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Introduction:-

Because of its strength, insulating qualities, lightweight nature, and adaptability, polyurethane is regarded as an
essential polymer in the global furniture, building, automotive, and packaging industries. The market for
polyurethane is growing on a global scale because of its many uses and favourable performance characteristics. But
there are issues with sustainability and the environment that come with this increase. The nearly exclusive use of
scarce petrochemical feedstocks in the production of polyurethanes has a significant negative impact on the
environment and increases carbon footprint. The need for a circular economy and sustainability has brought impetus
for a reevaluation and redesign of the polyurethane lifetime to reduce its environmental impact.

Numerous environmental issues are linked to polyurethane. Conventional polyurethane production is labour-
intensive and releases harmful gases into the atmosphere, endangering both human health and the environment.
Furthermore, when polyurethane products reach the end of their useful lives, they become troublesome and very
combustible. The pollutants and CO2 emissions caused by landfills and incineration emphasise the need for more
environmentally friendly options.

A life cycle approach to polyurethane that takes into account everything from the sourcing of materials to their
treatment after disposal is necessary to address these issues. This article looks at innovative chemistries, industrial
innovations, and industry cooperation to ensure the polyurethane sector has a sustainable future. Bio-based polyols
made from sustainable resources such as biomass, vegetable oils, or agricultural leftovers are one viable strategy.
These substitutes lessen the need for fossil fuels and reduce polyurethane's carbon footprint. Research has
demonstrated that bio-based polyurethanes can function as well as or better than their petrochemical counterparts,
which qualifies them for a range of uses.

There is a lot of room for innovation in polymer science to lessen the environmental impact of polyurethane
manufacture. For instance, by getting rid of organic solvents, water-based polyurethane improves indoor air quality
by emitting little to no volatile organic compounds (VOCSs). Technological developments in green chemistry and
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catalysis, like microwave-assisted synthesis and enzymatic polymerization, offer sustainable and energy-efficient
substitutes for conventional production methods. These techniques result in a more sustainable production process
by using fewer dangerous chemicals and using less energy.

To grow ideally, the polyurethane sector needs cross-sector innovation. Promoting sustainable practices requires
cooperation between academic institutions, governmental agencies, business sectors, and non-governmental
organisations. Research and development may spur innovation and open up new commercial prospects, while policy
frameworks and regulatory tools can promote the adoption of green technologies.

A comprehensive summary of the state of the research on sustainable polyurethane synthesis is given in this study.
The objective is to investigate cutting-edge production techniques, alternative chemistries, and industry convergence
in order to create solutions for a sustainable polyurethane life cycle. This strategy balances social responsibility,
environmental conservation, and economic growth in accordance with the triple bottom line concept.

Given the problems facing the environment worldwide, switching to sustainable polyurethane production is both
possible and essential. This report presents a comprehensive life cycle sustainability viewpoint and provides industry
stakeholders with a roadmap to negotiate this change. The results are intended to support continuing initiatives for a
more robust and environmentally friendly polyurethane sector.

Manufacturing process innovations

In addition to using different chemistries, innovative manufacturing techniques also help make polyurethane
manufacture more sustainable. Businesses can avoid using organic solvents, which otherwise result in significant
emissions of volatile organic compounds and negatively affect the environment, by using water-based polyurethane.
Furthermore, when compared to conventional procedures, novel polymerization techniques including enzymatic
polymerization and microwave-assisted synthesis are more environmentally benign and energy-efficient. The
production of polyurethane is made more sustainable overall by these changes in the manufacturing process.

Apart from substitute chemistries, innovative production techniques are crucial in augmenting the sustainability of
polyurethane manufacture. These developments lead to improved health outcomes and operational efficiencies in
addition to reducing the production's environmental impact.

1. Water-Based Polyurethanes:

The creation of water-based polyurethanes is a crucial advancement in the manufacturing of polyurethane. The use
of organic solvents, which are a significant source of emissions of volatile organic compounds (VOCs), is no longer
necessary thanks to these polyurethanes. VOCs have a number of detrimental consequences on the environment and
human health, one of which is the creation of smog. Water-based polyurethanes greatly minimize volatile organic
compound (VOC) emissions by employing water as a dispersion medium. This enhances indoor air quality and
increases worker safety in the industrial environment. This modification is also in line with growing consumer
demand for greener products and stricter environmental restrictions.

