
Scotland's Rural College

Prospects of sustainable polymers

Kumar, Anuj; Thakur, Vijay Kumar; Nezhad, Hamed Yazdani; Lee, Kwan-Soo

Published in:
Scientific Reports

DOI:
10.1038/s41598-024-59439-z

First published: 01/12/2024

Document Version
Publisher's PDF, also known as Version of record

Link to publication

Citation for pulished version (APA):
Kumar, A., Thakur, V. K., Nezhad, H. Y., & Lee, K.-S. (2024). Prospects of sustainable polymers. Scientific
Reports, 14(1), Article 9430. Advance online publication. https://doi.org/10.1038/s41598-024-59439-z

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 10. May. 2024

https://doi.org/10.1038/s41598-024-59439-z
https://pure.sruc.ac.uk/en/publications/92335f76-cebe-414d-989c-82653de65e8f
https://doi.org/10.1038/s41598-024-59439-z


1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:9430  | https://doi.org/10.1038/s41598-024-59439-z

www.nature.com/scientificreports

Prospects of sustainable polymers
Anuj Kumar 1*, Vijay Kumar Thakur 2, Hamed Yazdani Nezhad 3 & Kwan‑Soo Lee 4

Synthetic polymers have shown a great impact on every aspect of our life and attained an exponential 
rise in their production and utilization in the past decades due to their durability, flexibility, 
moldability, and inexpensive nature. However, the use of natural polymers or development of safe 
and environment-friendly synthetic bio-based polymers is continuously undergoing for a sustainable 
future owing to the exhaustion of petroleum-based resources or fossil-based materials, disposal 
and economical concerns, including government guidelines. In this regard, the development of new 
sustainable polymers or materials will step up and build a genuinely circular economy by decreasing 
manufacture or utilization of fossil-based materials as limited reserves.
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Polymers are essential in various aspects of our daily life due to their low-cost, durability, flexibility, and 
moldability, but their huge and unbalanced manufacturing processes and non-degradability behavior have 
put a burden by polluting the environment due to their single-use and throw them anywhere. Currently, 

it is impossible to remove the use of synthetic polymers completely, but they can be avoided in some ways or 
seeking out alternatives to overcome this plastic polymers ecosystem for better and sustainable future prospects. 
Therefore, the researchers are focusing to find ways to develop more sustainable alternatives via different modi-
fied processes of feedstock acquisition, material design and fabrication, use and recycling of the used plastics to 
monomers. The research activities for these sustainable polymers might start from renewable feedstock, using 
green methods and renewable energy, measurement of environmental and economic impacts1,2. In this way, 
renewable resources (e.g., agricultural and food wastes, woody materials, recycled products) are extensively used 
up for synthesizing or developing new polymers, monomers or forms for variety of application in industry and 
biomedical areas3–5. Sustainable polymers, derived from renewable and waste materials and their mixtures, can 
be biodegraded, composted or recycled. They present lessened environmental effects during their life phases. 
Nowadays, these sustainable polymers are getting favorable attention and potential utilization in diverse applica-
tions in industrial and biomedical areas2,6.

Collection overview
Sustainable polymers have already found an increasing interests and utilization in diverse applications worldwide. 
The direct focus of finding sustainable alternatives is to uphold the benefits of plastic materials while decreasing 
their undesirable effects. However, the complete replacement of these synthetic plastic materials by developing 
new sustainable polymers is of utmost priority of the researchers for a sustainable future1,7. In this special issue 
of Sustainable Polymers, prominent researchers present advances in some of these central areas described above 
and share their cutting-edge research activities. Abdel‑Baky et al. designed and developed a new sustainable and 
multifunctional chitosan-quinoline (CHQ) Schiff base derivative containing effective antibacterial, antioxidant, 
and antidiabetic accomplishments to speed up wound healing process specifically in diabetic patients. In this 
study, molecular docking simulation was employed to show the clarification of binding modes of this deriva-
tive for inhibiting α-amylase and α-glucosidase and using as potential diabetes mellitus drug for regulating the 
blood glucose level, while DFT computational analysis was utilized to elucidate the charge density distributions 
theoretically correlated to its biological activity8. In another study, Gierszewska et al. developed adenine-modified 
edible chitosan (CH) films involving the mixture of choline chloride and citric acid as plasticizer. In this study, 
an impact of adenine (A, vitamin B4) content on the functional properties of the developed films was assessed. 
These films were water-insoluble and showed enhanced antioxidative (55.8–66.1% of H2O2 scavenging action) 
and non-mutagenic (lack of growth of Salmonella typhimurium) properties, lessened oxygen transmission, good 
antimicrobial and mechanical characteristics9. This study demonstrated the efficacy of the developed materials 
as edible coating for food packaging applications.

