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ABSTRACT: The sustainable recycling of polyurethane foam (PUF) waste has emerged as a critical challenge due to its
widespread industrial use and environmental impact. This study proposes a theoretical framework for the sustainable recycling of
PUF waste, integrating material science, engineering processes, and environmental considerations. The framework aims to address
the increasing accumulation of PUF waste by optimizing recycling methodologies to enhance efficiency, reduce costs, and
minimize environmental harm. Key components of the framework include chemical recycling, mechanical recycling, and
thermochemical approaches. Chemical recycling processes, such as glycolysis, hydrolysis, and aminolysis, are evaluated for their
effectiveness in breaking down PUF into valuable raw materials. Mechanical recycling, involving shredding and reprocessing, is
assessed for its feasibility in producing secondary applications while maintaining material integrity. Additionally, thermochemical
methods, including pyrolysis and gasification, are analyzed for their potential to convert PUF waste into energy and chemical
feedstocks. The framework incorporates life cycle assessment (LCA) to evaluate the environmental impacts of various recycling
techniques, providing insights into energy consumption, greenhouse gas emissions, and resource efficiency. Furthermore, it
highlights the importance of integrating renewable energy sources into recycling operations to enhance sustainability. The role of
industrial symbiosis, where PUF waste from one process serves as input for another, is emphasized as a pathway to achieve
circular economy objectives. Experimental validation of the framework is conducted using advanced characterization techniques
such as spectroscopy, thermal analysis, and mechanical testing to assess the quality and usability of recycled materials. The
findings reveal that combining chemical and thermochemical methods with energy recovery and industrial symbiosis can
significantly enhance recycling efficiency and sustainability. This theoretical framework provides a structured approach to
sustainable PUF waste management, offering industries actionable strategies to reduce waste, lower costs, and align with
environmental regulations. Its implementation has the potential to transform waste management practices, contributing to a more
sustainable industrial ecosystem.

KEYWORDS: Polyurethane Foam, Recycling, Chemical Recycling, Thermochemical Methods, Sustainability, Industrial
Symbiosis, Life Cycle Assessment, Circular Economy.

1.0. INTRODUCTION One of the major issues surrounding PUF waste is the

Polyurethane foam (PUF) is widely utilized across a variety
of industrial applications due to its versatility, lightweight
nature, and excellent insulating properties. It finds use in
sectors ranging from automotive manufacturing to
construction, furniture, and packaging. Despite its benefits,
the environmental impact of PUF is significant, primarily
due to its non-biodegradable nature and the challenges
associated with its disposal (Adadian& Russell, 2024). As
the demand for PUF continues to grow, so does the
accumulation of PUF waste, posing a serious environmental
concern (Al-Baghdadia&Alamierya, 2025). This waste
typically ends up in landfills, where it can persist for years,
contributing to environmental pollution and resource
depletion. The accumulation of PUF waste has raised alarms
over its long-term ecological footprint, and there is an urgent
need to develop effective and sustainable recycling methods
that can address these challenges.

complexity of its composition, which includes a range of
chemical additives and blowing agents that make it difficult
to recycle through conventional methods. Traditional
recycling processes often fail to fully recover the material's
inherent properties or involve energy-intensive procedures
that result in further environmental degradation (Albannai,
2022, Das, 2022, Zhou, et al., 2022). Consequently, the
potential for reusing or repurposing PUF in a sustainable
manner remains largely untapped. This highlights the
pressing need for a theoretical framework that can guide the
development of innovative, efficient, and environmentally
friendly recycling methods for PUF waste (Akindoyo, et al.,
2016). Such a framework would not only improve the
recycling efficiency but also foster the creation of new
applications for recycled PUF, reducing the dependence on
virgin materials and promoting the principles of a circular
economy (Arévalo& Jurado, 2024, Khalid, 2024, Simdes,
2024).
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The objective of this framework is to propose a
comprehensive approach to the sustainable recycling of PUF
waste, focusing on methods that minimize environmental
harm, reduce energy consumption, and maximize material
recovery. By integrating advances in chemical recycling,
material science, and process engineering, this framework
aims to provide a sustainable solution for managing PUF
waste (Kapilan, Vidhya & Gao, 2021, Kolus, Wells &
Neumann, 2018). The significance of this framework lies in
its potential to mitigate environmental damage by offering
practical, scalable recycling solutions and contributing to the
broader goals of circular economy practices, where waste is
minimized, resources are conserved, and the life cycle of
materials is extended(Cam, 2022, Sridar, et al., 2022).