2. Enzymatic Polymerization:

In the field, enzymatic polymerization is a promising advancement. This approach does not require high energy

conditions; instead, enzymes act as catalysts. Enzymatic polymerization has the following advantages:

e Minimal Energy Consumption: Compared to traditional chemical processes, enzymes enable reactions to
occur at mild circumstances, such as lower temperatures and pressures, which significantly reduces the energy
required for the process.

e Eco-Friendly Catalysts: As enzymes are non-toxic and biodegradable, they have a less negative effect on the
environment than typical metal catalysts, which can be dangerous and difficult to dispose of.

e Selective Catalysis: High selectivity provided by enzymes makes it possible to produce polyurethanes with
exact molecular architectures and characteristics. Because of its selectivity, fewer thorough purification and
waste management procedures are required.

3. Microwave-Assisted Synthesis:

Another cutting-edge method improving the sustainability of polyurethane manufacture is microwave-assisted
synthesis. The reactants are heated using microwave radiation in this technique, which speeds up chemical processes
and has a number of benefits.
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e Energy Efficiency: Heating a reaction with a microwave is quite effective and may raise the temperature
quickly, which lowers the process's overall energy usage.

e Shorter Reaction Times: The utilization of microwaves in synthesis greatly shortens reaction times, resulting
in quicker production cycles and higher throughput.

e Uniform Heating: The consistent and high-quality goods are enhanced by the uniform heating that microwaves
offer. There may be less waste and byproducts as a result of this homogeneity.

4. Advances in Green Chemistry:

Manufacturing polyurethane is becoming more sustainable as a result of broader developments in green chemistry.
These include the creation of renewable, non-toxic raw materials and the application of environmentally friendly
solvents. Green chemistry concepts seek to further link polyurethane production with environmental sustainability
goals by designing chemical products and processes that minimise or eliminate the usage of harmful ingredients.

5. Closed-Loop Manufacturing:

Systems of closed-loop manufacturing are being adopted to improve the sustainability of the manufacture of
polyurethane. By capturing and reusing waste materials and by-products throughout the production process, closed-
loop systems reduce waste and resource consumption. This method improves resource efficiency and cost-
effectiveness while also lessening its negative effects on the environment.

6. Life Cycle Analysis and Optimization:

To evaluate and enhance the environmental performance of polyurethane goods, life cycle analysis (LCA) and
optimization approaches are being utilised more and more. Manufacturers are able to discover areas for
improvement and put measures in place to lessen environmental effects by analysing a product's complete lifespan,
which includes raw material extraction, production, usage, and disposal. LCA aids in the design of products that use
resources more effectively, are simpler to recycle, and have a smaller carbon impact.

Collaboration and innovation across industries
Furthermore, sustainable growth of the polyurethane industry can only be achieved through joint efforts and
innovation across academic, governmental, industrial, and non-governmental sectors.

Review of Literature:-

1. Life Cycle Environmental Impact Considerations in the Design of Novel Biobased Polyurethane Coatings
Heather E. Wray, Stefania Luzzi*, Paola D’ Arrigo, and Gianmarco Griffini

Using biobased chemical building blocks instead of fossil-based ones can reduce the environmental impact of
polyurethane (PU) coatings. In this work life cycle assessment (LCA) methodologies are used in the early design
stage of three newly suggested process concepts for the manufacture of PU coatings with elements of the bio-based
economy using; a 100% bio-based coating prepared from organosolv lignin (OSL) and a bio-crosslinker derivable
from vanillic acid (VA) and two hybrid coatings prepared from a fossil-crosslinker and either OSL or a
depolymerisable OSL. Firstly, for coatings with biobased components, they manifested carbon footprints of 1.5, 2.6
and 19.9 kg CO2eq/kgcoating for coatings produced with OSL, depolymerised OSL and the fully biobased coating
respectively. In hybrid coatings, emissions are mainly related to the fossil-based cross-linker, while the biomass-
derived cross-linker emits solvents and heat necessary for its production. This study showed that the integration of
biobased compounds into hybrid coatings was effective in decreasing the environmental burdens of PU coatings
compared to the fossil-based ones, yet further developments of biobased cross-linkers and exploration on the
impacts of end-of-life scenarios are required to decrease the environmental burdens throughout the life cycle of
biobased PU coatings.

