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Abstract

Functional rubber powders (FRPs) are emerging as a potential class of materials derived primarily
from end-of-life tires (ELTs) and other rubber scraps through mechanical, cryogenic, or de-
vulcanization methods. These powders act as high-performance additives or reinforcing fillers in
various engineering applications due to their low cost, improved surface properties, customizable
particle sizes, and ability to undergo further chemical reactions. This review provides an overview of
the production technologies, focusing on advancements in grinding, surface activation, and de-
vulcanization processes that enhance compatibility with thermoplastic, thermoset, and elastomeric
matrices. FRPs are produced through physical and chemical treatments that impart functional groups
onto the powder surface, enabling better interfacial adhesion and reinforcement in composite systems.
Their broad application range spans automotive, construction, sports surfaces, and consumer products,
where FRPs contribute to improved mechanical properties, sustainability, and cost efficiency. The
incorporation of FRPs in asphalt mixtures and polymer blends enhances durability and recyclability.
In advanced engineering uses, FRPs serve as carriers of active ingredients, conductive fillers, or
reinforcing fillers in green composites. The review also highlights the environmental and economic
advantages of FRPs as low-cost sustainable materials aligned with circular economy principles by
converting rubber waste into value-added products and reducing dependence on virgin materials.
Prospects for FRPs are promising, driven by hybrid materials with multifunctional properties,
integration into additive manufacturing, and expansion into energy storage and filtration technologies.
Continued innovation in processing and surface functionalization, along with supportive regulatory
frameworks, is essential for commercial-scale production and wider industrial adoption. Functional
rubber powders, thus represent a key intersection of waste utilization and advanced materials, offering
significant potential for enhancing sustainability and performance across multiple sectors.
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INTRODUCTION

The growing global problems of environmental sustainability, resource depletion, and waste disposal
have generated interest in innovative recycling and material recovery strategies. Among various waste
streams, end-of-life tires (ELTs) and rubber-based industrial scrap present a significant environmental
challenge due to their volume, durability, and
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cryogenic, or chemical processing of rubber waste, particularly vulcanized materials like used tires.
Unlike conventional rubber powders, FRPs are specifically engineered to exhibit enhanced surface
functionality, improved compatibility with various matrices, and tailored particle characteristics. These
modifications, often achieved through surface treatments, de-vulcanization [3], or chemical grafting,
enable FRPs to participate more effectively in composite formation and reactive blending, thereby
expanding their applicability across diverse industrial sectors.

The versatility of FRPs lies in their ability to serve not merely as fillers or extenders but as functional
additives that improve the mechanical, thermal, and dynamic properties of host materials. They are
increasingly used in polymer blends, thermoplastic elastomers, asphalt modifiers, sealants, coatings,
and construction composites. Moreover, FRPs contribute to cost reduction and sustainability goals by
replacing virgin raw materials without compromising performance. Recent advancements have also
explored the role of FRPs in advanced applications, such as energy storage, electromagnetic shielding,
and environmental remediation, demonstrating their potential beyond traditional uses.

In the context of a circular economy, FRPs represent a crucial step in transforming rubber waste into
functional materials, reducing environmental burden while supporting industrial innovation. The
integration of FRPs into commercial products also supports de-carbonization efforts [4], as their
production typically has a lower carbon footprint compared to the manufacturing of virgin polymers or
fillers.

This review aims to provide a comprehensive understanding of the state-of-the-art in functional
rubber powders, covering their production technologies, physicochemical properties, modification
techniques, and broad spectrum of applications. Special emphasis is placed on how these powders can
be tailored to meet the specific requirements of various end uses, particularly in terms of compatibility,
dispersion, and interfacial bonding. Additionally, the review examines challenges related to scaling up,
quality consistency, and regulatory acceptance, as well as opportunities for innovation in FRP-based
materials.