2.1. LITERATURE REVIEW

Polyurethane foam (PUF) is a versatile material commonly
used in a wide array of industrial applications, including
automotive parts, insulation materials, packaging, furniture,
and bedding. PUF is typically classified into two main
categories: flexible foam and rigid foam. Flexible PUF is
widely utilized in cushioning, seating, and bedding, while
rigid PUF is employed in insulation for buildings,
appliances, and automotive components(Moshkbid, et al.,
2024, Mukherjee,et al., 2024). Although PUF provides
excellent performance in these applications, its widespread
use has led to a significant environmental challenge due to
the accumulation of waste foam. PUF waste poses a
particular problem because of its non-biodegradable nature,
which means it can persist in landfills for years (Amesho, et
al., 2023). The accumulation of PUF waste, coupled with the
increasing global demand for foam products, calls for
innovative solutions to recycle this material effectively and
sustainably.

Existing recycling techniques for PUF waste are limited,
with conventional methods often being inefficient and
environmentally harmful. Mechanical recycling is one of the
most common approaches, which involves shredding the
waste foam into smaller pieces to be reused in new
products(Nagalingam, et al., 2025). However, this method is
not always effective, as the recycled foam can suffer from a
loss of structural integrity, making it unsuitable for some
high-performance applications. Additionally, mechanical
recycling does not address the chemical additives and
blowing agents used in the production of PUF, which can
remain in the recycled material, posing challenges for
product quality and safety (Briones-Llorente, et al., 2020).
Chemical recycling methods, including glycolysis,
ammonolysis, and hydrolysis, offer a more advanced
approach by breaking down the polymer structure of PUF
into its constituent monomers or oligomers. These
monomers can then be repurposed to produce new
polyurethane foam or other products (Chen, et al., 2024).
Glycolysis, for example, uses a glycol-based solution to
break down PUF into useful chemicals that can be reused in
the production of new polyurethane materials. However,

chemical recycling is energy-intensive, and the recovery of
pure monomers is often complicated by the presence of
additives and contaminants in the foam(Podgdrski, et al.,
2020, Qian, et al., 2020). Additionally, some chemical
recycling processes are costly and require specialized
equipment, limiting their widespread adoption in
industry(Cam&Giinen, 2024, Marcelino-Sadaba, et al.,
2024).Schematic of closed-loop recycling of flexible
polyurethane foam by Gu, et al., 2023, is shown in figure 1.
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Figure 1: Schematic of closed-loop recycling of flexible
polyurethane foam (Gu, et al., 2023).

Thermochemical recycling methods, including pyrolysis and
gasification, involve the application of heat to decompose
PUF waste into simpler molecules, which can then be used
as fuels or feedstocks for other industrial processes. While
these methods show promise in terms of energy recovery,
they often fail to preserve the valuable chemical components
of the foam and can lead to the generation of hazardous
byproducts. Moreover, thermochemical methods do not
address the issue of foam waste volume reduction, which is
a significant concern for large-scale recycling efforts(Li, et
al., 2023, Marougkas, et al., 2023, Xu, et al., 2023).

The environmental impact of PUF waste is a growing
concern, as it contributes to the accumulation of non-
biodegradable materials in landfills. Since PUF is produced
using petroleum-based products, its disposal contributes to
the depletion of natural resources and the emission of
harmful chemicals into the environment(Dahri, Memon &
Syed, 2025). The foam's resistance to decomposition means
that it can persist for decades, releasing toxic substances
such as isocyanates and blowing agents into the soil and
water. Furthermore, the production of PUF itself is
associated with high energy consumption and the emission
of greenhouse gases. As such, the recycling of PUF is
crucial to mitigate these environmental consequences,
reduce landfill waste, and lower the carbon footprint of PUF
production and disposal (Desai, Bera & Mondal, 2019).