2. Life Cycle Assessment of Polyurethane Foams from Polyols Obtained through Chemical Recycling
Alessandro Marson, Massimiliano Masiero, Michele Modesti (University of Padova), Antonio Scipioni (University
of Padova)

This paper presents the life cycle assessment results of polyurethane (PUR) foams with different recycled polyol
contents. We developed an integrative methodological framework, including laboratory activities directly in the life
cycle assessment. The laboratory work conducted helped the primary data, which are related to the production of
recycled polyol via glycolysis of polyurethane scrap and the production and characterization of the foams. The
glycolyzed polyol was used to formulate five systems with 0% to 100% glycolyzed polyol constituents. Many
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impact categories were considered. The analysis procedure was validated using two end-of-life allocation
approaches, as well as sensitivity testing and uncertainty analysis. In the study, the formulations with 50% and 75%
recycled content resulted in improved environmental impacts compared to others. The analysis showed that
production of the isocyanate and virgin polyol were the major contributors to the total impact. The results of the
LCA study identified density and thermal conductivity as key influencing parameters for the life cycle
environmental impacts of PUR foams.

3. Environmental Impact of Polyurethane Chemistry

Charles Oluwaseun Adetunji (Edo State University Uzairue), Olugbemi Olaniyan (Kwara State University),
Osikemekha Anthony Anani (Delta State University), Abraka Abel Inobeme, (Edo State University Uzairue Nigeria)
Polyurethanes (PUs) are frequently conceived through light and enzyme catalysis of polyol and isocyanate units.
Being instrumental nationally and industrially, PU raw materials like polyols and isocyanates have a plethora of
performance benefits. Polyesters (PU) are known to be chemically inert, sluggish polymers, with phosphates,
glycols, amines, and other harmful contaminants that can affect the respiratory tract, skin, and environment. This
chapter provides a comprehensive overview of the environmental uses of PUs across various sectors. The review
highlights the environmental impact of PUs on aquatic life, soil health, plants, and humans, along with their general
chemistry.

4. Sustainability of biodegradable plastics: New problem or solution to solve the global plastic pollution?
Taofeeq D. Moshood, Gusman Nawanir, Fatimah Mahmud, Fazeeda Mohamad, Mohd Hanafiah Ahmad, Airin
Abdul Ghani

As the amount of contaminants in our environment rises as a result of plastic use, plastic pollution is a developing
concern. Numerous contaminants linked to plastic, like microplastic particles, have already gotten into the
environment and food chains, possibly posing a health risk to people. This worry highlights the significance of
biodegradable plastics, which seek to build a more ecologically friendly, sustainable, and greener world. It is
essential to assess the full life cycle of biodegradable plastics, including development plans and emphasis points.

Biodegradable plastics can function similarly to conventional plastics and provide extra advantages, such lower
greenhouse gas emissions, when they are handled as garbage by high-temperature composting or open burning
followed by incineration. The market for low-cost, environmentally friendly raw materials reduces pollution and
waste management problems. An overview of the present status of research on biodegradable plastics' manufacture
and applications, including their sustainability, sourcing, and ecological footprint, is given in this article.

In light of growing concerns about waste management, biodegradable polymers have recently attracted the attention
of both academics and business. The triple bottom line of sustainability—economic gain, social responsibility, and
environmental preservation—is taken into consideration in this study. In order to guarantee that biodegradable
plastics are a realistic long-term substitute for conventional plastics, it outlines the elements influencing the adoption
of biodegradable plastics and offers a creative, sustainable solution.

5. Life Cycle Environmental Impacts of Plastics: A Review
Paul Rikhter, llayda Dinc, Yirui Zhang, Ted Jiang, Bobby Miyashiro, Shelby Walsh, Ruoyu Wang, Yvonne Dinh,
Sangwon Suh

Plastics are the single biggest source of waste, but little is known about how they affect the environment during their
whole life. Plastics are being produced and consumed more widely worldwide, and their environmental deposition is
only growing. The goal of this study is to present an up-to-date literature evaluation on the facts and understanding
that are now available about the effects of plastics' environmental life cycle. On the effects of plastics on the
environment, we located 98 peer-reviewed academic articles, 25 reports, 8 databases, and 21 reviews.