Looking forward, the development of multifunctional and hybrid FRPs [5] is anticipated to open new
frontiers in material science, particularly in smart materials, green composites, and sustainable
infrastructure. With growing market demand for eco-friendly and high-performance materials, the
future of functional rubber powders appears promising, both as a sustainable solution for rubber waste
and a platform for next-generation material development.

Rubbers are known for flexibility and resilience and become extraordinarily versatile in conjunction
with functional particles. These functional rubber particles may have particle size ranging from
micro- to nano-scale and often include modified reinforcing fillers and possess tailored properties, like
improved mechanical strength, thermal and electrical conductivity, barrier performance, and even may
have self-healing properties. This review briefly explores the chemistry, functionalization methods,
major rubber-particle systems, and their numerous applications in industries [6].

FUNCTIONAL RUBBER PARTICLES
Functional Rubber Particles

A class of rubber powder is often produced with scrap/waste/end of life rubber articles [1, 2], and
generally contains small-scale filler, micronized powders, nano-fillers, or surface-activated that are
incorporated into rubber compounds to significantly boost performance. These rubber particles act as
reinforcing fillers and go beyond traditional, inert/non-reinforcing fillers such as carbon black. They
may have reactive groups on their surface, nanostructures, or tailored surfaces to react and form strong
interactions/ chemical bonds with rubber chains and add new improved characteristics. These rubber
particles are also a potential way for waste utilization of non-biodegradable rubber waste generated in
huge quantity globally. Figures 1 and 2 depict the typical rubber powder production process [7] and
various applications of these powders.
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Adopting 100% truck tires as raw material. High-tech product of active rubber powdre.
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Figure 1. Typical powder production process of rubber powder from end-of-life tires.

RUBBER POWDER PRODUCTIONS
FROM SCRAP RUBBER AND ITS APPLICATIONS
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Figure 2. Schematic diagram of rubber powder’s applications.

Definitions of Various Rubber Powders

e Micronized Rubber Powder (MRP): Produced by normal grinding/cryogenic grinding (using liquid
Nitrogen) of waste rubbers [8] into free-flowing powder form having particle size around 10—180
um, sometimes these powders are surface-treated to improve their compatibility with other
polymers. Typically used as a relatively lower cost functional additive or extenders in various

rubber composites for various industrial applications.
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e Nanofillers and Nanocomposites: Fillers, such as carbon nanotubes (CNTs), graphene/graphene
nanoplatelets (GNPs), silica nanoparticles, clays, etc., are incorporated with these powders. Such
additives, when thoroughly mixed and well dispersed in a high-speed mixer, create a high interfacial
area and lead to significant improvement in reinforcement [9].

o Surface-Functionalized Fillers: Specific functional groups like silane coupling agents on silica;
modified carbon black is chemically bound by grafting onto the surface of rubber powders [10] to
achieve their better dispersion in the rubber matrix.

Functional rubber particles are, therefore, very different in comparison with traditional fillers as they
have engineered interfaces, size, and capability to impart and enhance multi-functionality.

FUNCTIONALIZATION STRATEGIES OF RUBBER POWDERS
Traditional Reinforcing Fillers
Following are the two major fillers [11] which are very popular in rubber compounding,
e Carbon Black: 1t is the most popular reinforcement filler and found to dramatically improve
tensile strength & abrasion resistance in tire applications. Carbon black is also imparting partial
UV resistance to finished tires.
e Silica: 1t is often treated using silane coupling agents and offers superior fuel efficiency &
wet-handling due to reduced rolling resistance and paving a pathway for lighter and greener
rubber composites.

Nano-Fillers

Several nano-fillers [12] are being used in rubber compounding, and few are described below:

e Carbon Nano Tubes (CNTs) [1D] and Graphene Nano Particles (GNPs) [2D] both provide high
aspect ratios & large surface areas. Very small loadings as low as <1 % by weight result in
significant improvements of mechanical, electrical, & thermal properties of rubber composites.

e Nano-clays and layered silicates are very effective in enhancing barrier properties due to tortuous
paths developed by aligned clay layers. These nano additives are very useful in tires and sealants
application.

