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Polymers in Circular Economy: A Comprehensive Approach to Sustainability. An overview.
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ABSTRACT

The circular economy has emerged as a fundamental paradigm in the search for sustainable solutions in the global economic context, as an innovative approach
that seeks to transform the way we consume and produce goods and services. Its fundamental principles are based on the reduction, reuse and recycling of resources,
promoting sustainability and minimizing waste. This new way of thinking has applications in a variety of sectors, from manufacturing to waste management. The
implementation of government policies and regulations play an important role in promoting the circular economy by setting standards and requirements for responsible
resource management. However, there are challenges and barriers that need to be overcome, such as resistance to change and the need for upfront investments. Despite
these obstacles, there are successful examples of circular economy around the world, demonstrating the tangible benefits of this approach in terms of waste reduction.
This paper presents an exploration and analysis of the circular economy, providing a vision of its foundation, applications and challenges in promoting a more

sustainable management of resources and products globally.
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1. INTRODUCTION
Figure 1. Graphical Abstract.
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The Society, since the industrial revolution, has remained in a constant linear
economy [1, 2], where the production and use of resources has been extremely
endangered due to the excessive use of fossil fuels and other conventional non-
renewable energies. It has been estimated that natural resources are consumed
at twice the rate they are produced and that by 2050 [3] it could increase to
threefold. This growth in resource use is closely associated with the increase in
the world's population, which is expected to reach 8.5 billion by 2030, resulting
in unprecedented exploitation of natural resources [4]. In this way, waste
management has set the international standard in terms of the use and
application of resources [5], as well as the promotion of clean energies with
low environmental impact, as well as systems in which the carbon [6] and water
footprint is minimal.

However, globally, natural resource depletion coupled with greenhouse gas
emissions [7], have increased and continue to accelerate. With this it is
considered that a focus on the circular economy could be one of the most
efficient ways to reduce environmental impact. The circular economy
corresponds to an economic and systemic approach that aims to redefine the
way we produce, consume, and manage resources, as well as, maximize
efficiency in the use of resources and minimize waste, and the time that
environmental sustainability is promoted [8,9]. It is based on the principle of
closing the life cycles of products, materials and resources, so as to minimize
the use of natural resources, encourage reuse and recovery of products and
different materials at the end of their useful life [10].
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Unlike the traditional economic model, which is based on a linear economy,
the circular economy seeks to create a regenerative system in which products
and materials maintain their value for as long as possible. This involves
designing products with greater durability, facilitating their repair and
refurbishment, promoting reuse and exchange, encouraging recycling and
recovery of materials for reintroduction into the supply chain [11]. The circular
economy not only focuses on environmental aspects, but also considers
economic [12] and social [2] aspects and benefits.

From an economic point of view, closing the life cycles of products and
materials generates opportunities for job creation, technological innovation,
cost reduction and the promotion of economic resilience. At the same time, by
reducing dependence on natural resource extraction, the negative environ-
mental impact associated with production is minimized and biodiversity is
protected. From the social aspect, the circular economy can foster inclusion
and equity [13] by promoting business models based on collaboration and
community participation [14]. It can also increase environmental awareness
and education, encouraging communities to adopt more sustainable and
responsible behavior. Thus, in 2002, the concept of "Cradle to Cradle", C2C,
was introduced, which involves the recycling of waste and transformation into
new products [15].

In this sense, the current practices of generation and disposal of different
materials has become an unsustainable practice, one of the best examples cor-
respond to synthetic polymers where their production has increased from 15
million tons in the sixties to 311 million tons by 2014 and this value is expected
to triple by 2050 [16,17]. Thus, the world production of plastics, excluding
polyethyleneterephtalate (PET) and polyamides (PA) fibers in 2019, China was
awarded 51% of total production, while the United States 19%, Europe 16%
and Latin America 4% [18].

The importance of replacing petroleum-based polymers, a resource that is
rapidly depleted and generates high pollution [19] is becoming increasingly
apparent. In the traditional linear economy, these polymers are usually treated
as single-use products, which leads to the accumulation of a significant amount
of plastic waste that alarmingly pollutes our environment. These materials,
designed to offer high performance and durability, persist for long periods in
the environment, causing impacts on all aspects of ecosystems. Whether in their
original form or after undergoing processes that release micro or nano plastic
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particles, derived from oxidative, hydrolytic, thermal or microbial processes
[20] and these polymers are incorporated into the trophic chain, affecting the
health of various organisms [21,22].

However, in the context of the circular economy, a different vision is promoted,
the extending the useful life of polymers through reuse and recycling [23]. The
polymer recycling process involves several stages. It starts with the meticulous
collection and separation of plastic materials. The polymers are then washed,
crushed, and melted, resulting in granules or pellets. These granules become
the raw material for the manufacture of new plastic products. In this way,
polymer recycling becomes a cornerstone of the circular economy, sub-
stantially reducing the amount of plastic waste that ends up in landfills and
minimizing the need to extract natural resources [24].

However, despite the clear benefits offered by polymer recycling, we cannot
overlook the challenges facing this process [25]. One of the main challenges
lies in the contamination of recycled polymers, since impurities such as labels,
inks or food debris can affect the quality of the recycled material. In addition,
some polymers present complications in their efficient separation and recycling
due to their chemical and physical properties. The lack of adequate recycling
infrastructure and the lack of economic incentives are significant barriers to the
expansion of polymer recycling [26, 27].