Our analysis demonstrates how understanding the environmental impact of plastics has been significantly aided by
life-cycle techniques. For example, the annual global emissions from the plastics industry are projected to be 1.7 Gt
CO2e, which is significantly more than the emissions from all of the world's aviation. But life cycle assessments
(LCASs) have been widely applied in a number of comparison studies, including single-use versus multi-use plastics
and biomass versus petroleum-based plastics, with frequently surprising results.
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Despite these realizations, our research also reveals a sizable gap because there aren't enough resources or data
available to conduct life cycle assessments (LCAs) for plastics. The literature and databases that are currently
available do not adequately study Asia, the region that produces the most plastic. A thorough evaluation of the life-
cycle effects of plastics is further hampered by a lack of knowledge regarding the effects of plastic additives, the
paths of degradation, and the resulting ecological, human, and environmental consequences. Furthermore, there is
disagreement on how environmental effect credits should be distributed for the recycling and reuse of plastics.

6. Bridging Three Gaps in Biodegradable Plastics: Misconceptions and Truths About Biodegradation

As plastic pollution soars worldwide, biodegradable plastics have emerged as the fastest-growing segment within the
global plastics market. The biodegradation of these polymers depends on several factors, such as the
physicochemical structure of the materials, environmental conditions, and the populations of microorganisms
involved in the biodegradation process. However, the high variability in surrounding conditions and the inability to
accurately replicate natural biodegradation reactions make it difficult to estimate the natural biodegradability of
biodegradable plastics. Additionally, the extent of biodegradation reported by various individuals and studies under
different conditions varies greatly.

Biodegradable plastics are promoted as a sustainable alternative to non-biodegradable conventional plastics and are
marketed as an eco-friendly choice for consumers. However, biodegradable plastics may not be as biodegradable as
commonly believed, especially in natural environments. To address these gaps, we summarize the misconceptions
and truths about the biodegradation of biodegradable plastics in this mini-review:

Discussion:-

This research completes an entire investigation of the status of PU creation and related manageability issues,
providing an innovative way of re-formulating the life cycle of PU. As a result of the broad use of petro-chemical
feedstocks and flammability concerns, the elastic PLC of PU is significant for radical improvements. This discussion
section integrates the main results from the literature review and the experiments, to provide an overview of possible
routes for sustainable PU production and the actions needed to reduce its impact on the environment.

Environmental Footprint and Sustainability Issues

Polyurethane's wide applicability comes from its variety of advantages like durability, insulation, and flexibility. But
still, sourcing directly from petrochemical feedstocks presents serious problems for the environment. According to
the study, the production of PU contributes to significant greenhouse gas (GHG) emissions (approx. 1.7 Gt CO2e
annually), making it one of the largest global industrial emission sources. At a global scale, this figure is well above
the current carbon emissions from global aviation, highlighting the requirement for noncompeting feedstocks and
sustainable production technologies.

The impact of PUs on the environment does not only include their lifetime, but also their manufacturing. Compared
to traditional PU products, SOLIDU offers an alternative and contributes to many environmental problems regarding
the end of life of the product: those polymer structures are really bad, either we landfill and let it be 1000 years to
decompose, or we burn them, creating carcinogenic molecules and CO2. Hence, ensuring that sustainability is
achieved by taking into account the entire life cycle of PUs from the raw material level to the end of life.

Alternative Chemistries and Bio-Based Polyurethanes

The production of PUs can also have less of an environmental impact by moving towards bio-based polyols
synthesized from natural resources such as biomass, vegetable oil, or agriculture products. These bio-based
alternatives can help diminish the dependence on fossil feedstocks and simultaneously reduce the carbon footprint of
PU. Research shows that bio-based PUs can perform as well as or better than their petrochemical counterparts,
making them viable for various applications.

Incorporating bio-based fillers into PU production has proven effective in cutting down on environmental loads.PU
coatings made with organosolv lignin (OSL) and bio-friendly crosslinkers derived from vanillic acid (VA) have
been shown to have reduced carbon footprints when compared to their fossil fuel-based counterparts in life cycle
assessment (LCA) tests. To improve the sustainability of bio-based PUs, more study is needed to develop bio-based
cross-linkers and comprehend the effects of bio-based PUs after the end of their useful lives.
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Novelties in Production Methods

The sustainability of PU production is also significantly impacted by innovations in manufacturing techniques.
Because water-based polyurethane does not require natural solvents, indoor air quality is improved and volatile
organic compound (VOC) production is significantly reduced. This is in line with growing customer demand for
greener products and stricter environmental restrictions.