Synergistic Hybrid Additives Systems

e CNT and GNP hybrids additive show synergistic marked improvement in conductance, mechanical
strength, and thermal stability of rubber composites [13]. These hybrid combinations are often very
superior and outperform individual fillers.

e Modified carbon black plus nano-silica additives are reported to drastically enhance tear resistance
and greatly improves rolling resistance & grip via hybrid synergistic combination.

In Situ Generated Particles
e Silica derived via Sol-gel method creates highly dispersed spherical silica particles within natural
rubber [14], which results in strong reinforcement even at very low loadings.

Micronized Rubber Powders (MRPs)

e MRPs are prepared by scrap/waste tires and are versatile recycled material, bringing huge
sustainability benefits. MRPs are activated by surface-treatment and act as a functional extender,
improving significantly impact strength and acting as processing aid and lead to big cost reduction.

FUNCTIONAL ROLES IN IMPROVING RUBBER COMPOSITES CHARACTERISTIC
Mechanical Reinforcement-Improved

Nano-fillers are effective in dramatically boosting tensile, tear, and fatigue resistance, even at lower
loadings [15] than traditional fillers. Sol-gel silica was found to be very useful in Natural Rubber
compounds and demonstrates enhanced load transfer due to homogeneity.
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Conductivity: Electrical & Thermal-Enhanced

e CNT & GNP based rubber composites exhibit electrical & thermal conduction at bare minimal
loading [16] and are especially valuable for production of stretchable electronics, sensors, and EMI
shielding.

o Select elastomer-CNT/graphene composite systems are found to even increase conductivity under
strain or through temperature triggers.

Barrier Properties & Gas Retention-Better
Fillers with high aspect ratio, such as clays or layered nanostructures, are found to be imparting strong
gas & moisture barrier properties [17] which are very vital in tire liners & rubber seals.

Toughness & Fracture Energy Flow-Improved

Rubber toughening, MRPs nanoparticles and rubber are dispersed within a polymer matrix, like
epoxy, such combinations significantly improve energy absorption by cavitation, crazing, and shear
yielding mechanisms [18]. Ultra-fine particles having particle size ~90 nm creates robust toughening
effects.

Self-Healing & Stimuli-Response

The polymer composites activated by temperature and in conjunction with MRPs, are found to gain
conductivity & can have self-healing properties [19] upon thermal annealing like silicone rubber with
graphite nanoplatelets.

Smart Materials: Magnetorheological & Other Adaptive Systems
Magnetorheological elastomers (MREs) [20] can incorporate magnetic particle functionalities to
generate field-dependent stiffness, a must criterion for smart, adaptable systems for vibration control.

KEY APPLICATIONS FOR MRPs
MRPs application in various industrial segments have already started and following are the details.

Tires & Automotive Components

e Treads, bases, inner liners MRPs based on functional rubbers and nanoclays, silica, or hybrid fillers,
are effective in lowering rolling resistance and in turn improved fuel efficiency, improved tread
wear, better air retention, and much improved dynamic behavior [21].

e Power transmission belts made with nanosilica-MRPs based on NR/SBR blends have been found
to achieve ~15% longer belt shelf lifetimes during their usage.

Electronics & Smart Devices

e Composites based on MRPs and CNTs or graphene are used in stretchable, conductive materials
[22] for applications like sensors, flexible electronics, and EMI-shielding structures.

e  Metal rubber is a self-assembling nanocomposite, which combines flexibility with conductivity and
is often used in critical aerospace application, flexible conductors, sensors, and in artificial muscle
concepts.

Barrier and Packaging

e MRPs containing high-aspect-ratio clays in rubber inner liners application greatly reduce gas
permeability and thus enhancing tire integrity and longevity.

e MRPs are very useful in enhancing durability and used as functional extenders in sealants and
coatings applications.