In short, replacing petroleum-based polymers with more sustainable al-
ternatives is imperative, and circular economy emerges as a crucial approach
in this regard. Through reuse and recycling, we can significantly reduce the
environmental footprint of polymers and mitigate the negative impacts that
have characterized the traditional linear economy. However, it is essential to
address the present challenges in polymer recycling to achieve an effective
transition to a more sustainable future [28,29].

1.1. PRINCIPLES OF THE CIRCULAR ECONOMY

As mentioned above, the circular economy (CE) comprises a concept that has
gained high prominence in recent decades as an almost obligatory alternative
to the linear model of production and consumption of different products. Unlike
this linear model, which is based on the extraction of natural resources, the
manufacture of products, their use and subsequent disposal without further
treatment, the circular economy seeks to close the cycles of matter and energy
by minimizing waste and maximizing the value of different resources,
demonstrating that it requires the creation of organizational competencies and
dynamic capacities [30]. In this way, the circular economy presents 5
fundamental principles for long-term sustainability [Figure 1].

Figure 1. Five principles of the circular economy.
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Design of sustainable products and services:

The first principle of the circular economy is the design of products and services
designed to be sustainable throughout their life cycle. This involves considering
aspects such as durability, repairability, reuse, and recycling when designing a
product. The aim is to maximize the useful life of products and minimize their
environmental impact [31], encouraging the transition towards an economy that
allows reuse and recycling [32]. The steady growth of the service sector and
the shift towards a more sustainable society accounts for the largest share of
the global economy. However, there has been little incorporation of
sustainability into the design and provision of services until today [33].

Circular business models have been described as new types that use the
economic value stored in products for new types of market offerings [34, 35],
in order to move towards an increasingly regenerative economy [36,37]. The
design of sustainable products and services is based on seven fundamental
pillars:

a). Design for durability: Products should be designed for long service life
and increased strength. This involves using high-quality materials and ma-
nufacturing techniques that reduce wear and allow for repairs [38].

b). Design for reuse: Products must be designed in a modular and standardized
manner, allowing easy disassembly and reuse of components in new products
or as spare parts [39].

c¢). Design for recycling: Products must be composed of recyclable and
separable materials, facilitating their disassembly and recycling at the end of
their useful life [40].

d). Economy of functionality: Instead of selling products, you can offer a
service that meets the customer's need. The manufacturer retains ownership of
the product and is responsible for its maintenance and updating [41,42].

e). Use of renewable and biodegradable materials: The choice of renewable
and biodegradable materials reduces dependence on non-renewable resources
and decreases the amount of waste [43].

f). Minimization of packaging: Products should be designed with minimal
packaging and preferably reusable or recyclable [44].

g). Collaborative economy: Encourage business models based on exchange,
loan and rental, allowing a more efficient use of resources and extending the
useful life of products [45].

In this way, the design of sustainable products and services based on the
circular economy offers a large number of benefits for both companies and
society and the environment, including the following:

- Reduction of environmental impact: By minimizing the extraction of
natural resources and the generation of waste, the ecological footprint is
reduced and the environment is preserved for future generations [46].

- Stimulus to Innovation: The circular economy allows to promote creativity
and innovation in the design of products and services, which drives the
development of more sustainable technologies [47].

- Business resilience: Companies that embrace the circular economy can
become more resilient to resource scarcity and market fluctuations by relying
less on expensive and volatile raw materials [48].

However, there are major challenges in terms of implementing the circular
economy, such as the need for changes in business mindset, access to advanced
recycling technologies and collaboration between various actors in the value
chain.
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1.2. Extended cycle of life

The circular economy focuses on extending the life cycle of products and
materials as much as possible. This involves promoting the reuse of products
and components, as well as repair and maintenance rather than replacing them
[49]. By extending the useful life of products, the waste generated is reduced
and the demand for new raw materials is reduced. This is why the extended life
cycle seeks to extend the useful life of products and maximize their value
throughout their existence. This concept goes beyond the traditional concept of
"use and dispose" products [50]. Rather than being limited to a single stage of
use, this approach seeks to extend the life of products through different
strategies, such as designing for durability, repairability and reuse [S1]. By
extending the life of a product, we are reducing the need to produce new
elements frequently and therefore, the demand for natural resources and the
generation of waste is reduced [52]. In this way, the concepts of circular
economy and extended life cycle are terms that are interconnected and
complementary. This cycle is a fundamental component in the circular
economy, since it extends the useful life of products, reduces the demand for
resources and reduces the amount of waste generated. On the other hand, the
circular economy provides the framework and infrastructure for the extended
life cycle to be effective and viable at scale [S3]. By integrating the extended
life cycle within the circular economy, we can see five important aspects:

- Reduced environmental footprint: By extending the shelf life of products,
the need to produce new elements is reduced, decreasing natural resource
extraction and carbon emissions associated with manufacturing [54].

- Encouragement of sustainable innovation: The quest to extend the life
cycle of products requires innovation in design, materials and processes, which
encourages the adoption of more sustainable practices in the industry [55].

