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a b s t r a c t 

Each year a large amount of worn synthetic and natural rubber is discarded. Due to the complex three- 

dimensional structure, recycling, and degradation of rubber by natural processes are proven complicated. 

While waste rubber disposal has become a problem globally, the current rubber waste management 

measures are found to be inadequate. Rubber devulcanization or degradation produces rubber with bro- 

ken crosslinks or broken main chain polymer, respectively. The devulcanized or degraded rubber can be 

reused, recycled as a new product, or used for energy recovery in various applications. The current review 

addresses the problems in rubber waste management and aims to provide detailed insight into alterna- 

tives to manage rubber waste through thermal, mechanical, physical, chemical, and biological methods. 

The advantages, disadvantages and bottlenecks present in each method is discussed. This review also 

presents the circular economy establishment on rubber in current and future prospect. This review con- 

cluded that while more research on technical, economic, and environmental aspects is needed, the meth- 

ods discussed in the review lead the way for a more sustainable framework in rubber waste management. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Waste generation is a product of urbanization, economic devel- 

pment, and population growth. An estimated 2.01 billion tonnes 

f municipal solid waste were generated in 2016 and are expected 

o reach 3.40 billion tonnes by 2050 [1] . In absolute terms, East 

sia and the Pacific generated an estimated amount of 468 million 

onnes. In comparison, the least amount of 129 million tonnes was 

enerated by the Middle East and North Africa in 2016. Fig. 1 pro- 

ides the amount of waste generated by regions throughout the 

orld in percentage. The highest percentage of solid waste was 

ontributed by Asia, accounting for a total of 60%. East Asia and 

acific as well as Europe and central Asia generated 23% and 20%, 

espectively, whereas South Asia alone generated 17% of the global 

olid waste. 

The composition of the solid waste is categorized into a few 

ypes including rubber and leather waste [2–5] . The United States 

n the year 2018 was found to generate 9.2 million tonnes of rub- 

er and leather waste [6] . The majority of rubber waste generated 
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s from tires of automobiles, trucks and motorcycles. Other sources 

f leather and rubber include clothing, footwear, gaskets and fur- 

iture [6] . 

Out of 9.2 million tonnes of rubber waste generated, only 

.7 million tonnes of rubber waste were identified as recyclable. 

his number amounted to only 40% of total tire waste gener- 

ted, excluding its application for energy recovery and landfills. 

he amount of rubber waste combusted for energy recovery and 

umped in landfills was 7.2% and 3.4% respectively in 2018 [6] . 

esides tires and household appliances, general rubber goods like 

elting, hoses, tubes, and consumer products such as footwear, 

oys, sports and leisure goods also account to 30% of the rubber 

arket. However, there is very little recycling effort done from the 

aste generated from the general rubber goods sector currently. 

he material recycling and reuse of general rubber goods amount 

o only 1.5% of the total waste generated. There are many reasons 

ehind the lack of industrial interest in recycling general rubber 

oods waste. These reasons are also limiting the applications of cir- 

ular economy in general rubber goods sector [7] . 

.1. Rubber production 

Rubbers are elastomers characterized by their ability to be re- 

ersibly deformed by external forces [8] . Rubber is generally di- 
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Fig. 1. Percentage of solid waste generated in the year 2016. 
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ided into natural rubber (NR) and synthetic rubber. Although over 

0 0 0 plant species produce natural rubber latex, the commercially 

tilized natural rubber latex is made from the Hevea brasilien- 

is [9] . The main constituent in natural rubber latex is poly(cis- 

,4-isoprene), an unsaturated hydrocarbon [9] . The other plants 

roducing latex belong to the family Compositae, Moraceae, and 

pocynaceae [10] . In contrast, synthetic rubber is synthesized as 

onomers from a variety of petroleum-based hydrocarbons. The 

ommonly produced synthetic rubbers are styrene-butadiene rub- 

ers (SBR), butadiene, chloroprene, and isobutylene [8] . 

The demand for rubber products is growing drastically every 

ear. Statistically, global natural rubber production in 2018 has 

mounted to almost 13.9 million metric tonnes [11] . In 2018, Asia 

acific generated 91% of the world’s natural rubber, whereas Eu- 

ope, The Middle East, and Africa produced 6.5% of natural rub- 

er in the world [11] . Natural rubber is primarily used in manu- 

acturing gloves, which has tremendously grown to meet the ris- 

ng healthcare demands besides their application in laboratory and 

ood industries [12] . On the other hand, synthetic rubbers are used 

rimarily in the transportation industry to produce tires. Overall 

emand for car and commercial vehicle tires is expected to have 

xceeded 1.6 billion units by 2018 [13] and is estimated to reach 

.2 billion units by 2022 [14] . With the increase in automobile 

roduction, the increment in the number of waste tires generated 

s evident. All the worn-out natural and synthetic rubber material 

orm heaps of rubber waste which takes years to degrade naturally, 

hus creating a necessity to tackle the rubber waste problem. 

.2. Conventional rubber waste management methods 

The conventional waste management methods mainly focus on 

ollecting the waste, burning the waste, and disposal (open dump- 

ng, landfills). These methods have limited the growth of inte- 

rated waste management techniques such as recycling and recov- 

ry, aiming to reduce the source’s waste. Rubber waste is catego- 

ized as industrial scrap and consumer scrap [15] . Successful waste 

anagement depends on the cleanliness and segregation of the 

enerated waste, so the industrial waste scrap is easily identified 

or further waste management. At the same time, this is not the 

ase with consumer waste. However, independent of the type of 

ubber waste generated, the most commonly used disposal meth- 

ds are open dumping, landfilling, burning, and grinding the rub- 

er waste into powder [16] . Disposed rubber waste such as tires 

cts as a breeding ground for various mosquitoes, vectors for vari- 

us deadly diseases like malaria, dengue, and chikungunya. Waste 

ires are also home to disease-carrying rodents and snakes. Inher- 

ntly, these methods do not allow the reduction of rubber waste, 

ausing the piling of the rubber to form huge dumpsites. These 
2 
umpsites are a risk for catching fire, which burns for several 

eeks. Moreover, extinguishing tire fires is very difficult because 

ven if they are extinguished from the outside, they continue to 

urn on the inside and are prone to easy reignition. 

The number of tires produced worldwide is reported to increase 

nnually with increased vehicles on the road. Landfilling and tire 

ono filling (which are certified sites where the only waste tire is 

ccepted for disposal) were among the earliest tire disposal meth- 

ds [17] . Landfilling and mono-filling methods are practiced mainly 

ue to the availability of large land areas and economic feasibility. 

owever, eco-toxicity of the land is affected by landfills whereby 

he toxic chemicals like metals and additives such as stabilizers, 

lasticizers or flame retardants in the tires leach into the soil, 

arming the bacteria present in the soil, which are necessary and 

ssential for plant growth [ 9 , 17 ]. 

With the growing demand for rubber products, developing mul- 

iple efficient waste management techniques is also essential. The 

resent waste disposal measures are not as efficient as they cause 

ater, land, and air pollution. Landfills used to dispose of rubber 

aste have become sparse as they occupy a large land area. Re- 

ycling has been adopted as another technique to manage rubber 

aste. However, this method is challenging due to reinforcing ma- 

erial added into rubber to improve its properties and applications. 

everal research studies and industries have established different 

ecycling methods in the past few decades [18] . However, the con- 

inuing demand for rubber products prompts different recycling 

ethods that are environmentally friendly and less toxic to reduce 

ccumulation of rubber waste. 

In this review, we have explored the extent of the rubber waste 

roblem globally. The statistical data presented provides knowl- 

dge about the total rubber production and consumption around 

he world. Furthermore, the article briefly talks about different 

ypes of rubber, the types of cross-links formed during vulcaniza- 

ion, and the effect of devulcanization and degradation of rubber. 

he review also states the importance of the circular economy of 

ubber, the extent of its reach in the present scenario and how 

he different waste management methods can be used to allevi- 

te the process. The main objective of the review is to provide in- 

ights into the different techniques involved in addressing the cur- 

ent rubber waste management problem. Different devulcanization 

nd degradation techniques in mechanical, chemical, physical, and 

iological methods have been used in rubber waste management 

nd are discussed in the present manuscript. The mechanism of 

he process, properties, parameters involved in each of the tech- 

ique was discussed in depth. In addition, the advantages, dis- 

dvantages, and applications of devulcanizates from each method 

ave been reviewed. Moreover, the prospects of each technique 

ave been emphasized, giving insight into the bottlenecks present 

n each technique, enabling to see gaps needed to be studied in 

hat area. 

The industrial applications of different recycling measures are 

till limited, and this might be due to the unclear degradation 

athways and mechanisms involved. The feasibility of implement- 

ng these recycling methods on a large scale is still questionable. 

y reviewing different methods in rubber waste management, in- 

ights can be further obtained to develop a sustainable framework 

n terms of technical and environmental aspects for rubber waste 

anagement. 

. Rubber waste management 

Waste rubber disposal issue is being addressed as one of the 

ignificant problems globally. Improper waste management meth- 

ds and lack of adequately established technologies are the pri- 

ary cause of serious ecological issues that proper waste manage- 

ent methods must address. Also, each type of rubber waste pos- 
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Fig. 2. Percentage of rubber used by different industrial sectors in 2016 [19] . 

Table 1 

Composition of different scrap tires [23] . 

Type of material (wt%) Car tire Truck tire Off-road tire 

Crumb rubber 70 70 78 

Steel 17 27 15 

Fibres and scrap 13 3 7 
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esses inherent challenges that need to be managed effectively. As 

 result, focusing on sustainability is necessary for almost every 

ndustry, including the rubber industry. In order to understand the 

ndustrially viable rubber waste management methods, it is vital to 

nderstand the nature of rubber and rubber products. 

.1. Source of rubber waste 

The primary source of rubber waste is tire rubber. The other 

ubber waste generated is produced during the latex rubber prod- 

cts manufacturing such as medical gloves, adhesives, and gaskets 

19] . Fig. 2 depicts that the transport industry used 63% of the rub- 

er produced in 2016 to produce tires. The following considerable 

ubber consumption is by household, industrial and energy sectors. 