Self-Healing & Adaptive Systems
o Incorporation of MRPs in Silicone rubber composites with graphite nanoplatelets generates
temperature-activated conductivity and self-healing properties.
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o Similarly, Magnetorheological elastomers (MREs) also find uses in vibration isolation systems that
can generate responsive stiffness under magnetic fields.

Impact & Structural Reinforcement
o Rubber-toughened polymers (based on MRPs), such as epoxy, offer enhanced toughness in
structural adhesives, coatings, & composite matrices [23].

Sustainable, Recycled Solutions

e MRPs are offering a cost-effective, sustainable additive/extender in numerous industries, like tires,
automotive parts, construction, and consumer products, thus reducing reliance on virgin/fresh raw
materials and offering potential performance improvement at relatively much lower cost.

CHALLENGES AND FUTURE DIRECTIONS FOR INDUSTRIAL ADAPTION OF MRPs
Dispersion and Agglomeration

Nanofillers, if used in higher loadings in a compound tend to agglomerate by Van der Waals forces,
and therefore, uniform dispersion requires efficient mixing of such fillers is critical for end performance.
Proper surface chemistry and use of coupling agents help but still, certain ongoing challenges remain,
particularly during scale up for commercial production.

Cost, Scale-Up, and Processing

Nanofillers offer generally superior functionality and performance even at very low levels but are
often relatively costlier and require special kind of hardware and complex to process at a commercial
scale. R&D efforts, such as in situ formation (for example, sol-gel silica), help to balance performance
versus scalability.

Recycling and Circularity

Using recycled inputs, like MRP, support sustainability goals and continuous innovations in
recovering and their high-end engineering applications by functionalizing waste polymers is a
promising tool to achieve ESG goals.

Novel Multifunctional and Adaptive Materials

Recent development of smart polymeric materials are conductive, self-healing, stimuli-responsive,
and 3D-printable. Such materials are based on MRPs, and are gaining momentum and accelerating and
have very promising future. Similarly, hybrid strategies, like functional fillers plus smart polymers, also
have immense future potential.

Rubber Powders Market Insights

Functional Rubber Powders Market size was estimated to be around USD 1.5 Billion in 2024 and is
expected to be around USD 2.3 Billion by 2033, showing a 5.2% Combined Annual Growth Rate
(CAGR) from year 2026 to year 2033.

The functional rubber powders are commercially produced by advanced recycling/grinding processes
and are used in diverse industrial applications like automotive components to construction materials.
Their versatile properties, such as elasticity, durability, and resistance to wear, make FRPs valuable in
manufacturing industrial products that require high-performance materials and relatively low cost. The
emergency need for eco-friendly solutions has further accelerated the growth of this market, as
industries are increasingly required to adopt rubber powders to reduce carbon footprint. Further,
beneficial government regulations are promoting usage of recycling materials have strengthened the
market’s outlook of FRPs, as Government is providing incentives to companies for increasing usage of
recycled rubber into their finished products [24].

The versatility of functional rubber powders makes them a prime low-cost raw material in
applications in multiple industries such as automotive, construction, and consumer goods. In the
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automotive applications, these powders are used in manufacturing tires, sealants, and soundproofing
materials, and thus making products with enhanced performance & safety. In construction sector, rubber
powders are widely used in flooring, roofing, & insulation, and offering extended durability with energy
efficiency and cost reduction too. As industries focus on sustainability, the use of recycled functional
rubber powders is expected to exponentially rise, and drive growth and foster a circular economy.

Functional Rubber Powders-Snapshot

North America is leading the global functional rubber powders (FRP) market with around 38% of
total revenue, Europe is second at approx.30%, and Asia Pacific is at third position at 20%. Asia Pacific
is the fastest-growing region for FRPs consumption commercially.

Functional Rubber Powders-Market Dynamics

The global market FRPs is dependent on dynamic trends influenced by various factors like
environmental regulations and technological advancements. As per the data provided by the U.S.
Environmental Protection Agency, the recycling rate of rubber materials has gone up steadily reaching
45% in recent years.