The extensive use of synthetic polymers, like polyethylene terephthalate (PET), and their non-degradable 
behaviors showed the increasing problem of plastic wastes, leaking into the landfills, environment, and oceans 
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as fragments of micro- and nano-plastics. Therefore, Rashwan et al. demonstrated the utilization of recycled 
PET (rPET) as sustainable value-added material feedstock for material-extrusion additive manufacturing tech-
nology. For this, rPET was compounded with low-cost additives such as pyromellitic dianhydride (PMDA, a 
chain extender), maleic anhydride-functionalized styrene-ethylene-butylene-styrene terpolymer (MA-g-SEBS, 
a thermal modifier/toughening agent), ethylene-ethyl acrylate-glycidyl methacrylate terpolymer (E-EA-GMA, 
a reactive elastomeric impact modifier), and ethylene-ethyl-acrylate (EEA, non-reactive elastomeric impact 
modifier), and extruded into filaments using twin-screw extruder for potential application in prototyping, tool-
ing and testing parts, or end-use internal parts of small machines and cars10. In another approach, Verma et al. 
developed a polyurethane (PU)-based coating material by incorporating multifunctional SiO2@ZnO core–shell 
nanospheres (4 wt%) for achieving durability and sustainability in marine transport. This polymeric coating 
showed a transition from hydrophilic to hydrophobic state (⁓125.2° ± 2°) and demonstrated remarkable sur-
face abrasion resistance, enhanced antibacterial (⁓100%), antifungal (⁓95%), and antialgae (⁓90%) properties 
compared to only PU for using it ideally to protect steel surfaces against biofouling11. In an approach, Trakunjae 
et al. established the statistical optimization of the higher production of poly(3-hydroxybutyrate-co-3-hydrox-
yhexanoate) [P(3HB-co-3HHx)] bacterial copolymers (a next-generation bioplastic) by Cupriavidus necator 
PHB-4/pBBR CnPro-phaCRp using response surface methodology (RSM) and evaluated for its characteristics. 
The characteristics of this produced polymer were similar to marketable P(3HB-co-3HHx) and exhibit its suit-
ability for a broad range of applications12.

Conjugated polymers are considered as favorable tools to distinguish different types of semiconducting single-
walled carbon nanotubes, but the synthesis of these polymers is a challenging task due to inadequate control 
over molecular weights and unpredictive/unrepeatable batches hamper scaling-up and potential applications. 
Additionally, commercial catalysts (homogenous) frequently need conditions and nearly impossible to recycle. 
To overcome these problems, Wasiak et al. developed a heterogeneous nanocatalyst comprising of magnetic 
nickel nanowires (NiNWs) enriched with greatly active palladium nanoparticles (PdNPs) as a welding tool for 
synthesizing polyfluorene derivatives by Suzuki polycondensation of fluorine-based monomer under microwave 
radiation that helped to decrease the reaction time from 3d to 1 h. The catalytically synthesized polymer deriva-
tives were utilized to extract specific s-SWCNTs to validate their usefulness13.

In many industrial areas, fibre-reinforced polymers (FRP) are widely utilized and helped in reducing CO2 
emissions owing to their remarkable characteristics in lightweight design. However, some used materials (e.g., 
petroleum-based curing agents) in designing of FRP tend to show harmful effects to the environment and 
health. Therefore, it is necessary to develop a sustainable alternative. Therefore, Walter et al. developed fully 
bio-based curing agents (i.e., amino acids as biomolecules) as sustainable alternatives for epoxy resins over 
environmentally harmful petroleum-based curing agents (e.g., amine-based curing agents) and demonstrated 
the improved thermo-mechanical characteristics through thermokinetic methods, which remarkably lessen the 
negative aspects of epoxy composites14.

In conclusion, sustainable polymers offer a feasible resolution to address key issues caused by unbalanced 
exercises in synthetic polymers. Researchers are continuously working in developing new sustainable polymers 
and materials by considering their complexity in recycling and composting, on-demand fabrication scaling-up, 
reproducibility, and pricing for a circular economy strategy towards future sustainability15,16. However, there 
are still various challenges or limitations in terms of energy cost, selectivity in recycling or depolymerization, 
recyclability, functional stability. Therefore, extensive research activities are required to focus on these challenges 
by designing new monomers, polymer constructs, and more green chemistry or sustainable protocols as well as 
energy-efficient methods for their production and recycling of polymer wastes or composites.