.1.1. Rubber composites 

Many rubber products are produced in composites form to 

chieve high strength to flexibility ratios intended for reinforce- 

ent purposes [20] . For instance, rubber sheets are reinforced 

ith various materials like rayon, Nomex, Kevlar, glass cloth, steel, 

ramid, polyester, nylon and cotton. These substances are engi- 

eered into the rubber sheet during the manufacturing process 

20] . Some industrial products categorized as composites include 

ires, conveyor belts, hoses, power transmission belts, inflatable 

oats, oil booms, and protection suits [ 21 , 22 ]. The tire is a ma-

or rubber composite consisting of rubber, steel, fibres and scrap. 

able 1 shows the composition of different types of tires, which 

enotes different materials, formulations, and designs adopted in 

aking different tires. Similarly, for conveyor belts, the rubber is 

hen reinforced with galvanized steel, which provides good adhe- 

ion, ensuring the conveyor belts’ long life [ 21 , 22 ]. The compo-

ition and the design are formulated depending upon the prod- 

ct exploitation [22] . To reclaim these products, it must first be 

tripped of its steel and fabric components and then undergo 

rinding. Due to their strong physical properties, it is a highly com- 

licated process, as the process requires heavy machinery. 

Besides composites, rubber is also widely used in many other 

ssorted applications like medical and household appliances. In the 

ast year alone, 65 billion gloves were consumed monthly world- 

ide due to the covid-19 pandemic. As a result, many used rub- 

er gloves and PPE equipment were discarded [24] . The expand- 
3 
ng market for these products during the pandemic also adds to 

he rubber waste [25] . The application of rubber besides compos- 

tes includes adhesive glues, erasers, balloons, tennis balls, handle- 

ar grips, computer mouse pads, condoms, diaphragms, cosmetics, 

aincoats, rubber bands, nipples and pacifiers, electric cords, food 

andling gloves, rubber toys, scuba equipment and many more 

19] . 

Vulcanisation of rubber by using chemicals such as sulfur, 

esins, peroxides is common with the purpose to form crosslinks in 

he rubber structure that enhances their elastic property, thermal 

ontraction and durability. The chemicals added during the vulcan- 

zation process impact the waste management methods. Also, the 

rosslinks formed during the process respond differently to vari- 

us waste management methods. Therefore, it is vital to under- 

tand various rubber types, structures, and crosslinks present in 

he rubber matrix before understanding different waste manage- 

ent practices, which are further discussed in this review. 

. Vulcanization, devulcanization and degradation of rubber 

Each type of rubber material has its distinct properties besides 

ts general elastic and malleable properties. Rubber is broadly clas- 

ified into two categories in which is natural and synthetic. Fig. 3 

hows the chemical structure of natural rubber and different types 

f synthetic rubbers available in the market. The chemical struc- 

ure and properties of synthetic rubber make them attractive for 

ngineering a variety of synthetic rubbers products. Additionally, 

ubber products are mostly vulcanized. After the end of life, rub- 

er products can be recycled by subjecting them to devulcaniza- 

ion or controlled degradation [26] . In this section, vulcanization, 

evulcanization, and degradation will be discussed. 

.1. Vulcanization of rubber 

The basic structure of rubber before vulcanization contains a 

arbon backbone with either single or double bonds. Industrial and 

echnical applications of rubber require vulcanization to provide 

uitable properties to the final products [29] . Unvulcanized natural 

ubber is only used as crepes for shoe soles and adhesives. Rub- 

er is subjected to vulcanization, which causes cross-linking in the 

lastomer molecules, bringing dimensional stability to the struc- 

ure. During vulcanization, the rubber compound transforms into 

nal vulcanizate. The most important chemical in the vulcanization 

rocess is the crosslinking agent. The most common crosslinking 

gent is elemental sulfur due to its abundancy and low cost. Vul- 

anizing agents other than sulfur are peroxides, resins and metal 

xides used to form cross-links in the rubber [30] . Unsaturated 

lastomers (C = C) can be vulcanized with sulfur, while the satu- 

ated elastomers (C-C) cannot be vulcanized with sulfur but are 

ulcanized by peroxides. The cross-linking reactions mainly occur 

t the C = C bonds. 

Vulcanization is an essential process that is performed at rela- 

ively high temperature (140 to 200 °C). It is a process that reduces 

ermanent deformation by increasing the retractile force, thereby 

ncreasing elasticity and decreasing plasticity [31] . Using sulfur 

lone causes a slow reaction, so accelerators such as guanidines, 

hiazoles, sulfenamide, thiurams, dithiocarbamates, xanthates are 

dded to increase the cure rate [31] . 

Different types of crosslinks can be achieved by varying the 

mount of sulfur to accelerator ratio in the vulcanization process 

32] . Different crosslinks formed in the rubber impart different 

roperties to the rubber, as shown in Table 2 . Depending upon the 

ubber product’s specific use, the types of crosslinks formed can be 

ontrolled through vulcanization [32] . The polysulfidic crosslink (C- 

 x -C) increases the tensile and tear strength as well as compression 
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Fig. 3. a) Polyisoprene unit b) Styrene-butadiene rubber (SBR), c) Nitrile rubber (NBR), d) Butyl rubber (IIR), e) Ethylene-propylene (EPDM), f) Polychloroprene (CR), g) 

Polybutadiene (BR), h) Silicone [ 8 , 21 , 27 , 28 ] 

Table 2 

Types of cross-links and technological properties [34] . 

Type of crosslink Technological properties 

Polysulfidic (C-S x -C) •Increase tensile and tear strength, high compression set, 

poor heat ageing 

Monosulfidic (C-S-C) •Excellent heat ageing, low compression set, low tensile 

and tear strength 

Mixtures of mono, di- 

(C-S-S-C) and polysulfidic 

•Compromise or balance in terms of strength and heat 

ageing 
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et but gives poor heat ageing. However, monosulfidic crosslink (C- 

-C) has excellent heat ageing and low compression set but low 

ensile and tear strength. A combination of monosulfidic crosslink 

C-S-C) and disulfidic crosslinks (C-S-S-C) balances the heat ageing, 

ear, and tensile strength. Over 40,0 0 0 products are produced from 

ulcanized natural rubber [33] . 

.2. Devulcanization of rubber 

Fig. 4 a shows the process of cleaving the S-S and C-S bonds 

hile leaving the C-C bonds intact, known as devulcanization 

 15 , 18 , 35 , 36 ]. Devulcanization is total or partial cleaving of the

onosulfide (C-S-C), disulfide (C-S-S-C), and polysulfide (C-S n -C) 

onds present in the vulcanized rubber that were initially formed 

uring vulcanization [37] . The blue, red and green dots in Fig. 4 a

epresent the different crosslinks present in a rubber structure 

efore being subjected to the devulcanization process. Following 

hich the cleaved crosslinks are shown in white dots encircled in 

olour. Devulcanization can be achieved via many different meth- 

ds, such as mechanochemical or ultrasonication. High tempera- 

ure of 180 to 300 °C are required to obtain the homolytic scis- 
4 
ion during the process [ 18 , 36 ]. The degree of devulcanization in-

uences other mechanical properties when recycling the devul- 

anized rubber material [35] . Therefore, physical parameters used 

or devulcanization must be carefully considered to obtain good 

uality final devulcanizate. Fig. 4 a shows partial devulcanization, 

hereby only some crosslinks are cleaved during the devulcaniza- 

ion process. Horikx theory is often used to determine the quality 

nd the degree of devulcanization. Fig. 4 b depicts the Horikx dia- 

ram of soluble fraction of devulcanized NR against crosslink den- 

ity. The solid line in the figure corresponds to selective cross-link 

cission (devulcanization) [38–40] . Although partial devulcaniza- 

ion is sufficient to study the devulcanization mechanism, almost 

omplete devulcanization is necessary for recycling or reusing rub- 

er in a commercial scenario [38] . 

.3. Degradation of rubber 

Complete degradation in rubber implies the deterioration of the 

aterial’s thermal, physical and mechanical properties until they 

annot be recycled further for producing new products [42] . Degra- 

ation in rubbers can be induced by light, heat, oxygen, stress, 
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Fig. 4. a) Devulcanization and degradation effect on the rubber matrix b) Horikx diagram of devulcanized and degraded rubber [ 38 , 40 , 41 ]. 

Table 3 

Energy required to break different bonds in 

vulcanized rubber structure. 

Type of bond Energy required (kJ/mol) 

C-C 348 

C-S-C 273 

C-S-S-C 227 

C-S x -C 251 
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nd exposure to chemicals. A complete loss of elastomeric prop- 

rties occurs when the rubber absorbs no more than 1-2% oxygen 

42] . Thermal oxidation results in main chain scission or cross-link 

cission leading to the loss of mechanical properties of the rub- 

er. In case of higher degree of degradation, the molecular weight 

f the rubber material is significantly reduced. The rubber ma- 

erial loses its elastomeric and mechanical properties. In general, 

egradation causes deterioration in the rubber properties, and it 

s non-desirable. Fig. 4 a also depicts partial degradation whereby 

ome of the main rubber chains are cleaved during the process. In 

ig. 4 b the dashed line corresponds to main chain scission (degra- 

ation) [ 39 , 40 ]. To enable recyclability and reusability of the pro-

essed rubber, it is important to limit the main chain degradation 

o a minimum. 