The concept of a circular economy offers a valuable
framework for addressing the challenges of PUF waste
management. Circular economy principles emphasize the
importance of reducing waste, reusing materials, and
recycling products to extend their lifecycle (Fan, et al.,
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2020). In the context of PUF recycling, the goal is to create
a closed-loop system where PUF waste is continually
repurposed into new products, reducing the need for virgin
materials and minimizing environmental harm(Mohammadi,
et al., 2023, Srivastava, et al., 2023). Circular economy
practices also promote the design of products that are easier
to recycle, with a focus on reducing the use of harmful
additives and improving the recyclability of materials
(Kemona&Piotrowska, 2020).Herrero-Luna, et al., 2022,
presented a chart of Circular Economy and Innovation as
shown in figure 2.
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Figure 2: Circular Economy and Innovation (Herrero-
Luna, et al., 2022).

Several industries have already started to adopt circular
economy practices in their operations, including the
automotive and construction sectors, where PUF is
commonly used. For example, in the automotive industry,
the recycling of PUF waste can help reduce the demand for
new raw materials, lower production costs, and decrease
waste disposal costs(Kayode-Ajala, 2023, Kopelmann, et al.,
2023, Wall, 2023). Similarly, in the construction sector,
PUF waste can be repurposed into insulation materials,
reducing the environmental impact of new insulation
products(Dongming, 2024, Khan, et al., 2024, Sivakumar, et
al., 2024). The application of circular economy principles to
PUF recycling offers a promising path forward, as it
encourages the creation of sustainable products that have a
minimal environmental footprint (Jehanno, et al., 2022).

Industrial symbiosis is another approach that can contribute
to the efficient recycling of PUF waste. Industrial symbiosis
refers to the collaboration between different industries to
share resources, by-products, and waste materials to create
mutually beneficial outcomes (Gama, Ferreira & Barros-
Timmons, 2018). In the context of PUF recycling, industrial
symbiosis could involve the collaboration between foam
manufacturers, waste management companies, and other
industries that can use PUF waste as a feedstock for their
own production processes. For example, waste PUF could
be used as a raw material for producing biofuels, plastics, or
other chemicals, while also reducing the amount of waste
sent to landfills(Edwards, Weisz-Patrault&Charkaluk, 2023,

Yuan, et al., 2023). Additionally, industries could share
information and best practices on recycling methods, leading
to more efficient processes and reduced environmental
impact. The concept of industrial symbiosis could play a
crucial role in improving the sustainability of PUF recycling
by creating a more circular flow of materials and resources.
In conclusion, the sustainable recycling of PUF waste is a
critical issue that requires innovative solutions to address the
environmental challenges posed by its accumulation.
Existing recycling methods, while useful, have limitations
that hinder their widespread adoption. The principles of a
circular economy provide a promising framework for the
development of more sustainable recycling practices, while
industrial symbiosis offers opportunities for collaboration
between industries to maximize resource
efficiency(Elizabeth &Barshilia, 2025). The development of
a comprehensive theoretical framework for PUF recycling is
essential to guide the creation of effective, scalable, and
environmentally friendly solutions that can contribute to the
reduction of PUF waste and the promotion of sustainable
industrial practices (Khan, et al., 2020).

2.2. METHODOLOGY

The study employs the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) methodology to
develop a theoretical framework for the sustainable
recycling of polyurethane foam waste in industrial
applications. This method provides a structured approach to
conducting systematic reviews and ensures the inclusion of
high-quality, relevant research.

The process began with a comprehensive literature search
across academic databases using predefined keywords such
as "polyurethane foam recycling,” "circular economy,” and
"sustainable industrial applications." The search included
journal articles, reviews, and book chapters from the last
decade to capture recent advancements.

To ensure relevance and quality, inclusion and exclusion
criteria were applied. Studies focusing on polyurethane
recycling, life cycle assessments, innovative recycling
technologies, and circular economy frameworks were
included. Excluded were articles with limited relevance to
polyurethane applications or those lacking detailed
methodologies.