- Job creation: The circular economy and extended life cycle can create new
employment opportunities in sectors related to repair, reuse and recycling
[56,57].

- Reducing dependence on non-renewable resources: By extending the
useful life of products and recycling materials, dependence on non-renewable
resources, such as minerals and fossil fuels, is reduced [58, 59].

- Promoting responsible consumption: Awareness of durability and the life
cycle of products can lead consumers to make more informed and responsible
decisions in their purchasing choices [60].

However, despite the great benefits that this model brings, there are three major
challenges:

- Change of mindset: For both companies and consumers, a change of
mentality is necessary to adopt more sustainable practices and value the
longevity of products over planned obsolescence [61].

- Infrastructure and logistics: A robust infrastructure is needed to collect,
repair, and recycle end-of-life products, which may require significant
investments [62, 63].

- Regulation and public policies: An adequate regulatory framework is
needed that encourages and supports the circular economy and the extended
life cycle [64].

Recovery of waste and by-products

Instead of considering waste as garbage, the circular economy seeks to valorize
it and reintegrate it into new production processes. The premise is that waste
from one process can become resources for another. This can be achieved
through recycling, composting, energy recovery or the transformation of waste
into secondary raw materials [65, 66]. Doing so closes material cycles and
reduces dependence on virgin resources. Thus, instead of treating waste as a
problem to be eliminated, valorization seeks to make the most of its potential,
reintegrating it into the economic and productive value chain [65]. This
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approach is essential in the context of the circular economy that seeks to
minimize the extraction of natural resources and the generation of waste [67],
promotes the efficient and sustainable use of natural resources. There are
different types of waste and by-products, which can be carried out through
various strategies, among which we find:

- Recycling involves collecting, sorting and processing materials into new
products or raw materials that can be reused in production [68].

- Reuse consists of using waste and by-products for another purpose without
subjecting them to a transformation process, thus prolonging their useful life
[39].

- Composting is referred to the biological decomposition of organic materials
to produce compost, agricultural areas can be used [69, 70].

- Energy recovery involves the transformation of waste into energy, such as the
production of electricity or heat through controlled incineration [71].

- Economy of Functionality, instead of selling products, a service is offered that
meets the customer's need, keeping ownership and responsibility of the product
in the hands of the manufacturer [72].

The recovery of waste is essential to move towards a circular economy because
it allows a reduction of the environmental impact, thus reducing the extraction
of new natural resources and preventing waste from accumulating in landfills
or being released into the environment [73]. Resource conservation makes it
possible to give waste a new use, prolonging its useful life and preserving the
intrinsic value of materials, reducing the demand for new resources [74].
Stimulating innovation promotes innovation and the development of new
technologies and processes that transform waste into new products and services
[75]. The valorization of resources also allows the generation of employment
and economic development and thus also allows a reduction in costs associated
with the management and disposal of waste [76], benefiting both the company
and the communities.

Finally, the valorization of waste and by-products also faces challenges that
must be overcome for effective implementation:

- Infrastructure and technology: an adequate infrastructure is needed for the
collection, classification and processing of waste efficiently [77,78].

- Public awareness and participation: public education and awareness are es-
sential to promote valorization and encourage more sustainable practices [79,
80].

- Regulation and public policies: at this point, it is considered necessary a solid
regulatory framework and policies that encourage valorization and establish
standards for its implementation [81].

Efficient use of resources

The circular economy promotes the efficient use of natural resources,
minimizing their extraction and maximizing their yield. This is achieved
through practices such as eco-efficiency in production, optimization of
industrial processes, responsible management of water and energy, as well as
the implementation of clean technologies. The objective is to reduce the
pressure on ecosystems and reduce the generation of waste.

Collaboration and synergy

The circular economy fosters collaboration and the establishment of synergies
between different actors within an economic system. This implies the creation
of networks and platforms where companies, governments, non-governmental
organizations and society in general can share the knowledge necessary for the
optimal development of collaborations [82-84].
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1.3. BENEFITS OF THE CIRCULAR ECONOMY

Currently, issues of social scientific importance are focused on the reduction of
greenhouse gas emissions, water treatment and environmental pollution [65],
so a good optimization of waste is being fundamental to face these problems
[86].

Thus, as the EC is primarily concerned with preventing the excessive
consumption of resources and optimizing energy and material cycles at all
social levels [65,87]. However, the EC is beginning to restructure in line with
the modernization of the economic system which is governed by the circulation
of different products and energy flows in the natural ecological environment
[88, 89]. The predominant approach in the EC improves resource efficiency,
reduces inputs and emissions, making it a good strategy to combat climate
change [90]. The main objective is to reduce greenhouse gas emissions by
achieving a zero-emission economy by 2050 [91] by trying to meet the 1.5°C
challenge of temperature reduction to reduce global warming [85, 92].

At the same time, the EC is playing an important role in the agendas of major
organizations such as the United Nations Climate Change Conference (COP)
[90], the G7, and the World Economic Forum [93]. From this point of view, the
EC is representing a framework of solutions to address these problems together
with the adequate energy transition, where since COP25 different contributions
have begun to be implemented so that countries can achieve emission
reductions [90].