.4. Comparison between devulcanization and degradation of rubber 

The primary difference between the devulcanization and degra- 

ation process is the cleavage of bonds in the rubber structure. For 

he context of this review, the devulcanization process denotes the 

leavage of C-S and S-S bonds while keeping the C-C bonds intact 

36] , and the degradation process denotes major cleavage of the C- 

 backbone, which massively deteriorates the mechanical proper- 

ies of the rubber. The process of devulcanization and degradation 

re both interconnected with each other. It is impossible to only 

leave crosslinks or to only cleave the main polymer chain during 

 process. Both the devulcanization and degradation will happen 

oncurrently during the process. It is important to limit the degra- 

ation and increase the devulcanization to enhance the chances of 

ubber recycling or reusing. Different amount of energy is required 

or cleaving each bond, as shown in Table 3 , in which the main

hain (C-C) cleavage requires the highest amount of energy and 

-S crosslinks cleavage requires lesser energy comparatively. The 

rimary goal of rubber recycling process is optimizing the param- 

ters for devulcanization. Optimizing the parameters such as tem- 
5 
erature, pressure and type of chemicals used increases the de- 

ree of devulcanization while limiting the extent of degradation. 

he devulcanizates produced do not lose their elastomeric prop- 

rties and can be further used to produce various new products. 

n case of higher degree of degradation, the molecular weight of 

he rubber material is significantly reduced. As a result, the rub- 

er material loses its elastomeric and mechanical properties. These 

onditions enable the degraded rubber to act as raw material to 

roduce many other products. 

Many different rubber products are manufactured from both 

atural and synthetic rubber. Recycling is challenging due to the 

omplex, crosslinked structure and the mechanical properties of 

he rubber. Furthermore, the chemicals used for vulcanization and 

dditives like activators and retardants cause the release of toxic 

ases like sulfur oxides, carbon monoxides, and cyanides into the 

ir during recycling process. In order to reduce the pollutants and 

ackle the amount of rubber waste generated, various sustainable 

aste management measures are imperative. 

. Rubber waste management methods 

Many national and local governments have recently started to 

dopt the concept of circular economy as a new conduit to sustain- 

bility. The circular economy is a system that can be employed to 

educe waste and raw materials scarcity through the continual use 

f resources [43] . The emerging challenges of depletion of raw ma- 

erials and an increase in rubber demand can be met through cir- 

ular economy by slowing, closing, and narrowing resource loops. 

n recent years increasing recycling rates or increasing the prod- 

ct lifetimes has become the primary goal for sustainable develop- 

ent. 

Besides tires, 50% of the world’s rubber production is used for 

he consumption of general rubber goods (GRG). Reliable indus- 

rial technology and processes are needed to reuse and recycle 

he waste produced from GRG. The processed waste can be trans- 

ormed into cheaper and more sustainable material to feed their 

roduction. This cycle of producing tires and GRG from their used, 

orn-out materials increases sustainability. The use of worn-out 

ires and scrap GRG granulates in new products can significantly 

educe the carbon footprint up to one-third compared to the prod- 

cts produced without recycled material [43] . Thus, the circular 

conomy of rubber can alleviate the global waste rubber problem. 

To date, among the many different rubber products produced, 

ircular economy has only been established for tires which is a 

omplex rubber composite. This serves as a reminder that, given 
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Fig. 5. Tire circular economy [43] . 
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T

ime and resources, it is possible to establish circular economy 

o many other rubber goods similar to tires. According to ETRMA 

European tyre and rubber manufacturers’ association), data col- 

ected from 32 countries (EU28, Norway, Serbia, Switzerland and 

urkey) showed that 91% of end-of-life tires (ELT) were collected 

nd treated for material recycling and energy recovery in 2018 

43] . Fig. 5 shows the circular economy of the tire industry in 

hich 48% of the used and ELT collected are used for energy re- 

overy, whereas 52% is used for material recovery. The cement in- 

ustry utilizes 42% of the energy recovery, while the power in- 

ustry utilizes only 6%. Retreading is the oldest method employed 

o reuse ELT. Retreading extends the lifespan of rubber, consumes 

ess energy, and is cost effective. The improper waste management 

ethods and limitation of current existing measures prompt the 

eed to establish a circular economy to manage the rubber waste. 

ne of the practices involved in the circular economy is “extended 

roducer responsibility (EPR),” which involves focus on designing 

nd delivering products using sustainable methods. The manufac- 

urers are urged to design the products so that the entire life cycle 

f the product can be made optimal from an environmental pro- 

ection point of view. However, EPR alone cannot tackle the waste 

anagement challenge due to the ever-increasing demand for rub- 

er goods. Different initiatives are directly required to tackle the 

aste management threat posed by used rubber materials. 

In the current scenario, the circular economy for GRG is lack- 

ng. Due to the increased production to meet the demand, various 

ustainable methods for managing the rubber waste are needed. 

esearch studies are currently ongoing to establish efficient ways 

o manage and reuse rubber waste effectively. Fig. 6 shows several 

aste management methods that have been gaining interest in the 

ast few decades. Primarily rubber waste management processes 

re classified into thermal, mechanical, physical, chemical, and bi- 

logical. Each method involves different processes that employ dif- 

erent parameters and chemicals to either devulcanize or degrade 
6 
he rubber. The mechanism, advantages, disadvantages, and recent 

dvancements of these methods are discussed in section 4 . De- 

ending on the use of the end product, different methods are uti- 

ized to dispose of waste rubber. 

.1. Thermal methods 

The thermal method has been among the most commonly used 

nd studied methods for rubber devulcanization and degradation. 

or energy recovery from rubber, thermolysis and pyrolysis are the 

wo methods used. In general, thermolysis is the process of break- 

ng down the rubber under the action of heat, while pyrolysis is 

reaking down in the absence of oxygen. Studies have shown that 

crap tires, NR and SBR were subjected to thermolysis under sub- 

ritical or supercritical water [44] . The products formed at the end 

f the process were oil and methane (CH 4 ), ethyne (C 2 H 2 ), ethy-

ene (C 2 H 4 ), ethane (C 2 H 6 ), and propane (C 3 H 8 ) gases. The results

ndicated that with increased pressure and temperature, oil yield 

ncreased and reached maximum when the state of water reached 

he critical point. At 420 °C, a pressure of 18 MPa maximum oil 

ield of 21.21% was achieved within a reaction period of 40 min, 

hich could be improved further. The molecular weights of the 

hemicals in the oil yield were in the range of 70-140 g/mol. Al- 

hough thermolysis is favoured for energy and material recovery 

n circular economy perspective, the drawback associated with this 

echnique is the release of toxic gases [44] . The high temperature, 

igh cost of kilns and gas generation are the main limitation for 

hermolysis. 

Pyrolysis of waste rubber is one of the most prominent ther- 

al techniques in terms of recycling and recovery. The lab-scaled 

hermo-gravimetric, differential thermal, and pyrolysis-gas chro- 

atography analysis are commonly used to evaluate the thermal 

fficiency of rubber material devulcanization and degradation [45] . 

he thermo-gravimetric analysis of rubber showed that the degra- 
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Fig. 6. Waste Management techniques for degradation and devulcanization of rubber. 
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ation of different rubbers occurs at different temperatures. It was 

bserved that the main chain degradation of NR and BR happens 

t 380 °C and 460 °C, respectively [45] . At a temperature range of

50 °C to 450 °C, the liquid fraction obtained are alkanes, alkenes, 

nd aromatic compounds. The xylene and benzene present in the 

romatic compounds are toxic [46] . Thermal degradation of NR 

as an exothermic reaction caused by several other internal re- 

ctions. However, the heating rate of pyrolysis does not increase 

he rate of thermal degradation. The by-products formed during 

he thermal degradation of rubber caused temperature suppres- 

ion, thereby reducing its thermal stability [47] . 

The rubber is prone to degradation when subjected to a very 

igh temperature in the range of 350 °C to 600 °C. Also, the de- 

raded rubber products have extremely low thermal stability and 

oss most of the mechanical properties. From a circular economy 

erspective, the thermal degradation method of rubber contributes 

o the energy recovery pathway. Therefore, the use of rubber could 

otentially replace the use of crude oil in energy platforms. 

Devulcanization of rubber through the thermal method also 

equires high temperature to break down the crosslinks present. 

owever, the higher the temperature applied, the greater the 

hances of rubber degradation. Temperature plays a pivotal role 

n all rubber waste management methods. For example, rubber 

rinding generates a high amount of localised heat, causing high 

emperature (130 °C), resulting in an undesirable reduction of the 

olecular weight and oxidization of crumb rubber. Alternatively, 

echanical grinding could be operated at a very low (-196 °C) tem- 

erature involving liquid nitrogen to limit rubber degradation. In 

he chemical treatment of the rubber waste, moderate temperature 

nhance the feasibility of chemical agents cleaving the crosslinks 

resent in the rubber material. Using microwaves or ultrasound 

lso involves high temperature, reaching up to 200 °C or 250 °C [48] .

hese high temperatures coupled with energy from the radiation 

re one reason for producing a more significant amount of devul- 

anized rubber in shorter exposure times. The devulcanizates pro- 

uced by microwave and ultrasonic methods retain much of the 

olecular weight and mechanical properties due to the scission of 

ono, di and polysulfide crosslinks and limited main chain scission 

f the rubber structure. For biological methods, temperature need 

o be controlled between 30 °C to 40 °C for optimal rubber degrada- 

ion by bacteria. The use of higher temperature will cause denat- 

ration of the enzymes in the microorganisms responsible for the 

egradation process. 
7 
The temperature range varies in devulcanization and degra- 

ation processes. In degradation, as the C-C main chain scission 

ccurs, higher energy and higher temperature are required. Con- 

ersely, in devulcanization, less energy and lower temperature are 

equired to break the mono, di, and poly sulfidic crosslinks. Tem- 

erature and other parameters involved in the rubber waste man- 

gement techniques are further discussed in the next section. 

.2. Mechanical grinding 

The mechanical process destroys the rubber structure by sim- 

le mechanisms that destroy the physical characteristics like shape, 

igidity, and weight-bearing capacity. The processes involved in 

echanical grinding, the advantages and disadvantages are shown 

n Table 4 . Mechanical grinding includes ambient grinding, wet 

rinding, cryogenic grinding, and grinding by ozone cracking. The 

ifferent sizes of crumb rubber and ground rubber produced 

hrough mechanical grinding are used in several civil engineer- 

ng projects, such as modifiers to asphalt paving mixtures, play- 

rounds, lightweight fillers, the crash barrier, shock and vibration 

bsorbers [49] . In addition, shredded rubber, crumb rubber, and 

round rubber are used to replace gravel, sand and filler material, 

espectively [49] . 