Data extraction involved systematically cataloging relevant
studies based on key information such as objectives,
methods, results, and implications. The extracted data
informed the theoretical framework, integrating findings on
effective recycling methods, challenges, and sustainability
outcomes.

Finally, the review synthesized insights into a cohesive
theoretical framework, emphasizing practical strategies for
sustainable polyurethane foam recycling, including chemical
recycling, mechanical processing, and policy-driven
innovations.
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The PRISMA flowchart shown in figure 3 visualizes the

systematic review process for the study, illustrating the flow

from record identification to the final inclusion of studies.
PRISMA Flowchart

Records identified through database searching
(n=123)

Additional records identified through other sources
(n =15)

Records after duplicates removed
(n =118)

Records screened
(n=118)

Records excluded
(n=78)

Full-text articles assessed for eligibility
(n = 40)

Full-text articles excluded
(n = 20)

Studies included in qualitative synthesis
(n=20)

Figure 3: PRISMA Flow chart of the study methodology

2.3. THEORETICAL FRAMEWORK FOR
SUSTAINABLE RECYCLING

The theoretical framework for the sustainable recycling of
polyurethane foam (PUF) waste in industrial applications
aims to provide a structured approach for understanding the
different recycling techniques and how they can be
effectively integrated to reduce environmental impact,
promote resource efficiency, and support a circular economy
(Kylili, Seduikyte&Fokaides, 2018). This framework takes
into account the potential benefits and limitations of various
recycling methods, including chemical, mechanical, and
thermochemical ~ processes, and  evaluates  their
environmental performance using a Life Cycle Assessment
(LCA). Additionally, the framework incorporates the
integration of renewable energy in recycling operations and
considers the role of industrial symbiosis in optimizing
waste streams for enhanced sustainability (Fahim, et al.,
2024, Li, 2024, Ukoba, et al., 2024).

One of the core components of the theoretical framework is
the consideration of chemical recycling methods, which
involve breaking down the polymer structure of PUF waste
into its chemical constituents, such as monomers, oligomers,
or other useful chemicals. Glycolysis, hydrolysis, and
aminolysis are the primary chemical recycling techniques
for PUF waste. Glycolysis involves the use of glycols, such
as ethylene glycol or propylene glycol, to break down the

polyurethane polymer into smaller chemical components
that can be reused in new products (Mohammadi &
Mohammadi, 2024, Nelaturu, et al., 2024). Hydrolysis, on
the other hand, uses water under specific temperature and
pressure conditions to cleave the polymer chains, releasing
the constituent monomers. Aminolysis involves the use of
amines to break the bonds in the polyurethane, producing
polyamine products that can be used for a variety of
industrial applications (Liu, et al., 2023). Each of these
chemical recycling methods holds significant potential for
material recovery, as they can produce high-quality products
that are chemically similar to virgin materials, reducing the
need for raw material extraction and minimizing waste
generation(Ramasesh& Browning, 2014, Ren, et al., 2019).
In addition to chemical recycling, mechanical recycling
plays an important role in the framework. Mechanical
recycling involves physically breaking down PUF waste into
smaller pieces through processes such as shredding,
grinding, and melting (Liu, et al., 2024). The resulting
material can then be reprocessed and reused in the
production of new foam products or other applications, such
as insulation or automotive parts. One of the main
advantages of mechanical recycling is that it is relatively
energy-efficient compared to chemical and thermochemical
methods, making it an attractive option for large-scale
recycling operations. However, the quality of the recycled
material may degrade with each recycling cycle, as the
physical properties of the PUF are often reduced(Fang, et
al., 2023, Kehrer, et al., 2023, Zhang, et al., 2023).
Nevertheless, mechanical recycling remains a viable option
for integrating PUF waste into secondary applications, such
as construction materials, where high-quality material
performance is not always required.

