics
movement, since it is consumer demand that ultimately drives all markets and all economies.
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