Downsizing of the rubber materials can only be achieved by 

rinding the rubber waste. The obtained crumb rubber can be used 

o blend with other polymers. The compatibility of the obtained 

rumb rubber with other polymers in a blend can be enhanced by 

reaking the cross-links, which can be achieved by the devulcan- 

zation of the crumb rubber. Therefore, mechanical grinding is al- 

ays conducted, followed by a devulcanization process. 

Though the ground rubber loses its mechanical and elastic 

roperties, it is still feasible to be classified as material recov- 

ry or reuse under the circular economy concept. Crumb rubber 

roduced from the grinding methods can be used for several ap- 

lications like level crossings, extruded pipes, gardening hoses, 

ar pedal pads, floor coverings, shoe soles, mudflaps, automotive 

askets and seals, sheet roof and levelling roof components [50] . 

nother promising application for powdered rubber is its use as 

llers in various thermoplastics. The thermoplastic elastomers can 

e used in several applications like conveyor belts, drive belts, 

ooring, window seals, gaskets, geomembranes, car bumpers, car- 

et backing, etc. 
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8 
.2.1. Thermomechanical devulcanization 

The focus in thermomechanical devulcanization is that the bond 

nergies of cross-links are lower than that of the C-C bonds build- 

ng the rubber backbone. The main bonds present are C-C, C-S and 

-S bonds. The thermomechanical process primarily aims to break 

he C-S and the S-S bonds [ 15 , 17 ]. In the thermomechanical de-

ulcanization process, the rubber is subjected to high shear and 

xtensional stressing levels that provide an efficient way of se- 

ectively breaking the bonds. This process is carried out by using 

quipment such as mills and extruders, which is generally carried 

ut at ambient or high temperature. The characteristics of the end 

roducts (shear rate) depend upon the processing parameters like 

ime and pressure [51] . 

The most practical machinery used for thermomechanical de- 

ulcanization by the polymer industry is a twin-screw extruder. 

 study was conducted with three different barrel temperatures 

60, 120 and 180 °C), and the screw rotation speed was set at 500 

pm. It was found that an increase in barrel temperature resulted 

n decreased screw torque, Mooney viscosity and degree of cross- 

inking. The rubber obtained from 60 °C process had the best me- 

hanical properties such as high tensile strength, resilience, elon- 

ation at break and abrasion resistance and high cross-link den- 

ity [52] . The reclaimed rubber obtained was used in different 

BR blends. Vulcanizates containing reclaimed rubber that was ob- 

ained at higher temperature had the best mechanical properties. 

he process at lower temperature requires high torque; however, 

esser amounts of toxic gases and by-products are produced. A con- 

iderable increase in the mechanical properties of the reclaimed 

ubber was seen at a lower temperature. However, the processabil- 

ty characteristics (behaviour and interactions of the different addi- 

ives) were worse than the rubber obtained at high barrel tempera- 

ure. The schematic representation and the different screw sections 

f the twin-screw extruder are shown in Fig. 7 . This shows the im- 

ortance of designing an effective mechanical system to optimize 

evulcanization while limiting rubber degradation. 

A similar study was conducted on recycling natural rubber, with 

ifferent barrel temperatures ranging from 80 °C to 220 °C [38] . 

he devulcanization extent was determined through crosslink den- 

ity, sol fraction, Mooney viscosity and Horikx diagram. It was 

ound that selective sulfur bonds scission occurred at samples 

reated at 80 °C and 100 °C. The self-heating of the rubber explained 

his selective scission during the devulcanization process. It was 

lso noted that higher temperature input did not necessarily en- 

ance the devulcanization. A high level of devulcanization, approx- 

mately 90%, was achieved in the process at temperature of 80 °C 

nd 100 °C. However, the higher temperature promoted the rubber 

egradation without increasing the devulcanization degree or any 

mprovement in the properties in the revulcanized material. 

In a recent study, the recycling of EPDM rubber was carried out 

hrough thermomechanical devulcanization. A two-step devulcan- 

zation method involving a two-roll mill, and an internal mixer was 

eveloped. Devulcanization was carried out on two EPDM mix- 

ures, one with a sulfur base and a peroxide base [53] . Blends 

f EPDM and high-density polyethylene (HDPE) were prepared to 

tudy the compatibility between cured, uncured and devulcan- 

zed EPDM rubbers with HDPE. The rubber was first cryogenically 

round and processed in a two-roll mill at 230 °C for 25 mins. The 

evulcanization process is then carried out at 200 °C in an inter- 

al mixture. The results showed an 85% decrease in crosslinking 

ensity in both sulfur and peroxide cured samples. However, there 

as an increase in sol fraction in the peroxide cured sample, which 

ndicated degradation was taking place, whereas the sulfur cured 

amples showed higher crosslink scission. The devulcanization de- 

ree in the sulfur cured samples was determined to be 83%. The 

ixture’s elasticity was severely affected, showing the elongation 

t break between 10% and 20% [53] . There was no clear trend ob- 
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Fig. 7. (a) Schematic of a twin-screw extruder. (b) screw configuration with different process sections [18] . 
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erved how the cured, uncured and devulcanized rubber affects the 

ensile properties. 

From the above studies, devulcanization occurs in the lower 

emperature range between 60 °C to 100 °C. EPDM mixtures re- 

uired higher temperature like 200 °C for devulcanization. Gen- 

rally, rubber undergoes degradation beyond these temperatures. 

urther studies in the area should focus on optimizing the param- 

ters such as oxygen-free, low shear force and lower temperature 

o achieve desired devulcanizates. Some novel and environment- 

riendly methods could be developed based on such optimization 

equirements. The major downside of this devulcanization is the 

elease of H 2 S, SO 2 and C 2 S gases into the atmosphere, which are

oxic. It was determined that there was a decrease in mechanical 

roperties indicating degradation does occur. Although devulcan- 

zation did take place, it was limited to less than 50% in studies 

ith NR and SBR. It is important to enhance the thermomechanical 

rocess further to augment the feasibility of industrial-scale rubber 

evulcanization or degradation adaptation. The devulcanizates pro- 

uced through the thermomechanical process are suited for feed- 

tock or raw materials to produce new rubber products. Hence, it 

s possibly an important method from the perspective of circular 

conomy establishment for rubber products. 

.3. Chemical methods 

The purpose of chemical devulcanization or degradation is to 

se chemicals to break down the cross-links present in the rubber. 

he process is conducted to retain most of the elastomeric prop- 

rties so that the devulcanized product can be reused further to 

roduce new rubber products [ 26 , 54 ]. The process involves chemi- 

al reclaiming agents like organic disulfides, mercaptans, and inor- 

anic compounds [23] . 

.3.1. Organic solvents 

Devulcanization was conducted by using organic solvents such 

s xylene, toluene, or benzene to cause swelling in the rubber [54] . 

he organic solvents concentration is generally in the range of 0.5 

o10 wt% [ 55 , 56 ]. The chemical reaction that occurs during de-

ulcanization is complex and is not entirely understood. Diphenyl 
9 
isulfide (DD) is one of the widely used chemicals for devulcan- 

zation. There were few mechanisms proposed for devulcanization 

ith DD [ 55 , 56 ] . Some by-products, such as hydrogen sulfide and

hiols, were released during the reaction [ 18 , 57 ]. 

The mechanism involves the thermal devulcanization of DD 

roducing two reactive radicals, shown in Fig. 8 . The radicals then 

eact with the cross-linked sites and break the sulfur bond, which 

an be achieved by temperature, stress, or nucleophilic agents. A 

ydrogen atom from the main polymeric chain is taken up by an- 

ther sulfide radical, opening a new active cross-linking site. The 

evulcanized rubber can then be used for re-vulcanization or com- 

ined with a polymer matrix for the proposed use [18] . 

A similar chemical devulcanization method involving DD was 

roposed by I. Mangili et al. [58] , in which initial reaction with DD 

roduces sulfide radicals. The sulfides can deduct the allylic hydro- 

en of the rubber to form benzenethiol or react to form a double 

ond, followed by polymer degradation, as shown in Fig. 9 . How- 

ver, the devulcanized rubber produced by the process above ex- 

ibits poor mechanical properties due to the scission of the main 

ubber chains. 

Thiosalicylic acid was used as a devulcanizing agent in devul- 

anizing natural rubber in a mechanochemical process. In this pro- 

ess, the rubber was first ground and then treated with thiosali- 

ylic acid. Thiosalicylic acid is advantageous due to the thiols and 

arboxyl functional group of thiophenol and benzoic acids. Thios- 

licylic acid is expected to function as a bifunctional devulcanizing 

gent due to the devulcanizing property of thiophenol and the re- 

ardant (less susceptible to fire) property of the benzoic acid [60] . 

n the study, NR was ground to a size of 20 mesh and was mixed

ith the thiosalicylic acid at a temperature of 140 °C for 30 min- 

tes [60] . The results showed that the sol fraction of the devulcan- 

zates obtained is significantly less when compared with the NR 

ulcanizates. Better mechanical properties comparable to the rub- 

er devulcanized by DD were reported in thiosalicylic acid devul- 

anized rubber subjected to re-vulcanization. The chemical meth- 

ds, though effective, are limited by their use of harmful ecotoxi- 

ology properties, as shown in Table 5 . 

A study using the twin-screw extruder was carried out at dif- 

erent barrel temperatures of 200, 220 and 240 °C. The reclaiming 

gent used was DD in the presence of supercritical CO (ScCO ). 
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Fig. 8. Mechanism of DD in chemical devulcanization [18] . 

Table 5 

Effects of different devulcanizing agents. 