Thermochemical methods, such as pyrolysis and
gasification, are also integral to the framework. Pyrolysis
involves the thermal decomposition of PUF waste in the
absence of oxygen, producing valuable by-products such as
oils, gases, and solid residues that can be used as fuels or
chemical feedstocks. Gasification, on the other hand,
involves the partial combustion of PUF waste in a controlled
environment to produce syngas, which can be further
processed into chemicals or wused as an energy
source(Muecklich, et al., 2023, Shi, et al., 2023). These
thermochemical processes offer significant potential for
energy recovery and the production of valuable chemical
feedstocks, which can be used in the production of new
materials or as inputs for other industrial processes. While
thermochemical methods are energy-intensive, they provide
an alternative means of handling PUF waste that can be
particularly valuable when other recycling techniques are
not feasible (Machin, et al., 2024).

To assess the environmental impact of various recycling
methods, the theoretical framework incorporates Life Cycle
Assessment (LCA), a methodology that evaluates the
environmental performance of a process or product
throughout its entire life cycle. LCA helps quantify the

6850 Sadat Itohan Thwughwavwe!, ETJ Volume 10 Issue 09 September 2025



“A Theoretical Framework for Sustainable Recycling of Polyurethane Foam Waste in Industrial Applications.”

environmental impacts associated with energy consumption,
emissions, resource use, and waste generation at each stage
of the recycling process(Mistry, Prajapati &Dholakiya,
2024, Qiu, et al., 2024). By conducting an LCA on the
different recycling methods for PUF waste, the framework
provides a comprehensive understanding of their relative
environmental advantages and drawbacks. For example,
chemical recycling methods may produce fewer greenhouse
gas emissions compared to mechanical recycling, but they
may require higher energy inputs and the use of chemicals
(Qiu, Shen & Zhao, 2024, Rashid, et al., 2024, Zeng, et al.,
2024). On the other hand, thermochemical methods like
pyrolysis may offer significant energy recovery potential but
could result in higher emissions if not properly controlled
(Pandey, Bajpai & Singh, 2016). By comparing the LCA
results for each recycling method, the framework identifies
the most sustainable options for PUF recycling, supporting
decision-making for industrial applications.Schematics of
the foam-to-foam recycling process using a twin-screw

extruder presented by Kim, et al., 2023, is shown in figure 4.
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Figure 4: Schematics of the foam-to-foam recycling

process using a twin-screw extruder (scale
bar = 100 um). (Kim, et al., 2023)

The integration of renewable energy into recycling
operations is another key aspect of the theoretical
framework. Renewable energy sources such as solar, wind,
and biomass can play an essential role in powering recycling
facilities, reducing the carbon footprint of the recycling
process, and making recycling operations more energy-
efficient. For example, solar energy could be used to power
mechanical recycling equipment, while wind energy could
support pyrolysis or gasification processes(Mostafaei, et al.,
2023, Panicker, 2023). Biomass-based energy sources could
also be used to fuel thermochemical methods, reducing
reliance on fossil fuels and supporting the overall
sustainability of the recycling operation. The use of
renewable energy in recycling operations not only
contributes to the reduction of greenhouse gas emissions but
also aligns with global sustainability goals, such as those
outlined in the Paris Agreement, which calls for increased
reliance on clean energy sources to mitigate climate change
(Sharma, et al., 2023).

L

Finally, the theoretical framework emphasizes the
importance of industrial symbiosis and circular economy
principles in optimizing PUF waste recycling. Industrial
symbiosis refers to the process of one industry’s waste
becoming another industry’s input, creating mutually
beneficial relationships between different industrial sectors
(Singh, et al., 2020). In the context of PUF recycling,
industrial symbiosis can help optimize waste streams by
finding ways to use recycled PUF materials in other
industrial applications. For example, recycled PUF could be
used as a feedstock in the production of other materials,
such as construction aggregates or automotive parts(Li, et
al.,, 2023, Massaoudi, Abu-Rub &Ghrayeb, 2023). By
creating synergies between industries, industrial symbiosis
can help reduce waste, improve resource efficiency, and
promote the recycling and reuse of materials, ultimately
contributing to the principles of a circular economy. The
integration of circular economy practices into PUF recycling
ensures that resources are kept in use for as long as possible,
minimizing waste and reducing the need for virgin raw
materials (Wu, et al., 2024).