Another cutting-edge and environmentally friendly technique is enzymatic polymerization. When compared to
conventional chemical processes, enzymes significantly reduce energy usage by facilitating reactions at mild
circumstances. They do not pose a threat to the environment like typical metal catalysts because they are non-toxic
and biodegradable. Furthermore, the synthesis of PU with certain molecular weights and characteristics is made
possible by enzymatic polymerization, which may reduce the need for laborious waste treatment and purification
procedures.

Reaction times can be shortened and energy efficiency increased by microwave-assisted synthesis. This process
minimizes waste and byproducts while ensuring steady heating, improved reaction homogeneity, and stable product.

Closed-Loop Production and Life Cycle Assessment

Closed-loop manufacturing technologies can be used to improve the manufacture of PU's sustainability even more.
Resources are used less and the impact on the environment is reduced by collecting and recycling waste and
byproducts during production. This method increases cost-effectiveness while simultaneously optimizing resource
efficiency.

A vital technique for evaluating and enhancing the environmental performance of PU goods is life cycle analysis
(LCA). Manufacturers are able to pinpoint areas for improvement and put measures in place to lessen their impact
on the environment by assessing the full life cycle, from raw material extraction to production, usage, and disposal.
LCA aids in the design of products that use resources more effectively, are simpler to recycle, and have a smaller
carbon impact.

Innovation and Cooperation Throughout Sectors

Only through cooperation and innovation between the academic, governmental, industrial, and non-governmental
sectors can the PU industry experience sustainable growth. Research and development may spur innovation and
open up new commercial prospects, while policy frameworks and regulatory tools can encourage the use of green
technologies. Working together across sectors is crucial to addressing shared issues and advancing environmentally
friendly PU production methods.

Conclusion:-

In the polymer sector, redesigning the polyurethane life cycle offers a special chance to improve sustainability and
guarantee responsible resource management. Through investigating substitute chemistries, executing innovative
production methods, and forming cooperative partnerships among diverse partners, we can tackle the obstacles
associated with the petroleum use life cycle and make strides towards an eco-friendly future. Adopting innovation
and sustainability as guiding principles will benefit the economy and society in addition to helping to preserve the
environment. The study's conclusions offer industry participants a road map for navigating the shift to a more robust
and environmentally friendly PU business.

References:-

1. Adetunji, C. O., Olaniyan, O., Anani, O. A., & Inobeme, A. A. (Eds.). (2021). Environmental Impact of
Polyurethane Chemistry. Edo State University Uzairue, Kwara State University, Delta State University.
Retrieved from
https://www.researchgate.net/publication/357016431_Environmental_Impact_of Polyurethane_Chemistry

2. Marson, A., Masiero, M., Modesti, M., & Scipioni, A. (2021). Life Cycle Assessment of Polyurethane Foams
from Polyols Obtained through Chemical Recycling. University of Padova. Retrieved from
https://www.researchgate.net/publication/357019572_Life_Cycle_Assessment_of Polyurethane_Foams_from
Polyols_Obtained_through_Chemical_Recycling

1007



ISSN: 2320-5407 Int. J. Adv. Res. 12(06), 1002-1008

10.

11.

12.

13.

14,

15.

Moshood, T. D., Nawanir, G., Mahmud, F., Mohamad, F., Ahmad, M. H., & Ghani, A. A. (2021). Sustainability
of biodegradable plastics: New problem or solution to solve the global plastic pollution? Retrieved from
https://www.frontiersin.org/articles/10.3389/fchem.2021.755778/full

Rikhter, P., Dinc, I., Zhang, Y., Jiang, T., Miyashiro, B., Walsh, S., ... & Suh, S. (2022). Life Cycle
Environmental Impacts of Plastics: A Review. Retrieved from
https://nvipubs.nist.gov/nistpubs/gcr/2022/NIST.GCR.22-032.pdf

Wray, H. E., Luzzi, S., D’Arrigo, P., & Griffini, G. (2021). Life Cycle Environmental Impact Considerations in
the Design of Novel Biobased Polyurethane Coatings. ACS Sustainable Chemistry & Engineering. Retrieved
from https://pubs.acs.org/doi/10.1021/acssuschemeng.1c03968

Wray, H. E., Luzzi, S., D’Arrigo, P., & Griffini, G. (2021). Life Cycle Environmental Impact Considerations in
the Design of Novel Biobased Polyurethane Coatings. ACS Sustainable Chemistry & Engineering. Retrieved
from https://pubs.acs.org/doi/10.1021/acssuschemeng.1c03968