Devulcanizing agent Effect References 

Dibenzyl disulfide 

• Toxic and carcinogenic 

[61] 

DES 

• Biodegradable, green 

[ 62 , 63 ] 

HDA 

• Biodegradable, expensive 

[64] 

IL 

• Non-Biodegradable 

[65] 

ScCO 2 + DD 

• Toxic, carcinogenic 

[ 58 , 59 , 66 , 67 ] 

Supercritical fluids 

• Economical, safe but VOC emission 

[68] 

Tetrabutylammonium 

bis(4-methylphenylsulfonyl 

dithiocarbimate) zincate(II) 
• Green and safe 

[69] 
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t

he results showed that important reclaiming parameters such 

s temperature, shear force, time, reclaiming agent could effec- 

ively devulcanize the rubber. However, it also showed higher sol 

raction, indicating more severe main chain scission. Oxygen con- 

entration, high temperature and high shear force were found to 

ave adverse effects as they cause the scission of the main chain. 

he study reported approximately 78% of devulcanization through 
10 
he thermomechanical method in the presence of ScCO 2 . The rec- 

mmended method to maximize devulcanization while limiting 

egradation would be oxygen-free medium, low shear force and 

ow temperature [68] . Thermomechanical devulcanization of GTR 

nd EPDM was carried out by a twin-screw extruder with ScCO 2 

70] . It was reported that feed rate and screw speed influence 

he sol fraction and crosslink density. As the feed rate increases, 
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Fig. 9. Alternative devulcanization mechanism by the use of DD in rubber [ 18 , 59 ]. 
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he sol fraction and crosslink density decrease and increases re- 

pectively. Upon analysis on the quality of the devulcanization, 

t was found that samples with a higher degree of devulcaniza- 

ion were obtained by a selective crosslink cleavage mechanism, 

hereas the other samples were randomly cleaved [70] . Devulcan- 

zation with ScCO 2 is a relatively new process as it is harmless and 

ess toxic. The mechanism induced by ScCO 2 has yet to be fully un- 

erstood. Further attempts to understand the mechanism will help 

o achieve a higher devulcanization rate through this relatively en- 

ironmentally friendly and non-toxic approach. 

The types of chemicals used, the operating conditions, percent- 

ge of devulcanization, bonds cleaved, and end products formed 

n the few other reported organic chemicals process are illustrated 

n Table 6 . The most common chemical used for devulcanization is 

D operated at 180 °C and 24 MPa. The highest degree of devulcan- 

zation achieved by using DD was 78.4%. The common by-product 

ained from the chemical reactions are thiophenols followed by 

ulfur dioxide. Sulfur bonds are mainly cleaved selectively by DD 

n the devulcanization process. 

.3.2. Peroxides (PO) 

Peroxides are chemical compounds where a single covalent 

ond links two oxygen atoms. Treatment of waste rubber was 

tudied by using two types of peroxide compounds, hydrogen per- 
11 
xide and benzoyl peroxide. Degradation of isoprene units of NR 

sing hydrogen peroxide is another extensively used approach [73] . 

he process is conducted in the presence of formic acid and is 

alled epoxidation. It is reported that epoxide is formed as an 

ntermediate by using periodic acid, followed by cleavage into a 

elechelic carbonyl oligomer [74] . The epoxidation is usually car- 

ied out in formic acid with a carefully controlled pH of the re- 

ctive media. It is considered that the epoxidized isoprene units 

ndergo an oxidative cleavage reaction by periodic acid [ 23 , 73 ]. A 

ne-step oxidative process has successfully achieved the controlled 

egradation of natural rubber-based low molecular weight polyiso- 

rene with periodic acid [74] . 

Another degradation process involving UV light and hydro- 

en peroxide was studied. Fig. 10 shows the basic photooxidation 

echanism involved, in which the polymer chain is cleaved in the 

resence of oxygen and UV light. The mechanism involves the de- 

omposition of hydrogen peroxide to form hydroxyl radicals in UV 

ight which act as scavengers to the rubber chain [75] . 

Chemical devulcanization was also studied using benzoyl perox- 

de (BPO) as the devulcanizing agent in xylene as a solvent, which 

reaks down the C-S or S-S bonds [23] [54] . Xylene is generally 

sed due to its higher boiling point. The study investigated the 

ifferent benzoyl peroxide concentrations (0, 2,4,6,8 phr) for 2hrs 

t 80 °C. It was observed that at lower concentrations and at 2 
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Fig. 10. Degradation of rubber chain by hydroxyl radical [75] . 
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12 
ours, the selective devulcanization of the cross-links can be ob- 

erved. However, as the BPO’s concentration and reaction time in- 

reases, nonselective scission of cross-link and backbone was ob- 

erved with decrease in mechanical properties indicating degrada- 

ion [54] . 

In another study, a chemical and mechanochemical process was 

arried out to study the devulcanization of NR by benzoyl perox- 

de. The devulcanization in the chemical process was conducted 

y using 2 g of BPO as a devulcanizing agent in xylene at 80 °C.

n the mechano-chemical process, rubber sheets were devulcan- 

zed in a sigma mixer with different concentrations (2 and 4 phr) 

f BPO at 80 °C and a rotor speed of 60 rpm [72] . It was shown

hat in chemically treated rubber, 10.5% of devulcanization was 

een after 2 hours of treatment with BPO, 43.5% and 46.8% of de- 

ulcanization was seen after 4 and 6 hours respectively. Through 

he mechanochemical, at 2 phr concentration 13.5%, 29.6 % and 

5.2% of devulcanization was seen after 10, 20 and 30 minutes re- 

pectively. At 4 phr concentration 16.7%, 35.9% and 48.3% of de- 

ulcanization was seen after 10, 20 and 30 minutes of treatment 

espectively [76] . From the above results it is evident that treat- 

ent time and concentration of BPO played a significant role in 

chieving higher amount of devulcanization. Although both pro- 

esses successfully devulcanized rubber, it was found that the 

echanochemical process was more efficient than the chemical 

ethod. When the devulcanizates were blended with virgin NR, 

here was an increase in tensile strength compared to the original 

ulcanized NR. This showed that mechano-chemically devulcanized 

ubber could be used as fillers. 

Similarly, another study used BPO as devulcanizing agent and 

yclohexane as a solvent on thermoplastic vulcanizates [76] . The 

rocess was carried out between 80 to 190 °C using a mixer at a 

otor speed of 25 rpm. It was found that at 1 phr of BPO, the

rosslink density decreased to 29.37% compared to the original 

hermoplastic vulcanizate. Furthermore, at 5phr concentration of 

PO, the crosslink density of the devulcanizates decreased to 64% 

nd gradually decreased to 69% as the temperature increased to 

0 °C [76] . Thus, the above-conducted study shows that the de- 

ulcanization percentage of NR is higher at 80 °C when treated 

echanochemically with BPO. 

It is observed that almost 50% of devulcanization can be 

chieved at 4 to 6 phr of BPO [76] . However, at higher concen- 

rations of BPO and increased reaction time, random scission of 
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rosslinks and main chain was observed which indicated increas- 

ng degradation rate. BPO can be used for devulcanization of rub- 

er at optimum concentration of PO, time and lower temperature. 

he devulcanized rubber obtained through these methods can be 

sed as fillers. 

.3.3. Green solvents 

Solvents developed as a more environmentally friendly alterna- 

ive to petrochemical solvents are known as “green solvents.” The 

oxicity of the chemicals used in the chemical treatment of rubber 

aste causes severe environmental issues. Therefore, the interest 

n using ionic liquids (IL) to replace the volatile organic solvents 

or the devulcanization of NR has been increasing [77] . IL’s are 

omposed primarily of an anion and a cation. They have unique 

haracteristics such as low vapour pressure and high thermal sta- 

ility, which offers advantages such as ease of containment, prod- 

ct recovery and easy recycling. In addition, they have good ther- 

al stability and do not decompose over higher temperature [77] . 

 study reported the use of ILs for controlled depolymerization of 

R for the single-step synthesis of acetoxy telechelic polyisoprenic 

ligomers. Trihexyl-(tetradecyl)phosphonium chloride (Cyphos101) 

nd N,N-dioctylimidazolium bromide (C 8 C 8 ImBr) were used in the 

rocess through which low-dispersity telechelic polymers were 

roduced [78] . The process was carried out by adding 350 mg 

f NR 45 °C under nitrogen, low IL quantity (1 ml) for 3 hours. 

 8 C 8 ImBr was used in a controlled degradation process for five 

onsecutive cycles resulting in the formation of acetoxy telechelic 

olyisoprenic polymers. This degradation was applied successfully 

n waste tires to provide telechelic oligomers. They are key in- 

ermediates for the innovation and production of new materials 

ike block copolymers, thermoplastic elastomers, compatibilizers, 

tc. Although there are certain advantages to IL’s, they are non- 

iodegradable, expensive and difficult to synthesize on an indus- 

rial scale [79] . 

Recently, deep eutectic solvents (DES) were studied as a chemi- 

al agent intended for rubber devulcanization. DESs are formed by 

ombining a hydrogen bond acceptor (HBA) and a hydrogen bond 

onor (HBD). DESs are considered a new class of green solvents 

ue to their unique properties such as low cost, environmentally 

riendly, less volatile, highly biodegradable, and easy synthesis. Sa- 

utra et al. (2019) has investigated the use of Choline chloride: 

rea (ChCl: urea), Choline chloride: Zinc chloride (ChCl: ZnCl 2 ), 

nCl 2 : urea for ground tire rubber (GTR) devulcanization [63] . The 

atios of GTR: DES were 1:20, 1:30, and 1:40, with the total load- 

ng fixed at 50 g. The mixture of rubber and DES was heated using 

 hotplate stirrer at 180 °C and 300 rpm with varying 5, 15, and 30

in. [63] . The FTIR and Horikx analysis further identified that the 

evulcanization was confined to sulfidic bondages keeping poly- 

eric chains intact. An increase in the devulcanization percent- 

ge (approx. 96%) was observed in the 1:30 mass ratio at 5 min 

nd then decreased in ChCl: urea. The decrease in the percentage 

an be attributed to the scission of main chains ChCl: urea (ap- 

rox. 96%) was found to have the most rapid and highest extent of 

evulcanization, followed by ZnCl 2 : urea (approx..94%) and ChCl: 

nCl 2 (approx..92%) [66] . DESs are considered as an alternative to 

Ls to overcome their non-biodegradability and cost. Though their 

igh viscosity and solid state at room temperature could be dis- 

dvantageous, they can be tailored by properly selecting HBA and 

BD and their molar ratio [79] . 