FRPS-Market Drivers

One of the key drivers of the rubber powders global market is the growing demand for sustainable
practices in industries worldwide. Governments and regulatory authorities are incentivizing the
maximum possible use of recycled materials in industrial products, including rubber powders, through
favorable policies to promote circular economy principles. These initiatives are significantly boosting
the adoption and use of rubber powders in commercial applications like automotive components and
construction materials.

FRPs-Market Restraints/Roadblocks

Despite the growth trajectory of FRPs, market growth faces several challenges, i.e., wide fluctuations
in raw material prices and uncertainty in the consistent supply or availability of scrap tires which are
main input source of rubber powders. Also, the quality of recycled rubber powders can vary which
poses big challenges for manufacturers required to meet stringent product specifications [25].

FRPS-Market Growth Opportunities

Opportunities in the functional rubber powders market are expanding steadily with advancements in
recycling technologies. Innovations, like cryogenic grinding & efficient de-vulcanization processes, are
greatly improving the quality & versatility of rubber powders, thus making them suitable for uses in a
wide range of industrial applications. This technological advancement is very crucial in meeting the
rising global demand for cheaper and sustainable raw materials across all industries.

FRPs-Market Challenges

Market growth of FRPs face stiff challenges persist in terms of market fragmentation as well as
competitive pricing pressures on manufacturers of functional rubber powders. Additionally, the
transportation costs for collecting & processing scrap tires (size reduction) into usable powders will
significantly impact gross profit margins, especially for small players in this business.

For example, the “cryogenic grinding” technology plays a pivotal role in greatly enhancing the
quality of rubber powders. It may be highlighted that cryogenic grinding involves the use of liquid
nitrogen to freeze rubber materials before grinding, which results in finer particles and improved
physical properties. This grinding technology is gaining momentum in the rubber powders production
industry due to its efficiency and environmental friendliness. However, powder produced by this
technology is very costly due to the special infrastructure requirement for storage and usage of liquid
Nitrogen [26].
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CONCLUSIONS

Functional rubber particles with nanofillers, like CNTs, graphene, nanoclays, silica, micronized
rubber powders, and advanced systems, such as Metal rubber and MREs — transform Functional Rubber
Powders into high-performance, multifunctional engineering materials. These powders can enhance the
mechanical strength, conductivity, barrier properties, self-healing characteristics, and adaptability in
numerous industrial applications like tires & belts, flexible electronics, and wearable devices. However,
key challenges remain in dispersion, cost, processing, and commercial are addressed via chemical
functionalization, hybrid fillers, and sustainable sourcing (e.g., MRP). As such looking forward,
growing demands for smart materials, sustainability aspects, and advanced technologies will lead and
further accelerate innovation in functional rubber particle design and utilization in industrial
applications.

REFERENCES

1. Ayyer R. Evaluation of micronized rubber powders with cost/performance benefits. Rubber World.
2012 Jul 20:1-47.

2. Genovés V, Farifias MD, Pérez-Aparicio R, Saiz-Rodriguez L, Valentin JL, Alvarez-Arenas TG.
Micronized recycle rubber particles modified multifunctional polymer composites: Application to
ultrasonic materials engineering. Polymers. 2022 Sep 1;14(17):3614.

3. Markl E, Lackner M. Devulcanization technologies for recycling of tire-derived rubber: A review.
Materials. 2020;13(5):1246. doi:10.3390/mal13051246.

4. What is Decarbonization? CarbonNeutral. Carbon Neutral. 2024. Available from:
https://www.carbonneutral.com/news/what-is-decarbonization.

5. Chen L, Guo X, Luo Y, Jia Z, Chen Y, Jia D. Inorganic and organic hybrid nanoparticles as
multifunctional crosslinkers for rubber vulcanization with high-filler rubber interaction. Polymers.
2018;10(10):1138. do0i:10.3390/polym10101138.

6. Alam MN. Advances in functional rubber and elastomer composites. Polymers. 2024;16(12):1726.
doi:10.3390/polym16121726.