A wide variety of benefits have been generated around the implementation of
CE in addition to the implementation of new social behaviors in order to favor
the objectives promoted. In this sense, it is find the sharing of mobility services,
where big data and connectivity [94] have allowed an increase in what is known
as the collaborative economy. The electrification or energy transition in
vehicles has allowed carbon emissions to decrease greatly [95], as well as the
cost of operation and maintenance that can fall between 50 and 70% because
these vehicles do not need engine adjustments, oil changes, transmission fluids,
in addition to having significantly less wear due to regenerative braking. The
improvement of current materials are also a good and promising alternative, an
example of this is the implementation of carbon fibers for the manufacture of
vehicles or other artifacts, improving aerodynamics, providing greater
durability and easy recycling [96, 97].

Another advantage and benefit of the EC refers to the importance of efficient
use of different types of resources [98] offers protection and raises awareness
towards the environment during all stages of production design and formation
of the final product, also restricts pollution, waste and emission of different
types of harmful and toxic substances while increasing resource efficiency (99).
This also allows entry into the creation of employment opportunities for local
communities [100] by bringing different types of investments. At the same
time, it has been proven that this path leads to an improvement in public health
and, in general, in environmental awareness [101].

In this sense, the EC allows to have a significant opportunity to address both
the economic benefits for companies and for society in general, presenting
business opportunities addressing the issues of the climate crisis, loss and
degradation of biodiversity [102, 104].

1.4. APPLICATION AREAS

The EC has become a fundamental paradigm that redefines the way in which
companies approach sustainability and resource management [105], so in its
quest to rethink and revitalize the traditional approach to production and
consumption, it spans a diverse spectrum of economic sectors, ranging from
manufacturing to agriculture, going through technology, construction and
fashion. Each of these sectors finds in the EC an adaptable and effective
approach to minimize waste, maximize efficiency and reduce environmental
impact, while generating economic opportunities and addressing global
challenges more holistically [4, 106, 107].
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In this exploration, it will break down how the EC applies in these diverse
sectors, highlighting the benefits and opportunities it offers in the pursuit of a
more sustainable and prosperous future.

In order to change the traditional linear model of "take, make, and dispose”,
companies are adopting more sustainable approaches (Figure 2), which also
involves designing products that are durable and easy to disassemble, thus
facilitating the remanufacturing and recycling of components. As a result, not
only are environmental impacts, such as waste generation and pollution,
reduced, but opportunities for innovation in design and production are also
opened up [108, 109]. In the manufacturing sector, for example, the EC
promotes the creation of products designed to last and be easily recycled, which
in addition to reducing the amount of waste generated, minimizes the demand
and dependence on virgin raw materials [107, 110], promoting the use of
recycled materials and the optimization of resource management.

Figure 2. Application sectors of the CE.
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In addition, the EC in the manufacturing sector is redefining business-consu-
mer relations. The trend towards reuse and extending the useful life of products
is leading to business models based on shared ownership, leasing and service
offering rather than merely selling products. This not only encourages resource
efficiency, but also creates new revenue streams for businesses and changes the
way consumers interact with products [111, 112]. In summary, the EC in the
manufacturing sector represents a fundamental shift towards sustainability and
efficiency, generating benefits for both businesses and the environment [113].

The construction industry on the other hand has contributed significantly to the
economic growth of different countries of the world. However, the adverse
effects of construction activities on the environment and social aspects have
become a growing concern over the years. In this sector, the EC plays an
important role as it promotes the use of sustainable materials, the reuse of
existing structures, the extension of the useful life of buildings and materials,
in order to drastically reduce the waste generated in construction and
demolition projects, the use of energy and the reduction of greenhouse gas
emissions, in order to contribute to the reduction of the environmental footprint
and boost economic efficiency in this industry [114].

In this context, performance in the construction industry needs a significant
shift towards a more regenerative, practical, efficient and sustainable approach,
so some of the key CE practices in construction include, the reuse of buildings,
rather than demolishing entire structures, the renovation and adaptation of
existing buildings is encouraged [115,116]. This not only preserves
architectural history and reduces demolition waste, but also saves pristine
resources and energy. A clear example of circular economy in construction is
the project "The Buitenschot Land Art Park" in the Netherlands. A waste dump
was transformed into a public park using excavated earth from nearby
construction projects, minimizing waste and reducing the need for land trans-
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portation. In addition, crushed glass waste was used as material for roads and
paths, closing the recycling and reuse cycle, Similar cases have been reported
in Pakistan, China, some African countries, and the European Union [117,118].

The use of sustainable building materials and the circularity of construction
waste are also promoted in emerging economies, such as certified wood,
recycled bricks and bio-based building materials, which have a lower
environmental impact in their manufacture and use [119-121]. Modern
construction methods such as modular prefabrication, an option to reduce
carbon dioxide emotions by up to 40%, which also facilitates the assembly and
dismantling of structures, reducing material waste and construction time
[122,123]. and green construction as a greening system for buildings,
bioretention systems, Biofilters built in building systems can improve the
efficiency, sufficiency and coherence of ecological building systems,
prioritizing ecological, economic and social impacts on the life cycle of
buildings and the environment [124-126].