In another study, EPDM rubber compounds were reclaimed by 

sing hexadecylamine (HDA) as a devulcanizing agent [64] . HDA 

s a green solvent as they are less toxic and biodegradable. Dur- 

ng the process, a significant reduction in the crosslink density of 

ore than 50% was observed at the temperature range of 225 to 

75 °C. The HDA was able to cleave the poly and disulfidic bonds, 

hich are transformed into monosulfidic bonds. HDA was also ca- 
13 
able of cleaving the monosulfide crosslinks to a certain extent. 

t was found that when only thermal treatment without HDA was 

pplied, random main-chain scission of the rubber network caused 

he production of oligomeric fragments. The temperature set for 

he devulcanization had the largest influence on the extent of de- 

ulcanization within the test parameters that were investigated. 

ore than 50% of decrease in crosslink density was observed at 

emperature between 225 °C to 275 °C. The 50% reclaimed rubber 

howed good mechanical properties compared to the original rub- 

er compound [64] . Using HDA for devulcanization is advantageous 

s it is biodegradable but is limited due to the high cost. 

The chemical devulcanization techniques are more favourable 

n the industrial setting to achieve a controlled devulcanization 

ithout degrading the rubber backbone and losing the mechanical 

roperties. Although chemicals like disulfides and peroxides have 

roven to yield better devulcanizates, these chemicals are toxic and 

azardous. The alternatives to these chemicals can be replaced by 

reen solvents like ILs, DES and HDA. They have been reported 

o have similar devulcanization levels as the disulfides and per- 

xides. Due to the advantage of controlled devulcanization of the 

iscussed chemicals, the higher quantity and quality of devulcan- 

zates produced can be reused. From the discussion on green sol- 

ents, with further studies on various other DESs, they could be 

otentially used at an industrial level for devulcanization. The de- 

ulcanizates produced can be used as cost-effective raw material 

o produce new rubber goods. 

.4. Physical methods 

Physical methods focus on using external energy to devulcan- 

ze rubber in contrast to chemical or mechanical methods. Mi- 

rowave and ultrasonic devulcanization are the most explored 

hysical methods due to the absence of toxic agents in the pro- 

ess. 

.4.1. Microwave treatment 

Microwave methods is said to be one of the most promis- 

ng techniques for devulcanization due to the promising proper- 

ies of the resulting devulcanized rubber. Microwave devulcanized 

ubber exhibits increased fluidity and enhanced reusability of the 

ubber. These properties allow the devulcanizates to be easily re- 

olded and revulcanised. The microwave method involves vol- 

metric heating, heating by generating internal energy through- 

ut the volume of the material using microwaves, promoting uni- 

ormed heating compared to other traditional methods [ 65 , 80–82 ]. 

s the process energy focused and does not use chemicals, it is 

onsidered a physical process. 

De Sousa et al. have investigated microwave degradation on 

TR with 1 to 5.5 minutes of exposure to microwave energy. The 

tructural modification of the GTR after the exposure was charac- 

erized by solvent extraction, swelling, and ATR-FTIR [80] . Due to 

he radiation from the microwaves, the crosslinks were cleaved, 

nd free radicals were formed. The radicals formed can also un- 

ergo rearrangement through linking to the broken crosslinks. The 

ossible mechanism of the microwave devulcanization of NR and 

BR is shown in Figs. 11 and 12 . An S-S bond is adopted between

he two main chains to depict the changes in the structure as a 

esult of devulcanization. Due to radiation, the C-S and S-S bonds 

an be broken and rearranged by linking radicals formed and X, 

here “X” is S or ½ O 2 . The formation of cyclic structures dur- 

ng the process is a possibility due to the devulcanization process. 

he results indicated that increased exposure time intensified the 

mount of energy absorbed by GTR and converted to heat. The 

onverted heat is the key factor responsible for decreasing cross- 

inking, resulting in devulcanization [80] . Prolonged exposure to 

icrowaves resulted in many structural changes such as decreased 
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Fig. 11. Proposed microwave devulcanization mechanism of NR [80] . 
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el fraction and cross-linking density of the sample and increased 

ol-fraction, indicating devulcanization. However, the scission of 

he rubber main chain was also found with longer exposure times, 

hich suggests the dominance of degradation compared to devul- 

anization. 

In another study, devulcanization of styrene-butadiene rubber 

SBR) using microwave method in the presence of an ionic liq- 

id, pyrrolidinium hydrogen sulfate [Pyrr][H 2 SO 4 ], was reported. It 

as observed that the heat produced when exposed to the mi- 

rowave irradiation was favoured by IL. This mechanism reduced 

he energy required for devulcanization and is called ionic conduc- 

ion [64] . The performance was measured in terms of cross-link 

cission, which was well fitted with Horikx’s curve suggesting the 

ccurrence of devulcanization by selective breakage of cross-links 

64] . Cleavage of more C-S bonds than S-S bonds was observed 

ith an increase in temperature. The energy required for break- 

ng C-S, S-S bonds was 285 and 268 kJ/mol, respectively. Whereas 

46 kJ/mol are required for C-C bonds breaking, suggesting that 

-S bonds are more likely to be cleaved than S-S bonds [ 81 , 82 ].

TIR analysis combined with swelling measurements showed that 

he devulcanized ground tire rubber (DGTR) underwent a regener- 

tion phenomenon, a combination of devulcanization and degrada- 

ion. The qualitative analysis of regeneration level was achieved by 

tudying the swelling values in toluene. 

It has been reported that the microwave method produces su- 

erior devulcanized rubber, which exhibits properties very close 

o the original rubber-like properties. In addition, the devulcan- 

zed rubber regained its fluidity, the capability of being remolded 

nd revulcanized [ 23 , 64 ]. However, it was found that the devulcan-

zed rubber through this process emits volatile organic compounds 

VOC), which are toxic, and optimization is necessary to assess the 

mount of energy required for the process. 
14 
.4.2. Ultrasonic frequency treatment 

Another well-known physical approach is the ultrasonic 

ethod, as it does not change the chemical makeup of the poly- 

er and reduces the molecular weight by cleaving the most sus- 

eptible chemical bonds [ 58 , 83 ]. It was first studied on rubber 

nd reported by Sathiskumar et al. [84] . The recycling of carbon 

lack filled EPDM was conducted by using a continuous ultrasonic 

rooved barrel reactor. They have reported an increase in devul- 

anizates output twice the amount in comparison with the coaxial 

eactor. The crosslinked density and sol fraction analysis indicated 

igher devulcanization degree was achieved at higher amplitudes. 

owever, comparatively fewer devulcanizates of carbon black filled 

ubber were obtained due to energy consumption for cleaving the 

onds between carbon black and EPDM rubber. Viscoelastic proper- 

ies studies indicated that EPDM devulcanizates had higher elastic- 

ty and revulcanized EPDM rubber had lesser elasticity than equiv- 

lent virgin rubber [84] . 

Utara and Moonart studied ultrasonic degradation on natural 

ubber latex [83] . The natural rubber was subjected to 20 kHz and 

5 kHz for 240 minutes, and the changes in molecular weights 

ere observed. Lower molecular weights were observed after 10 

in. However, after 30 minutes of exposure, fluctuations in molec- 

lar weight distributions were observed in both samples, which 

an be possibly explained by chain scissions and cross-linking of 

he polymer chain by radical. The study suggested that determin- 

ng the optimal frequency for ultrasonic degradation is essential 

or yielding the desired molecular weight. FTIR results suggested 

hat the polyisoprene structure remained unaltered at the above- 

tudied frequencies [83] . 

In another study, the effect of ultrasound intensity on NR/SBR 

lends was investigated. The ground vulcanizates were devulcan- 

zed in an extruder barrel with a temperature set at 120 °C. The 
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Fig. 12. Proposed mechanism of microwave devulcanization of SBR [80] . 
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evulcanization was carried out at 20 kHz and 5, 7.5 and 10 μm 

mplitudes [85] . During devulcanization, the ultrasonic power con- 

umption for 75/25 and 50/50 (w/w) NR/SBR blends, and pure NR 

ere found to be 7.5 μm. For pure SBR and 75/25 NR/SBR blends, 

he power consumption increased with ultrasonic amplitude. It 

as also reported that the power consumption for devulcanization 

f NR was higher when compared to SBR. On the other hand, the 

ower consumption for NR/SBR blends decreased with increasing 

BR content at 5 μm. Higher power consumption led to a higher 

egree of devulcanization, which concluded that NR devulcaniza- 

ion is easier than SBR [85] . 

From the studies conducted, microwave and ultrasonic methods 

ere reported as the most promising techniques at present due 

o their high productivity in shorter operating time and are envi- 

onmentally safe [ 18 , 23 , 80 , 83 ]. However, the operation cost of the

eactors is hindering its industrial applications. 

Although the microwave method produces higher quantity and 

etter devulcanizates in a shorter time and uses lesser energy, it is 

mportant to note that it does not guarantee even irradiation due 

o the hot spots. Precise control of temperature and power is es- 

ential during microwave treatment to achieve the desired vulcan- 

zates. Though industrial microwave reactors can solve this prob- 

em, the setup cost is too high which limits its applications. Simi- 

arly, ultrasonication of waste rubber has proven effective with up 

o 90% of devulcanization [86] . However, the downside of ultra- 

onic treatment is also the high cost for industrial setup. 

a

15 
.5. Biological methods 

The biological process of rubber degradation involves microor- 

anisms growing on the rubber surface to mediate devulcanization 

nd degradation. The microorganisms act by either adhering to the 

ubber surface or secreting enzymes that aid in rubber devulcan- 

zation and degradation. Soil contains various types of microbes, 

ncluding bacteria and fungi, that can degrade the rubber. Several 

acteria and fungi were isolated, and their cultures were tested for 

heir biodegrading ability. These studies have shown that the acti- 

omycetes are the major bacteria capable of degrading the rub- 

er in considerable amounts [9] . Nocardia sp 835A and Nocardia sp. 