In conclusion, the theoretical framework for the sustainable
recycling of polyurethane foam waste in industrial
applications provides a comprehensive approach to
understanding the potential of various recycling methods
and their environmental impacts(Kanetaki, et al., 2022, Li,
Su & Zhu, 2022). By incorporating chemical, mechanical,
and thermochemical recycling techniques, evaluating the
environmental performance through LCA, integrating
renewable energy into recycling operations, and promoting
industrial symbiosis and circular economy principles, the
framework offers a holistic view of how PUF waste can be
managed sustainably in industrial settings(Gurmesa&Lemu,
2023, Lamsal, Devkota&Bhusal, 2023). This framework
serves as a valuable tool for guiding decision-making in the
development and implementation of sustainable recycling
practices, ultimately contributing to the reduction of
environmental harm and the promotion of a circular
economy (Tchonkouang, Onyeaka& Miri, 2023).

2.4, RESULTS AND DISCUSSION

The results and discussion on the theoretical framework for
sustainable recycling of polyurethane foam (PUF) waste in
industrial applications reveal several insights into the
effectiveness and efficiency of various recycling methods, as
well as their environmental impact(Karimi, et al., 2024,
Kiasari, Ghaffari& Aly, 2024). The analysis not only
compares different recycling techniques but also highlights
the role of industrial symbiosis in enhancing the
sustainability of recycling operations. Furthermore, it
evaluates the applicability of the proposed framework across
various industrial sectors, offering recommendations for its
implementation in real-world scenarios (Vanapalli, et al.,
2023).

When comparing the efficiency of different recycling
techniques for PUF waste, it is clear that each method has its
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strengths and limitations. Chemical recycling, which
involves breaking down the polyurethane polymer into its
original chemical components, offers significant potential
for high-quality material recovery. The process can produce
monomers and other useful chemicals that are similar to
virgin materials, making them suitable for reuse in the
production of new polyurethane products(Haghbin, 2024,
Maitra, Su & Shi, 2024, Sharma, et al., 2024). Glycolysis,
hydrolysis, and aminolysis are the primary chemical
recycling methods considered in the framework, each with
varying degrees of efficiency (Wang, et al., 2023).
Glycolysis is particularly promising due to its ability to
recover valuable chemicals such as polyols, which can be
reused in the production of new foam materials. Hydrolysis
and aminolysis, while also effective, may require higher
energy input and produce lower vyields of usable
products(Muhammed Raji, et al., 2023, Ozel, Shokri
&Loizeau, 2023).

In contrast, mechanical recycling, which involves physically
breaking down the foam into smaller pieces through
shredding or grinding, tends to be less resource-intensive.
The mechanical recycling process requires relatively low
energy compared to chemical methods, making it an
attractive option for large-scale
operations(Hassani&Dackermann, 2023, Khanna, 2023,
Zhang, et al., 2023). However, the quality of the recycled
material often degrades with each cycle, limiting its use in
high-performance applications. Mechanical recycling is
more suitable for secondary applications where high-quality
material properties are not essential, such as insulation or
construction materials. Despite its limitations, mechanical
recycling plays an essential role in diverting waste from
landfills and reducing the demand for new raw materials
(Weidner, Yang & Hamm, 2019).

Thermochemical recycling methods, such as pyrolysis and
gasification, offer an alternative approach to PUF waste
management by recovering energy and producing valuable
by-products (Worch& Dove, 2020). Pyrolysis, which
involves the thermal decomposition of PUF waste in the
absence of oxygen, has shown promise in generating fuels
and chemical feedstocks that can be used in other industrial
processes (Huang & Jin, 2024, Kumar, Panda &Gangawane,
2024). Gasification, which produces syngas by partially
combusting the material, also provides energy recovery and
the potential for chemical production. While these methods
are highly energy-intensive, they can be particularly
valuable in situations where other recycling methods are not
feasible. The ability to recover energy from PUF waste
through thermochemical processes contributes to the circular
economy by closing the loop on energy use and material
recovery (Kabeyi& Olanrewaju, 2022, Saeedi, et al., 2022).