7. Lapkovskis V, Mironovs V, Kasperovich A, Myadelets V, Goljandin D. Crumb rubber as a
secondary raw material from waste rubber: A short review of end-of-life mechanical processing
methods. Recycling. 2020 Dec 1 [cited 2025 Dec 2];5(4):32. Available from:
https://www.mdpi.com/2313-4321/5/4/32.

8. Lehigh Technologies’ micronized rubber powder process gains ICIS innovation award. Addit
Polym. 2018;2018(12):4-5. doi:10.1016/S0306-3747(19)30022-3.

9. Gawai S, Rai S, Bishnoi A. Applications of nano additives in polymeric and rubber composites: A
comprehensive review. Orient J Chem [Internet]. 2025 Apr 28 [cited 2025 Dec 2];41(2):445-57.
Available from: https://www.orientjchem.org/vol4 1no2/applications-of-nano-additives-in-
polymeric-and-rubber-composites-a-comprehensive-review/.

10. Lee SH, Park GW, Kim HJ, Chung K, Jang KS. Effects of filler functionalization on filler-
embedded natural rubber/ethylene-propylene-diene monomer composites. Polymers. 2022 Aug 26
[cited 2025 Dec 2];14(17):3502. Available from: https://www.mdpi.com/2073-4360/14/17/3502.

11. Grunert F, Wehmeier A, Blume A. New insights into the morphology of silica and carbon black
based on their different dispersion behavior. Polymers. 2020 Mar 4 [cited 2025 Dec 1];12(3):567.
Available from: https://www.mdpi.com/2073-4360/12/3/567.

12. Song K. Micro- and nano-fillers used in the rubber industry. In: Elsevier eBooks. 2016 Oct 28 [cited
2025 Dec 1]; p. 41-80. Available from: https://www.sciencedirect.com/science/chapter/edited-
volume/abs/pii/B9780081004098000024.

13. Inphonlek S, Bureewong N, Kotchapradit S, Ruksakulpiwat Y, Ruksakulpiwat C. Synergistic
effects of hybrid bio-fillers and modified natural rubber on natural rubber composite properties.
Polymers. 2025 Feb 26 [cited 2025 Dec 1];17(5):632. Available from: https:/www.mdpi.com/
2073-4360/17/5/632.

14. Salkhord S, Sadeghi Ghari H. Synergistic reinforcement of NBR by hybrid filler system including
organoclay and nano-CaCQs. J Appl Polym Sci. 2015 Aug 12 [cited 2025 Dec 1];132(44). Available
from: https://onlinelibrary.wiley.com/doi/abs/10.1002/app.42744.

©JournalsPub 2025. All Rights Reserved 15


https://www.carbonneutral.com/news/what-is-decarbonization
https://www.mdpi.com/2313-4321/5/4/32
https://www.orientjchem.org/vol41no2/applications-of-nano-additives-in-polymeric-and-rubber-composites-a-comprehensive-review/
https://www.orientjchem.org/vol41no2/applications-of-nano-additives-in-polymeric-and-rubber-composites-a-comprehensive-review/
https://www.mdpi.com/2073-4360/14/17/3502
https://www.mdpi.com/2073-4360/12/3/567
https://www.sciencedirect.com/science/chapter/edited-volume/abs/pii/B9780081004098000024
https://www.sciencedirect.com/science/chapter/edited-volume/abs/pii/B9780081004098000024
https://onlinelibrary.wiley.com/doi/abs/10.1002/app.42744

International Journal of Chemical Separation Technology
Volume 11, Issue 2
ISSN: 2456-6691

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Shan L, Tan CY, Shen X, Ramesh S, Zarei MS, Kolahchi R, et al. The effects of nano-additives on
the mechanical, impact, vibration, and buckling/post-buckling properties of composites: A review.
J Mater Res Technol. 2023 May [cited 2025 Dec 1];24:7570-98. Available from:
https://www.sciencedirect.com/science/article/pii/S2238785423009626.