35A strains have been reported to degrade about > 90% and 80% 

f the rubber material [87] . Various bacteria belonging to the acti- 

omyces such as Streptomyces coelicolor CH13 [88] , Streptomyces sp. 

30, corynebacterium, Nocardia, Gordonia sp. Mycobacterium group 

89] , Alicyclobacillus sp. [90] were identified as rubber biodegrading 

acteria. Biodegradation of natural rubber was first studied in 1914 

y using solution cast films of natural rubber as a carbon source 

91] . 

.5.1. Bacteria cultivation 

Rubber degradation through the biological method is a slow 

rocess. Therefore, incubation periods can extend over weeks, 

onths or years for significant degradation to take place. There 

re two kinds of rubber degrading bacteria, the ones which se- 
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. 
rete enzymes that degrade rubber and the ones which degrade 

he rubber by adhesive action. The bacteria releasing rubber de- 

rading enzymes form a clear zone on latex agar plates as latex is 

he sole energy and carbon source. Bacteria such as Xanthomonas 

p , Streptomyces griseus 1D , Streptomyces coelicolor 1A , Streptomyces 

p . K30 , Streptomyces sp. S1G, S3D, S4C, S4E, S4F, S4G has an incu-

ation period of 6-12 weeks [10] except for Xanthomonas sp. 35Y , 

hich was reported to have one week incubation period [92] . 

The most popular rubber degrading bacteria belong to mycolic 

cid-containing bacteria and actinobacteria belonging to the gen- 

ra of Gordonia, Nocardia, and mycobacterium. Nocardia sp. 835A 

train Rc, Gordonia sp. VH2, Nocardia sp 835A, Actinobacter cal- 

oaceticus is reported to have incubation periods ranging from 4 

10 weeks and do not produce enzymes or form clear zones 

ut degrade the rubber by adhesive action on the rubber surface 

 87 , 93 , 94 ]. The direct contact of the bacteria with the rubber en-

bles it to degrade the polyisoprene chains in the rubber structure. 

Table 7 contains types of rubber degraded by different bacte- 

ial strains, operating conditions, and percentage of rubber weight 

educed by the biodegradation. Most of the bacteria are gram- 

ositive except Xanthomonas sp, which is gram-negative. The opti- 

um temperature for effective degradation was 30 °C. The max- 

mum degradation of more than 90% was achieved by adhesive 

ction of Nocardia sp. 835A within three weeks of incubation. In 

omparison, minimum degradation of 10% was achieved via en- 

yme degradation within six weeks of incubation by Streptomyces 

p. [95] . 

Two novel strains of G.polyisoprenevorans, VH2, and Y2K, were 

dentified by Arenskötter et al., (2001) [96] as rubber degrad- 

ng bacteria. G. polyisoprenevorans Y2K was accidentally identi- 

ed during the cultivation of P.aeruginosa when it was found to 

e infected. However, the growth was inhibited by an unknown 

train that was later identified as G. polyisoprenevorans Y2K. It 

as reported that G.polyisoprenevorans Y2K could utilize rubber 

s a carbon source and degrade the rubber, whereas P.aeruginosa 

ould not. Gordonia westfalica sp. and Gordonia amicalisa are two 

ther rubber degrading actinomycetes identified and reported [97] . 

n addition, G. amicalisa was reported to produce a desulfurizing 

nzyme when vulcanized SBR and vulcanized IR were used, and 

ibenzothiophene was used as an enzyme-substrate [98] . 

Rubber degrading bacterial strain, Bacillus sp . SBS was identi- 

ed and isolated from soil. The bacteria could grow between the 

emperature range of 15 to 42 °C and a pH range from 5 to 9. The

iodegraded products were analyzed for carbon dioxide evolution 

nd were subjected to thin-layer chromatography (TLC). Analysis 

y TLC showed sodium bicarbonate’s presence with the liberation 

f CO 2 and the presence of lipids, which indicated that the bacteria 

ave utilized and mineralized the rubber [101] . Similarly, Bacillus 

p. AF-6 6 6 was isolated and identified to degrade natural rubber 

loves. The bacteria were identified to grow on both latex overlay 

gar plates and in a liquid medium. Gravimetric analysis of carbon 

ioxide evolution by strums test resulted in 4.43 g/l in the plates 

ontaining the bacteria, whereas 1.57 g/l of CO 2 was reported in 

he case of control [102] . Bacillus sp. Strain S10 was isolated from 

ewage sludge and was reported to degrade tire rubber [103] . The 

rowth conditions of Bacillus sp. S10 was studied at a tempera- 

ure range of 25 to 40 °C and at a pH range of 5 to 10. The max-

mum degradation of tire rubber by the bacteria Bacillus sp. S10 

as found to occur at the temperature range of 30 to 35 °C and pH

 [ 103 , 104 ]. Fig. 13 shows the SEM photographs of tire rubber de-

raded by the bacteria Bacillus sp. S10 cultured in MSM medium 

or 28 days at 35 °C [103] . The micrographs show the formation of

its and cracks when treated with the bacteria. 

Another bacteria belonging to the same genera, Bacillus cereus 

ISTR 2651, was reported to devulcanize the NR vulcanizates. The 

acteria could oxidize the sulfide crosslinks and could partially 
16 
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Fig. 13. SEM photographs of (a) Control (b-d) different tire pieces treated with Bacillus sp.S10. The bar represents 10μm [103] . 
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leave the main carbon chain present in the rubber. It was found 

rom Horikx analysis that the primary mechanism of the bacteria 

as to cleave the sulfur crosslinks, which took place very early 

n during the process [105] . After 20 days of devulcanization, the 

rosslink density and gel fraction analysis revealed that the phys- 

cal properties were significantly reduced compared to the control 

ample before bacterial treatment. The FTIR spectra showed char- 

cteristic peaks at S = O stretching (1088 cm 

−1 ) and C = O stretch-

ng (1730 cm 

−1 ). These results supported the oxidation of sulfide 

rosslinks to form carbonyl groups and oxygen-containing sulfur- 

ased groups. X-ray photoelectron spectroscopy results confirmed 

he decrease in C-S bond S-S bonds after the treatment [105] . A 

ecrease in C-C intensity was also observed. This signifies that B. 

ereus TISTR 2651 cultivation can be applied to recover the virgin 

ubber and recycle waste rubber. The devulcanizates can be used 

s feedstock for raw materials in the industry. 

Mixed culture was also applied to improve the efficiency of rub- 

er degradation. A mixed culture by using Sphingomonas sp . and 

ordonia sp. has been found to be more effective for the devul- 

anization of GTR [106] . Both bacteria were co-cultured in MSM 

edium with pH 6.5 at 30 °C. The mixed culture treatment ob- 

ained a 9.5% decrease in cross-linking density and a 32.4% de- 

rease in surface sulfur content. This indicates that both bacteria 

ould significantly reduce the sulfur content, and the devulcaniza- 

ion rate increased to a certain extent compared to the single bac- 

eria. The results from the water contact angle showed that the 

ngle was about 100 o and 92.7 o after being treated with a single 

acterial culture and mixed culture, respectively. This was noted 

s a desirable finding as it showed an increase in hydrophilicity of 

TR [106] . 

.5.2. Fungi cultivation 

Besides bacteria, natural rubber degradation by fungi was first 

eported by cultivating various strains of Penicillium and Aspergillus 

n two different mediums containing NR and 10% (w/v) NaCl. A 6% 

ncrease in the biomass and a decrease in the weight of the rubber 

aterial in the range of 15.5% to 30.9% was documented after incu- 

ating them for a period of 19 months to 5 years [89] . Fungi attack

aterials with rough or cracked surfaces, allowing them to be at- 

ached to and penetrating the materials. Rough surfaces on rubber 

ay contain nutrients and retain water enabling fungal growth. 
17 
nzyme laccase and manganese peroxidase were produced by the 

ungi Penicillium chrysogenum and the bacteria Bacillus subtilis and 

acillus pumilus [107–109] . The activity of the enzymes was re- 

orted to be maximum at 00138 IU for laccase and 0.0155 IU for 

anganese peroxidase in the seventh week of cultivation of Bacil- 

us subtilis. In contrast , laccase and manganese peroxidase activity 

n Penicillium chrysogenum was highest in the tenth week, which 

ere 0.0247 IU and 0.0262 IU, respectively [ 107 , 109 ]. 

Another study utilised three types of filamentous fungi belong- 

ng to Alternaria alternata (ANR and BNR strains) and Penicillium 

hrysogenum [110] . NR discs of 2 mm thickness and 150mm diam- 

ter were introduced into flasks containing the fungi. The growth 

ate of the fungi was determined at two different temperatures, 

5 °C and 30 °C. The results showed that the BNR strain has a 

igher growth rate of 0.042 cm/h at 25 °C, whereas ANR showed 

.032 cm/h in the Czapek (CZ) medium. On the other hand, P. 

hrysogenum showed the highest growth rate at 0.042 cm/h on CZ 

edium at 30 °C, whereas it only showed 0.036 cm/h at 25 °C on 

EA medium. The biodegradation was carried out for 65 days. Af- 

er considering the production of enzymes and biomass, BNR strain 

t 25 °C is concluded to have the highest biodegradation potential. 

t 41 days, 0.242 IU/L of manganese peroxidase activity was ob- 

erved, and at the end of 65 days, 4.3% of biodegradation rate was 

eported. 