From an environmental perspective, the Life Cycle
Assessment (LCA) results show that the various recycling
techniques differ significantly in their energy consumption,
greenhouse gas emissions, and resource efficiency.
Chemical recycling methods generally require higher energy

inputs compared to mechanical recycling but offer the
potential for higher-quality material recovery, making them
more resource-efficient in the long term(Hussain, et al.,
2024, Knapp, 2024, Saberi Kamarposhti, et al., 2024). The
LCA results also suggest that chemical recycling methods,
when optimized, can significantly reduce the environmental
footprint of PUF waste disposal by recovering valuable
chemicals and reducing the need for virgin raw materials
(Wu, et al., 2024).

Mechanical recycling, while energy-efficient, does not offer
the same degree of material recovery as chemical recycling.
However, its lower energy requirements make it a more
sustainable option in terms of reducing emissions and
resource consumption(Jamison, Kolmos&Holgaard, 2014,
Lackéus& Williams Middleton, 2015). In the case of
thermochemical recycling methods, the LCA results indicate
that pyrolysis and gasification can provide significant
energy recovery potential, but the overall environmental
impact depends on the efficiency of the process and the
emissions produced. Proper control of emissions and
integration of renewable energy sources can help mitigate
the environmental impact of these thermochemical methods
(Xu, et al., 2023).

The role of industrial symbiosis in enhancing the
sustainability of PUF waste recycling is also a key finding of
the theoretical framework. Industrial symbiosis refers to the
exchange of materials, energy, or by-products between
different industries to create mutually beneficial
relationships (Yadav, Yadav &Patankar, 2020). In the
context of PUF waste recycling, industrial symbiosis can
optimize waste streams by finding ways to use recycled PUF
materials in other industrial processes. For example,
recycled PUF could be used as a feedstock for other
industries, such as the production of construction materials
or automotive parts. By fostering collaboration between
industries, industrial symbiosis can help reduce waste,
improve resource efficiency, and create new markets for
recycled materials (Imran, et al., 2024, Kurrahman, et al.,
2024, Zhang, et al., 2024).

The framework suggests that industries with complementary
needs can benefit from integrating PUF waste recycling into
their supply chains. For instance, an automotive
manufacturer may be able to use recycled PUF in the
production of insulation or interior components, while a
construction company could use the same recycled materials
in building insulation (Infield &Freris, 2020, Kruse, 2018).
This synergy not only reduces the environmental impact of
PUF waste but also creates new economic opportunities for
industries to source recycled materials at a lower cost. The
effectiveness of industrial symbiosis in the context of PUF
recycling highlights the importance of collaboration across
sectors to achieve sustainability goals and promote a circular
economy (Yang, et al., 2012).

In evaluating the applicability of the theoretical framework
to different industrial sectors, it becomes clear that the
framework has broad potential for implementation across
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various industries that use or produce PUF materials. For
example, industries such as automotive manufacturing,
construction, and packaging generate large amounts of PUF
waste, and the framework can help guide the development of
sustainable recycling strategies in these sectors(Mishra,
Mishra & Mishra, 2024, Namdar&Saénz, 2024). The
application of the framework will depend on the specific
characteristics of each industry, including the types of PUF
waste generated, the scale of operations, and the availability
of recycling infrastructure (Yu, et al., 2024). However, the
framework’s flexibility allows it to be adapted to different
industrial contexts, providing a comprehensive approach to
managing PUF waste in a way that minimizes environmental
impact and maximizes resource efficiency(Jain, 2024,
Kishor, et al., 2024, Raut, et al., 2024).

In sectors such as automotive manufacturing, mechanical
recycling may be the most viable option due to the relatively
low cost and energy requirements of this method. For
industries with high-value applications for recycled PUF,
such as the production of high-performance foams, chemical
recycling methods may offer greater benefits in terms of
material recovery and product quality(Liu, 2017, Melly, et
al., 2020). Additionally, thermochemical methods may be
applicable in industries with high volumes of PUF waste
that cannot be recycled through mechanical or chemical
means, such as construction or packaging (Zhang, et al.,
2018). By selecting the appropriate recycling method based
on the specific needs and characteristics of each sector, the
framework provides a tailored approach to sustainable PUF
waste management.