These approaches to the circular economy in the construction sector not only
reduce environmental impacts, but can also generate significant cost savings
and create opportunities for innovation in design and construction. The circular
economy in construction has become a role model for addressing the
environmental and economic challenges of this key sector [127-129].

The CE applied to technology represents a significant transformation in the way
we conceive, develop and use electronic devices. Instead of the traditional
linear model of production and disposal of technological products, the circular
economy introduces a more sustainable and efficient vision, focusing on
sustainable design, the reuse of components and the responsible management
of electronic waste. This transformative approach not only benefits the
environment, but also presents significant economic opportunities and
advantages for society as a whole [130,131].

In this context, product design plays a fundamental role. Companies are
adopting design approaches that minimize the amount of natural resources
needed to manufacture electronic devices. This involves the selection of
materials with the lowest environmental impact, as well as the modular design
that allows for easy repair and upgrade of components. Durability and ease of
disassembly are seen as crucial aspects to ensure that technological products
have a longer service life and are easier to recycle at the end of their useful life
[132, 133].

Moreover, instead of discarding electronic devices entirely, the circular
economy promotes the recovery and refurbishment of valuable components.
This includes removing circuit boards, displays, batteries, and other
components for reuse in new products or to repair existing devices. These
"disassembly and recycling" processes reduce the need to extract new natural
resources and decrease the amount of e-waste. It also translates into more
responsible management of e-waste. Companies and organizations work
together to establish proper collection and recycling systems, ensuring that
discarded electronic devices are safely recycled and valuable materials are
recovered. In addition, awareness is encouraged among consumers to deliver
their obsolete devices to suitable collection points, rather than disposing of
them inappropriately [134].

In short, EC in technology is based on a holistic approach ranging from
sustainable product design to responsible e-waste management. This approach
seeks to transform the technology industry into one that is more envi-
ronmentally friendly, promoting efficiency in the use of resources and
minimizing the negative impact on the planet [135-137].

In a global context marked by growing concern for environmental sustainability
and the need to make more efficient use of natural resources, agriculture has
also emerged as fertile ground for the implementation of EC principles [138,
139]. Agriculture, as the backbone of our food security and a major player in
land and water use, is in a key position to adopt strategies that minimize waste,
optimize resource management and reduce environmental impact [140]. In this
context, we will explore how the EC is transforming agriculture, promoting
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innovative practices that go beyond traditional production and contribute to
more sustainable and environmentally friendly agricultural production [141].

One of the main pillars of the EC in agriculture is the efficient management of
agricultural waste. Instead of considering crop remains, such as stems and
leaves, as waste, strategies are being implemented to turn them into valuable
resources. This involves composting organic materials to produce natural
manure, converting agricultural waste into biogas or bioenergy, and reusing
nutrients extracted from crops in the form of organic fertilizers. This intelligent
management of agricultural residues not only reduces pollution and waste, but
also improves soil quality and reduces dependence on chemical fertilizers
[142].

It also encompasses the use of advanced technologies to optimize production
and resource use. Precision agriculture, which includes data farming and the
use of sensors, enables farmers to make more informed decisions about
planting, irrigation, and fertilizer application [138]. This reduces the excessive
use of resources, such as water and chemicals, while increasing production
efficiency. In addition, the adoption of practices such as vertical farming and
aquaponics contribute to the circular economy by using space and resources
more efficiently and sustainably [143].

Another important facet in agriculture is the promotion of short supply circuits,
which involve reducing the distance between producer and consumer. These
more local distribution systems reduce the need for long-distance
transportation, which decreases carbon emissions and food waste [144]. In
addition, they promote greater transparency in the supply chain and a more
direct connection between farmers and consumers, which can increase demand
for fresh and seasonal produce [145].

In this sense, the EC in agriculture focuses on optimizing the use of resources,
reducing waste and promoting more sustainable practices throughout the food
chain, from production to consumption. These strategies not only have
environmental benefits, but can also improve the productivity and profitability
of agriculture in the long run [146, 147].

Meanwhile, in fashion, an industry known for its speed and focus on ephemeral
trends is undergoing a fundamental transformation in its approach thanks to the
EC encouraging the production and consumption of sustainable garments,
along with reuse through second-hand purchase and textile recycling (148).
This revolutionary approach seeks to change the way we conceive, produce and
consume clothing, encouraging sustainability, reuse and waste reduction along
the entire fashion value chain [149-151].

Sustainable design has become the essential starting point. Designers are taking
a conscious approach that considers the durability of garments and the choice
of environmentally friendly materials [152]. This involves the use of recycled,
organic and sustainable fabrics, as well as the incorporation of features that
facilitate the reuse and recycling of garments [153, 154].

One of the main pillars of the EC in fashion is the recycling and reuse of
garments. Instead of discarding used clothes, companies are promoting the
collection and recycling of garments, as well as the transformation of old
garments into new ones through "upcycling” [155]. Not only does this reduce
the amount of clothing sent to landfill, but it also encourages a longer life cycle
for clothing [156-158].