Zailan FD, Chen RS, Ahmad SH, Flaifel MH, Shahdan D, Wan Busu WN, et al. Synergistic
improvement of mechanical, electrical and thermal properties by graphene nanoplatelets in
polyaniline incorporated rubbery thermoplastic composites. J Mater Res Technol. 2024
Jan;28:4097-109.

Li J, Yang Z, Hu S, Huang X, Jerrams S, Hu S, et al. High barrier properties of butyl rubber
composites containing liquid rubber and graphene oxide. Nanomaterials. 2024 Mar 18 [cited 2025
Dec 2];14(6):534. Available from: https://www.mdpi.com/2079-4991/14/6/534.

Bhagavatula GK, Leena S, Nanoth R, Pegoretti A, Karingamanna J. Enhancement in fracture
toughness and tribological stability of epoxy facilitated by heterogenecous 0D-0D nanofiller
networks: An experimental and analytical evaluation. Results Eng. 2025 Oct 15;28:107760.
Available from: https://www.sciencedirect.com/science/article/pii/S2590123025038137.

Kausar A, Ahmad I, Maaza M, Bocchetta P. Self-healing nanocomposites—advancements and
aerospace applications. J Compos Sci. 2023 Apr 7;7(4):148. Available from:
https://www.mdpi.com/2504-477X/7/4/148.

Kang S, Choi K, Nam JD, Choi H. Magnetorheological elastomers: Fabrication, characteristics, and
applications. Materials. 2020 Oct 15 [cited 2025 Dec 2];13(20):4597. Available from:
https://www.mdpi.com/1996-1944/13/20/4597.

Halle LL, Palmqvist A, Kampmann K, Khan FR. Ecotoxicology of micronized tire rubber: Past,
present and future considerations. Sci Total Environ. 2019 Nov 23;706:135694. Available from:
https://pubmed.ncbi.nlm.nih.gov/31785900/.

Zheng J, Hanshe M, He W, Hang T, Li Z, Jiang S, et al. Highly stretchable composite foams via
sustainable utilization of waste tire rubbers for temperature-dependent electromagnetic wave
absorption. Molecules. 2022 Dec 16;27(24):8971. Available from: https://www.mdpi.com/1420—
3049/27/24/8971.

Zhang J, Zhang Z, Huang R, Tan L. Advances in toughening modification methods for epoxy resins:
A comprehensive review. Polymers. 2025 May 7;17(9):1288. Available from:
https://www.mdpi.com/2073-4360/17/9/1288.

Bokobza L. Elastomer nanocomposites: Effect of filler—matrix and filler—filler interactions.
Polymers. 2023 Jun 30;15(13):2900. Available from: https://www.mdpi.com/2073-
4360/15/13/2900.

Darie-Nita RN, Frackowiak S. An overview of potential applications of environmentally friendly
hybrid polymeric materials. Polymers. 2025 Jan 20;17(2):252. Available from:
https://www.mdpi.com/2073-4360/17/2/252.

Verified Market Reports. Rubber powders market 2025 in India: Demand, size & trends report.
Verified Market Reports. 2025. Available from: https://www.verifiedmarketreports.com
/product/rubber-powders-market/.

©JournalsPub 2025. All Rights Reserved 16


https://www.sciencedirect.com/science/article/pii/S2238785423009626
https://www.mdpi.com/2079-4991/14/6/534
https://www.sciencedirect.com/science/article/pii/S2590123025038137
https://www.mdpi.com/2504-477X/7/4/148
https://www.mdpi.com/1996-1944/13/20/4597
https://pubmed.ncbi.nlm.nih.gov/31785900/
https://www.mdpi.com/1420–3049/27/24/8971
https://www.mdpi.com/1420–3049/27/24/8971
https://www.mdpi.com/2073–4360/17/9/1288
https://www.mdpi.com/2073-4360/15/13/2900
https://www.mdpi.com/2073-4360/15/13/2900
https://www.mdpi.com/2073-4360/17/2/252