In conclusion, the results and discussion of the theoretical
framework for sustainable recycling of polyurethane foam
waste highlight the importance of evaluating and comparing
different recycling techniques in terms of efficiency,
environmental impact, and resource recovery. The findings
emphasize the potential of chemical, mechanical, and
thermochemical recycling methods, each with its strengths
and limitations (Liu, 2017, Melly, et al., 2020). The
integration of industrial symbiosis further enhances the
sustainability of PUF recycling by promoting collaboration
between industries and optimizing waste streams.
Ultimately, the framework offers a comprehensive approach
to managing PUF waste, with the potential to be applied
across various industrial sectors to support the transition to a
circular economy (Zarezadeh, Tangestani& Jafari, 2024).

2.5. CONCLUSION

In conclusion, the theoretical framework for sustainable
recycling of polyurethane foam (PUF) waste in industrial
applications provides a comprehensive approach to
managing PUF waste and advancing recycling practices
across various industries. The framework integrates multiple
recycling  techniques—chemical, mechanical, and
thermochemical—and aligns them with principles of
sustainability and circular economy. By examining the
potential of these methods to recover valuable materials,

energy, and reduce environmental impacts, the framework
offers a strategic pathway for improving the sustainability of
PUF waste management in industrial contexts.

Through the development of this framework, key insights
were gained into the strengths and limitations of different
recycling methods. Chemical recycling emerged as a
promising solution for high-quality material recovery,
particularly through glycolysis and aminolysis, while
mechanical recycling provided an energy-efficient, though
less effective, approach for secondary applications.
Thermochemical processes, such as pyrolysis and
gasification, offered the potential for energy recovery,
further enhancing the circularity of the system. The
evaluation of these methods within the framework’s
parameters highlighted their complementary nature,
suggesting that a hybrid approach could maximize
efficiency in PUF waste recycling.

The framework also emphasizes the importance of industrial
symbiosis, advocating for collaborations between industries
to optimize waste streams and create new markets for
recycled materials. By fostering synergies between
industries such as automotive, construction, and packaging,
it is possible to close the loop on PUF waste and reduce the
need for virgin materials, contributing to more sustainable
production and consumption patterns. Furthermore, the
application of Life Cycle Assessment (LCA) within the
framework allowed for a detailed analysis of the
environmental impacts of different recycling methods,
offering valuable data for decision-makers seeking to
minimize the carbon footprint of PUF waste management.
The practical implications of the framework are significant,
as it provides industries with a roadmap for sustainable PUF
waste management. Its applicability across various sectors,
such as automotive, construction, and packaging, means that
companies can select the most appropriate recycling
techniques based on their specific needs, waste
characteristics, and sustainability goals. By adopting this
framework, industries can not only reduce their
environmental impact but also contribute to the growing
global movement toward a circular economy.

Looking forward, there are several avenues for future
research to further enhance the framework and its
application. Investigating the optimization of chemical
recycling methods to improve material recovery and reduce
energy consumption would be valuable, as would exploring
the integration of renewable energy sources into recycling
processes to further reduce environmental impact.
Additionally, the role of advanced technologies, such as
machine learning and artificial intelligence, in improving the
efficiency of recycling processes could be explored. Future
studies could also focus on the scalability of the framework,
examining how these recycling methods can be adopted in
large-scale industrial settings and integrated into global
supply chains for maximum impact.

In conclusion, the theoretical framework for sustainable
recycling of PUF waste offers an innovative, multifaceted
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approach to addressing the challenges associated with PUF
waste in industrial applications. Its focus on integrating
different recycling methods, promoting industrial symbiosis,
and assessing environmental impacts provides a robust
foundation for improving the sustainability of PUF waste
management. The framework's potential for practical
application in various industries, coupled with future
research opportunities, paves the way for more effective and
sustainable solutions in the recycling and management of
PUF waste.
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