CE in fashion not only involves the industry, but also consumers. Through
awareness and education campaigns, a more conscious and responsible
consumption mentality is being promoted. Consumers are being encouraged to
take care of their garments, shop thoughtfully, and consider sustainable options,
which is contributing to changing attitudes towards disposable fashion [159-
161]. Fashion is revolutionizing the industry by focusing on sustainability,
reuse and waste reduction, making it a driver of positive change towards more
environmentally and socially responsible fashion [106, 162-164].
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These examples represent only part of how the EC is becoming a key approach
to addressing environmental and economic challenges in a variety of sectors.
As we move towards a more sustainable and prosperous future, the circular
economy stands as a fundamental pillar to drive innovation [75], reduce waste
and maximize the value of our limited resources.

2. POLICIES AND REGULATIONS

The circular economy, as a systematic approach aimed at minimizing the
extraction of natural resources, reducing waste and encouraging the reuse and
recycling of materials, has gained increasing prominence on the global agenda
in response to growing concerns about environmental sustainability and the
need to address challenges related to climate change and natural resource
degradation. In this context, policies and regulations play a critical role in the
promotion and implementation of the EC. These government measures and
regulatory frameworks have evolved to reflect the growing urgency of the
transition to a more sustainable and resource-efficient economy, and have
encompassed a wide variety of economic sectors and activities (165, 166). This
transition is a priority objective worldwide, and as a result, policies and
regulations play an essential role in promoting this transformation, seeking to
reduce waste, reuse resources and minimize environmental impact, across
industries and sectors [167], seeking to reduce waste, reuse resources, and
minimize environmental impact, in all industries and sectors [167].

In many jurisdictions, specific laws and regulations have been put in place to
address waste management and encourage recycling. These policies set
recycling goals, promote waste separation at source, and establish guidelines
for the proper handling of end-of-life products. In addition, some regions have
implemented extended producer responsibility (EPR) programs, which require
manufacturers to be responsible for managing the products they put on the
market, even after consumer use [166, 168].

Some examples of waste legislation and policies related to the EC are the
European Union (EU) Packaging Waste Directive, where recycling targets are
set for different types of packaging, such as plastic, glass and paper, and
promotes waste minimization by encouraging the reuse and recycling of
packaging. It also imposes responsibilities on packaging producers to ensure
proper packaging management [169]. The Extended Producer Responsibility
Act (EPR) in Canada, where they state that manufacturers are responsible for
the proper management of the products they put on the market, even after
consumers discard them. For example, Ontario's EPR Act covers electronics,
appliances, packaging and other products [170]. Some examples of waste
legislation and policies related to the EC are the European Union (EU)
Packaging Waste Directive, where recycling targets are set for different types
of packaging, such as plastic, glass and paper, and promotes waste
minimization by encouraging the reuse and recycling of packaging. It also
imposes responsibilities on packaging producers to ensure proper packaging
management [169].

Likewise, the Electronic Products Recycling Act in the United States, where
cities like California and New York have enacted specific laws to manage
electronic products at the end of their useful life. These laws require
manufacturers to establish electronic collection and recycling programs,
thereby encouraging the reuse of components and the recovery of valuable
materials [171, 172]. The Waste Electrical and Electronic Equipment (WEEE)
Directive, as well as the US recycling law establishes specific requirements for
the management of electronic waste in the European Union. It obliges manu-
facturers to assume financial responsibility for the proper management of
WEEE, promoting the recovery of materials and the minimization of
environmental and health risks [173].

On the other hand, the ENERGY STAR Environmental Labeling program in
the United States awards environmental labels to products that meet established
energy efficiency standards. This allows consumers to identify products that
are more energy efficient, thus encouraging the purchase of more sustainable
devices [174]. The National Solid Waste Management Policy in India has
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implemented guidelines for proper solid waste management and promotes
source segregation and selective waste collection, with the aim of reducing the
amount of waste sent to landfill and encouraging reuse and recycling [175].
Several countries in Latin America are implementing policies and regulations
oriented towards EC and sustainable waste management such as the REP
(Extended Producer Responsibility) Law in Chile implemented in 2016, which
establishes the responsibility of producers in the management of waste of
priority products, such as packaging and electronic products. This legislation
seeks to encourage reuse and recycling, and has led to the creation of producer-
funded collection and recycling systems [176]. In the city of Buenos Aires, the
Zero Waste Program has been implemented, which aims to reduce the amount
of waste sent to landfills and promote the selective collection of recyclable
materials. This initiative includes the promotion of composting, material
recovery, and reuse [177].

Brazil approved the National Solid Waste Policy in 2010, which establishes
guidelines for proper waste management and promotes the circular economy.
The Act includes provisions on e-waste management and shared responsibility
between manufacturers, importers and distributors for the management of end-
of-life products [178]. While Colombia has launched a Circular Economy
Program that seeks to promote sustainability and efficient resource
management in various sectors, including waste management. This program
aims to reduce waste generation, encourage recycling and support the transition
towards a more circular economy [179]. These examples illustrate how circular
economy legislation and policies can address a variety of products and sectors,
setting recycling goals, producer responsibilities and requirements for proper
waste management, all with the aim of promoting sustainability and reducing
environmental impact.