References
	 1.	 Wang, Z., Ganewatta, M. S. & Tang, C. Sustainable polymers from biomass: Bridging chemistry with materials and processing. 

Prog. Polym. Sci. 101, 101197 (2020).
	 2.	 Zhu, Y., Romain, C. & Williams, C. K. Sustainable polymers from renewable resources. Nature 540, 354–362 (2016).
	 3.	 Kumar, A., Negi, Y. S., Bhardwaj, N. K. & Choudhary, V. Synthesis and characterization of methylcellulose/PVA based porous 

composite. Carbohydr. Polym. 88, 1364–1372 (2012).
	 4.	 Kumar, A., Negi, Y. S., Choudhary, V. & Bhardwaj, N. K. Characterization of cellulose nanocrystals produced by acid-hydrolysis 

from sugarcane bagasse as agro-waste. J. Mater. Phys. Chem 2, 1–8 (2014).
	 5.	 Okolie, O. et al. Bio-based sustainable polymers and materials: From processing to biodegradation. J. Compos. Sci. 7, 213 (2023).
	 6.	 Mohanty, A. K. et al. Sustainable polymers. Nat. Rev. Methods Primers 2, 46 (2022).
	 7.	 Kumar, A., Sood, A., Maiti, P. & Han, S. S. Lignin-containing nanocelluloses (LNCs) as renewable and sustainable alternatives: 

Prospects, and challenges. Curr. Opin. Green Sustain. Chem. 41, 100830 (2023).
	 8.	 Abdel-Baky, Y. M. et al. Developing a new multi-featured chitosan-quinoline Schiff base with potent antibacterial, antioxidant, 

and antidiabetic activities: Design and molecular modeling simulation. Sci. Rep. 13, 22792 (2023).
	 9.	 Gierszewska, M., Jakubowska, E. & Richert, A. The adenine-modified edible chitosan films containing choline chloride and citric 

acid mixture. Sci. Rep. 13, 12629 (2023).
	10.	 Rashwan, O. et al. Extrusion and characterization of recycled polyethylene terephthalate (rPET) filaments compounded with chain 

extender and impact modifiers for material-extrusion additive manufacturing. Sci. Rep. 13, 16041 (2023).
	11.	 Verma, J., Geng, Y., Wang, J. & Goel, S. Fabrication and testing of a multifunctional SiO2@ZnO core–shell nanospheres incorporated 

polymer coating for sustainable marine transport. Sci. Rep. 13, 12321 (2023).
	12.	 Trakunjae, C. et al. Statistical optimization of P (3HB-co-3HHx) copolymers production by Cupriavidus necator PHB−4/pBBR_

CnPro-phaC Rp and its properties characterization. Sci. Rep. 13, 9005 (2023).
	13.	 Wasiak, T. et al. PdNPs/NiNWs as a welding tool for the synthesis of polyfluorene derivatives by Suzuki polycondensation under 

microwave radiation. Sci. Rep. 14, 2336 (2024).



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:9430  | https://doi.org/10.1038/s41598-024-59439-z

www.nature.com/scientificreports/

	14.	 Walter, M., Neubacher, M. & Fiedler, B. Using thermokinetic methods to enhance properties of epoxy resins with amino acids as 
biobased curing agents by achieving full crosslinking. Sci. Rep. 14, 4367 (2024).

	15.	 Hong, M. & Chen, E.Y.-X. Chemically recyclable polymers: A circular economy approach to sustainability. Green Chem. 19, 
3692–3706 (2017).

	16.	 Schneiderman, D. K. & Hillmyer, M. A. 50th anniversary perspective: There is a great future in sustainable polymers. Macromol-
ecules 50, 3733–3749 (2017).

Acknowledgements
We would like to extend our thanks to the authors for submitting their cutting-edge research contributions, 
reviewers and editors for their valuable time and continuous support, and the editorial team of Scientific Reports 
for their kind invitation to propose this theme and leading this collection on Sustainable polymers. Also, A.K. 
acknowledges the support from the Ramalingaswami Re-entry Fellowship (Ref: BT/HRD/35/02/2006) of the 
Department of Biotechnology, Government of India.

Author contributions
AK, VKT, HYN, KSL: conceptualization, original draft preparation, writing review and editing.

Competing interests 
The authors declare no competing interests.

Correspondence and requests for materials should be addressed to A.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Prospects of sustainable polymers
	Collection overview
	References
	Acknowledgements