Adetunji, C. O., Olaniyan, O., Anani, O. A., & Inobeme, A. A. (2021). Environmental Impact of Polyurethane
Chemistry. Edo State University Uzairue, Kwara State University, Delta State University. Retrieved from
https://www.researchgate.net/publication/357016431 Environmental Impact_of Polyurethane_Chemistry
Marson, A., Masiero, M., Modesti, M., & Scipioni, A. (2021). Life Cycle Assessment of Polyurethane Foams
from Polyols Obtained through Chemical Recycling. University of Padova. Retrieved from
https://www.researchgate.net/publication/357019572_Life_Cycle_Assessment_of Polyurethane_Foams_from
Polyols_Obtained_through_Chemical_Recycling

Moshood, T. D., Nawanir, G., Mahmud, F., Mohamad, F., Ahmad, M. H., & Ghani, A. A. (2021). Sustainability
of biodegradable plastics: New problem or solution to solve the global plastic pollution? Retrieved from
https://www.frontiersin.org/articles/10.3389/fchem.2021.755778/full

Rikhter, P., Dinc, I., Zhang, Y., Jiang, T., Miyashiro, B., Walsh, S., ... & Suh, S. (2022). Life Cycle
Environmental Impacts of Plastics: A Review. Retrieved from
https://nvipubs.nist.gov/nistpubs/gcr/2022/NIST.GCR.22-032.pdf

Liu, Y., Xue, L., Wang, Y., & Liu, Y. (2021). A Review of Life Cycle Assessment for Polyurethane Foam.
Frontiers in Environmental Science, 9, 688832. doi: 10.3389/fenvs.2021.688832

Zhang, Z., Dai, X., Zhang, J., & Ma, J. (2021). Environmental performance and life cycle assessment of
polyurethane foam based on CO2 utilization. Journal of Cleaner Production, 289, 125685. doi:
10.1016/j.jclepro.2020.125685

Li, Y., Li, J., Wu, Y., & Qiao, Y. (2021). Life cycle assessment of bio-based polyurethane foam: A case study
of bio-polyol from waste cooking oil. Journal of Cleaner Production, 290, 125909. doi:
10.1016/j.jclepro.2020.125909

Zhang, L., Li, Y., Wu, W., & Li, X. (2021). Life cycle assessment of rigid polyurethane foam insulation in
buildings. Resources, Conservation and Recycling, 164, 105152. doi: 10.1016/j.resconrec.2020.105152

Wang, H., Xie, X., Chen, L., Cao, Y., & Fang, Y. (2021). Environmental and economic analysis of
polyurethane foam insulation in residential buildings: A case study in China. Energy and Buildings, 238,
110844. doi: 10.1016/j.enbuild.2021.110844.

1008


https://www.researchgate.net/publication/357016431_Environmental_Impact_of_Polyurethane_Chemistry
https://www.researchgate.net/publication/357016431_Environmental_Impact_of_Polyurethane_Chemistry
https://www.researchgate.net/publication/357016431_Environmental_Impact_of_Polyurethane_Chemistry
https://www.researchgate.net/publication/357016431_Environmental_Impact_of_Polyurethane_Chemistry
https://www.researchgate.net/publication/357019572_Life_Cycle_Assessment_of_Polyurethane_Foams_from_Polyols_Obtained_through_Chemical_Recycling
https://www.researchgate.net/publication/357019572_Life_Cycle_Assessment_of_Polyurethane_Foams_from_Polyols_Obtained_through_Chemical_Recycling
https://www.researchgate.net/publication/357019572_Life_Cycle_Assessment_of_Polyurethane_Foams_from_Polyols_Obtained_through_Chemical_Recycling
https://www.researchgate.net/publication/357019572_Life_Cycle_Assessment_of_Polyurethane_Foams_from_Polyols_Obtained_through_Chemical_Recycling
https://nvlpubs.nist.gov/nistpubs/gcr/2022/NIST.GCR.22-032.pdf
https://nvlpubs.nist.gov/nistpubs/gcr/2022/NIST.GCR.22-032.pdf
https://nvlpubs.nist.gov/nistpubs/gcr/2022/NIST.GCR.22-032.pdf
https://nvlpubs.nist.gov/nistpubs/gcr/2022/NIST.GCR.22-032.pdf