Ecodesign policies seek to encourage manufacturers to produce more
sustainable products from the outset. These regulations establish environmental
and energy efficiency criteria for products, which encourages resource
reduction and durability, this coupled with environmental labeling, such as
ecolabels, helps consumers make informed decisions when identifying
products that meet certain sustainability standards [180]. Some governments
have introduced taxes on pollution and natural resources, while offering
subsidies and tax breaks to companies that adopt more sustainable practices.
These economic mechanisms aim to encourage the adoption of more
environmentally friendly processes and products. At the regional level, the
European Union has been a pioneer in the implementation of ambitious circular
policies, such as the Circular Economy Action Plan. At the global level, the
Paris Agreement on climate change and the United Nations Sustainable
Development Goals also include aspects related to the EC, promoting
international cooperation in this area [181,182].

In summary, circular economy policies and regulations are fundamental to
drive the transition towards a more sustainable and responsible economic
model. These governmental measures and international agreements play a
crucial role in promoting business and consumer practices that reduce waste,
encourage reuse and minimize environmental impact [183].

3. CHALLENGES AND BARRIERS

Different classifications have been reported on issues of barriers to the
implementation of the EC, one of these being hard factors, covering technical
and economic, and soft, institutional and social [184]. Other authors have
classified barriers into four levels corresponding to institutional market, value
chain, organization and employee levels [185]. The classification of the five
categories includes economic, structural, operational, attitudinal, and
technological [186, 187].

These barriers can be found in different sectors, one of them is in the
construction sector where there is lack of commercial subsidies [188-190], lack
of financial aid [191,194], lack of research, education and information [188,
195], lack of strategic vision and collaboration platforms [196, 197] lack of
regulatory instruments [198], lack of fiscal actions [199], lack of circular vision
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lack of integrated CDW processes, tools and practices [200], lack of an
information management system (201). We can also find economic barriers,
since the lack of a group of subsidies is related to the lack of market
investments, in addition to the lack of marketing strategies for the reinsertion
of secondary materials.

Among other important barriers, we find the information barriers, where the
lack of awareness, knowledge and dissemination of information have generated
a strong barrier to the implementation of the EC institutional (202), which focus
mainly on cultural barriers associated with slow generation and implementation
of changes and supply lines (189), policies, in which the lack of legislative
regulations have led to failures in issues of integrated management ), as well as
the lack of groups with a circular economy vision are lack of government
funding for research, innovation, development and investment (196). The lack
of information management systems is closely related to the availability and
transparency of data and processes in general (203).

In general, a circular plan could be obtained that allows intersectorial
integration, where solutions to face and overcome existing challenges and
barriers range from the impartiality of governments, working together with
academic and business institutions, as well as the allocation and reallocation of
funds to sustainable solutions.

However, the main challenges and barriers are classified into 10 aspects:

1. Cultural change: it is established as one of the greatest challenges in CE
issues from the social and business point of view, since the linear form of
operation is the one that has predominated until now [204]. As already
mentioned, the EC requires a transition towards valuing reuse and recycling
rather than common practices of disposing of different products [205].

2. Initial investment: the adoption of practices and technologies based on the
EC can mean different significant investments from public or private
companies, which can mean a great barrier especially for those that are small
and medium-sized (206).

3. Rules and regulations: the current regulations, in the different countries, do
not allow a favoring towards the circular economy. These laws should be
adapted to promote the reuse and recycling of products (207).

4. Complexity in the supply chain: the reconfiguration of the supply chain is a
crucial point because the implementation of the EC in them may require
significant changes in everything related to logistics and management [208,
209].

5. Lack of adequate infrastructure: for the adoption of recycling and reuse
processes, adequate infrastructure is necessary, such as recycling plants and
complete and selective collection systems, where it has been seen that many
countries have already begun to implement them, however, due to their high
costs it is being seen as a major obstacle for the EC.

6. Product design and planned obsolescence: many of the products on the
market are designed to have a limited useful life or with components that are
not easy to repair or recycle [210], however, planned obsolescence must be
worked on in order to give the products a longer life, and thus avoid greater
production and disposal of articles [211].

7. Education and public awareness: this aspect is fundamental in terms of the
benefits we can acquire from the EC. However, a lack of public understanding
and support is creating significant barriers. Currently, knowledge of sustainable
design or purely of the EC is not mandatory within the profession [212]. The
importance of CE education must be integrated into curricula so that students
can understand and recognize that these principles are fundamental for better
development. Some examples are the design of the longevity of products,
where these can be repaired and updated. Design of materials to reduce
environmental impact and increase working efficiency [213].
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8. Access to financing: at this point, companies wishing to implement CE
practices may be hampered by poor access to finance as investors may be
limited to new initiatives [214, 215].

9. Uncertainty about profitability: in the absence of a policy to incentivize EC
or education in this regard, companies may be reluctant to adopt new practices
since the perception may be less profitable in the short term [216], without
considering that the implementation of this model can generate long-term
savings as well as a wide variety of competitive advantages [217].

10. Complexity of materials and products: many of the materials and products
are difficult to recycle and/or reuse or suitable technologies do not exist,
limiting the applicability of the EC in a wide variety of industries [218,219].