.5.3. Enzymatic degradation 

To date, five types of enzymes, namely rubber oxygenase A 

roxA), rubber oxygenase B (roxB), latex clearing protein (lcp), lac- 

ase, and manganese peroxidase, are produced by bacteria that is 

orming a clear zone on the latex overlay agar plate for rubber 

egradation [111] . The clear zone formation indicates latex (poly- 

soprene) breaking into smaller products consumed by the bacteria 

s the sole carbon and energy source [111] . Two essential proteins, 

ubber oxygenase A and Latex clearing protein (lcp), were identi- 

ed in gram-positive Streptomyces sp. strain K30 and rubber oxy- 

enase A (roxA) from the Gram-negative Xanthomonas sp. strain 

5Y [95] . Products with aldehyde(-CH 2 -CHO) and keto (CH 3 -CO- 

H 2 ) groups were produced when roxA and lcp enzymes attack 

he double bond oxidatively [111–114] . However, the biochemical 

echanism by which lcp catalyzes the reaction remains inconclu- 

ive [ 112 , 113 ]. 
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Table 8 

Advantages and disadvantages of biological degradation. 

Method Advantages Disadvantages 

Bacteria and fungi 

Enzymes 
• Environment friendly 
• Less energy consumption. 
• No release of toxic gases. 
• Microorganisms are available in nature. 
• Environment friendly 
• Less energy consumption. 
• No release of toxic gases. 

• The process can take up to several weeks or 

months. 
• Degradation is only limited to the rubber 

surface. 
• Additives present in the rubber hinder their 

activity. 
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Recently, another rubber oxygenase namely roxB with some 

imilarities to roxA genes was discovered in S. cummioxidans 35Y 

nd Rhizobacter gummiphilus NS21 [115] . It was reported that 

oxB cleaved polyisoprene randomly to yield 20 carbon units and 

igher oligoisoprenoids with terminal aldehyde and keto func- 

ional groups [ 111 , 113 , 115 ]. 12-oxo-4,8-dimethyltrideca-4,8-diene- 

-al (ODTD), the final cleavage product of roxA, was only formed 

n minor quantities by roxB [111] . 

Laccase is a versatile, oxidoreductase and ligninolytic enzyme 

ith the capability to oxidize a wide range of phenolic and 

on-phenolic compounds by converting oxygen molecule to water 

116] . Laccases are glycoproteins found in various fungi to higher 

lants and has been significantly exploited for its application in 

he industrial processes like in degradation of dyes, degradation 

f textiles, as pollutant degradation and rubber degradation [117] . 

accases were reported to be produced by the bacteria Bacillus 

umilus and Bacillus subtilis and by the fungi Penicillium chryso- 

enum, which were reported to degrade rubber [107–109] . Al- 

hough the type of bonds broken in natural rubber by the enzymes 

s not reported, FTIR analysis of the natural rubber discs showed 

eaks between wavelengths 2725.89 cm 

−1 and 1662.34 cm 

−1 cor- 

esponding to H-C = O: C-H stretch and C = O stretch indicating alde-

yde and ketone groups are being released as a result of biodegra- 

ation [111] . 

Similarly, manganese peroxidase (MnP) is a ligninolytic en- 

yme that is ubiquitous [118] . MnP oxidizes the phenolic and non- 

henolic compounds by converting Mn (II) to Mn (III). MnP has 

any applications in various sectors such as degradation of pheno- 

ic and non-phenolic compounds, degradation of lignin to CO 2 and 

 2 O, wastewater treatment, biofuel production, biosensors, dye de- 

olourization, bioremediation, and rubber degradation [118] . MnP 

as reported to be produced by the fungi Penicillium chrysogenum 

nd bacteria Bacillus pumilus, Paenibacillus sp., and Bacillus subtilis 

hich degrade rubber. Though the exact bond scission is not iden- 

ified, FTIR analysis of the degraded rubber showed the formation 

f aldehyde and keto groups. Peaks were observed at wavelengths 

725.89 cm 

−1 and 1662.34 cm 

−1 indicating the presence of alde- 

ydes and ketones, respectively. 

The biodegradation process is limited to the surface of the rub- 

er because of the structural complexity and water-insoluble na- 

ure [111] . In addition, many rubber products contain additives like 

ccelerators, antioxidants, and stabilizers, limiting the biodegrada- 

ion ability of the enzymes. Therefore, the limitations shown in 

able 8 can be potentially resolved by appropriate treatment of 

ubber to remove the stabilizers and break the sulfur bridges [118] . 

The use of the biological method for rubber devulcanization or 

egradation is in the infancy stage. Although advantages outweigh 

he disadvantages compared to the other methods with respect to 

ow toxicity, milder operating conditions, and no emission of toxic 

ases, they are yet to be industrially viable. This is due to the vast 

nd diversified nature of microorganisms. Furthermore, controlled 

evulcanization is challenging as microorganisms cannot be con- 

a

18 
rolled to selectively cleave the crosslinks present in the rubber. 

oreover, the devulcanization or degradation by the microorgan- 

sms are only effective on the rubber surface and effective method- 

logy to penetrate the entire rubber depth is debatable. Despite 

his, research and development on biological methods are essential 

or environmentally sustainable methods of handling rubber waste. 

. Prospects of rubber waste management 

Natural rubber and synthetic elastomers are likely to continue 

laying an essential role in industrial and domestic applications, 

urning into waste at the end of the product lifetime. Over the 

ast few decades, rubber degradation by various methods has been 

astly studied and developed. The advantages of devulcanized rub- 

er are that the rubber obtained has reduced carbon footprint. It 

an be introduced repeatedly into the production of new prod- 

cts, improving the circular economy, cost effectiveness, sustain- 

bility, and environmental footprints [119] . In the current scenario, 

he circular economy of the tire, one of the major rubber products, 

s being rapidly established in developed countries but has yet to 

e established in other countries around the globe. On the other 

and, the circular economy for general rubber goods is almost non- 

xistent. Better segregation, collection and initiatives for the non- 

ire and general rubber goods are direly needed for a wholesome 

ubber waste management and establishment of the circular econ- 

my. 

Judging by the current environmental situation, discarded tires 

r other rubber products should not be treated as waste or pollu- 

ants but rather should be treated as an inexpensive raw material 

or producing other innovative products. The tires and other rub- 

er products can be downsized to obtain ground rubber through 

arious grinding techniques available. Due to their cost effective- 

ess grinding is the most widely used method for downsizing. The 

round rubber obtained can be used as fillers in new tires, play- 

round mats, rubberized asphalt, shock absorbers and many other 

roducts. In near future, waste rubber recycling will attract more 

esearch and development as a promising approach to improving 

ubber’s sustainability and circular economy. 

The grinding of the rubber should be followed by the devulcan- 

zation techniques in which the crosslinks present in the rubber 

re partially or entirely cleaved. The heavily documented methods 

uch as thermal, mechanical, chemical and physical have been pre- 

ented in this paper. It is essential to understand the limiting pa- 

ameters to ensure the dominance of devulcanization over degra- 

ation. Additionally, there is a growing interest in combining two 

r more methods to enhance the quality of the resulting rubber. 

t is vital to continue enhancing many different methods to deter- 

ine the best methods suited for the thousands of different rub- 

er products turning into waste. Diversity in terms of methods is 

lready present; however, the types of rubber subjected to these 

ethods are very limited. Focus has always been on waste tires 

nd gloves, which indeed should also be diversified. 
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19 
Ultrasound and microwave methods are proven to be the most 

romising methods over other methods due to the highly effective 

evulcanization of rubber waste and production of good quality 

evulcanizates. In addition, the microwave devulcanization process 

esulted in the production of new rubber products with unique 

roperties that can be used for various applications. However, the 

doption of microwave devulcanization in the industry is limited 

ue to the cost of microwave reactors, hot spots, and problems 

ith VOC emissions. Similarly, ultrasonic devulcanization is proven 

fficient in producing rubber devulcanizates in the laboratory; the 

igh cost of scaling up limits its commercialization. 

Rubber degradation methods should also be developed as it 

nables completion of circular economy establishment of rub- 

er. Waste rubber with inferior properties should be subjected 

o degradation that enables the circular economy’s material and 

nergy recovery pathways. All the methods discussed in this 

anuscript can be effectively used for degradation by tweaking the 

arameters. One most environmentally friendly method for degra- 

ation could be the biological method. However, the method is still 

t an infancy stage and has recorded a prolonged rate of degra- 

ation. At present, studies have successfully identified microorgan- 

sms capable of rubber degradation and parameters influencing the 

egradation rate. Future research should be focused more on the 

ifferent types of by-products of biological degradation and deter- 

ine the feasibility of closing the loops of the rubber product cy- 

le. Commercialization and industrialization of rubber degradation 

sing biological methods would require time, legislation, and tech- 

ology readiness. 

The rubber obtained from the methods mentioned above can 

ave a plethora of applications in several fields, as shown in 

able 9 . The devulcanizates can be formed into different products, 

nd this can be classified as reuse. The devulcanized rubber ob- 

ained can replace 30% of the virgin rubber without altering the 

asic properties, and as a result cost of new rubber, production 

an be reduced [120] . These applications are classified as recycling. 

n the other hand, the degraded rubber can be used as an energy 

ource elsewhere and classified as energy recovery. Thus, each of 

he application specifications can form a pathway in establishing a 

ircular economy. 

. Conclusion 

The synthetic and natural rubber products market increases re- 

arkably, prompting better and sustainable rubber waste manage- 

ent measures. Thermal, mechanical, and chemical degradation 

ethods are the most examined and present the potential of scal- 

ng up. Physical methods, microwave and ultrasonic degradation 

re arguably the most promising method of processing waste rub- 

er. Although the biological method is proven successful and en- 

ironmentally friendly, large-scale applications are yet to be em- 

loyed, due to multiple limitations. This review concluded that 

ubber devulcanization and degradation methods are essential and 

hould be developed further to establish the circular economy of 

ubber products. The technical and economic aspects of the dif- 

erent methods should be investigated for industrial development. 

he focus should be emphasized on a sustainable framework for 

ubber waste management. The waste management methods dis- 

ussed in this manuscript are promising to establish a sustainable 

nd circular economy for rubber products. 
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