4. Polymers in the Circular Economy

In the EC context, polymer recycling plays a key role in the transition to a more
sustainable economy. A prominent example of polymer recycling is PET
(polyethylene terephthalate) used in beverage packaging. These plastic bottles
are collected, washed, shredded, and melted to produce recycled PET granules,
which are then used to make new bottles, textile fibres, and other products
[220]. This process reduces the demand for virgin raw materials and decreases
the amount of plastic waste in landfills and oceans [221].

Another example is the recycling of polypropylene (PP), a widely used polymer
that recycled is used in the manufacture of automotive components, such as
bumpers and interior panels, coatings, among others, which reduces the
resource consumption and carbon footprint of the automotive and construction
industry [106]. In the field of fashion, the recycling of polyester makes it
possible to convert used plastic bottles into textile fibers. This decreases
pressure on natural resources and helps address the problem of textile waste in
the fashion industry [217].

These examples illustrate how polymer recycling has a positive impact on a
wide range of industries, from packaging and automotive to construction and
fashion. However, this process goes beyond the mere reuse of existing plastic
materials. It also involves the constant search for innovative approaches to
improve the properties of recycled polymers. An outstanding strategy in this
regard is the integration of natural polymers, such as cellulose, chitosan and
starch, in the composition of these recycled materials [Figure 3], [222,224].
Synergy between the circular economy and the incorporation of natural
polymers not only reduces the consumption of natural resources and minimizes
waste generation, but also offers exciting opportunities to improve the
sustainability and performance of final products in a wide range of industrial
applications this due to the characteristics of these polymers such as their high
abundance, biocompatibility, versatility for different types of reactions, high
biodegradability, which allow obtaining a wide variety of materials [225].

For example, in the packaging industry, the trend has been adopted to combine
recycled polymers with natural polymers such as cellulose. This not only
reduces the amount of virgin plastic used in packaging, but also improves the
biodegradability and mechanical strength of the resulting products. Cellulose
films coated with recycled polymers offer an excellent barrier against moisture
and oxygen, making them ideal for food packaging [226-228].

In construction, recycled polymers mixed with cornstarch are being used to
create more sustainable building materials. Made from recycled polymers and
starch, composite boards are strong, lightweight and biodegradable, making
them an attractive option for furniture and structural element manufacturing
[22,230].

In fashion, the combination of recycled polymers with natural fibers such as
organic cotton or hemp is being explored. This not only reduces reliance on
virgin synthetic fibres, but also results in more environmentally friendly and
comfortable garments for sustainability-conscious consumers [231].
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Another of the materials that are beginning to be used in the agricultural and
environmental remediation area are artificial polymer hydrogels from cellulose
like carboxymethylcellulose, since their active groups are available along the
polymer chain [232], allowing hydrogels like poly (2-hydroxyethyl-metha-
crylate (PHEMA) to be set aside, polyacrylamide (PA), polyethylene glycol
(PEG), and polyvinyl alcohol (PVA) [223,224]. The carboxy-methylcellulose
hydrogels have a wide range of uses, where the most prominent are in the
agricultural area to help preserve the quality of fruits and vegetables,
remediation of agricultural soils, preserve water sources and encapsulation of
bioactive molecules [226].

Figure 3. Natural polymers most abundant in nature with potential use as
materials.
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Another of its applications is in the medical area where it is used to prevent the
reappearance of tumors. Thus carboxymethylcellulose-based hydrogels have
been used to transport drugs and prevent the recurrence of postoperative tumors
[232]. In general, materials based on "green polymers" help prevent and
partially reduce waste and contribute to more sustainable life cycles and a lower
carbon footprint [235].

These examples highlight how the introduction of natural polymers into the

recycled polymer matrix can improve the properties of final products, while
promoting sustainability in various industries. This synergy between recycled
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and natural materials represents an innovative strategy to address
environmental challenges and maximize the value of polymers in the circular

economy [236].
5. CONCLUSIONS

The circular economy represents an essential and promising approach to
addressing the economic and environmental challenges of our time. By
following the principles of resource reduction, reuse and recycling, we can
achieve greater efficiency in the use of natural resources, reduce negative
impacts on the environment and at the same time generate significant economic
benefits. The sectors of application are diverse and policies and regulations play
a fundamental role in their promotion.

Although there are challenges and barriers on the way to a fully implemented
circular economy, the examples demonstrate that it is possible and beneficial
for businesses, society and the planet. By embracing this approach and working
together to overcome obstacles, we can move towards a more sustainable and
equitable future, where the life cycle of products and resources is managed
responsibly, thus contributing to a more sustainable and resilient world.

Recycled polymers and natural polymers become fundamental pillars of this
transition towards a more sustainable economic model. Recycled polymers
extend the life of existing plastic materials, reducing the need to extract finite
natural resources and minimizing the accumulation of plastic waste. At the
same time, natural polymers offer eco-friendly alternatives to synthetic
polymers, contributing to the sustainability and biocompatibility of final
products.

In summary, the importance of polymers in the circular economy lies in their
ability to optimize the use of resources, reduce waste generation and promote
sustainability in various sectors. These materials are not only essential
components of the circular economy, but are also concrete examples of how
adopting this approach can be beneficial for businesses, societies and the
natural environment. Thus, the responsible management of polymers becomes
a crucial factor to move towards a more equitable, resilient and sustainable
world, where the circular economy is the norm.
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