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The recycling of waste vulcanized rubber (WVR) products is highly challenging due to the presence of a
three-dimensional (3D) sulfur crosslinked network hindering the natural degradation process. Traditional
disposal approaches such as combustion, stockpiling, and landfilling create several environmental
concerns by generating toxic fumes and gases causing serious health issues. The best approach to
resolve these problems is to reuse/recycle waste materials using sustainable methods for minimizing the
negative impact of the current waste handling systems. The recycling of WVR products requires the
breaking of the 3D crosslinked sulfur network using environmentally benign devulcanization and/or
depolymerization strategies. Pyrolysis is another important process to recycle the WVR products into
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value-added chemicals. It is important to adopt sustainable approaches to recycle the WVR products
into new products. The present review covers various sustainable technologies with the state-of-the-art
development of recycling of waste tire and non-tire rubber products. Important processes such as
physical, chemical, and biological devulcanization methods involving selective carbon-sulfur (C-S) and
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1. Introduction

Rising life standards and a growing population are drivers
of a significant increase in the consumption and demand for
elastomers and rubber products worldwide." Elastomers are
classified as general-purpose rubbers, special-purpose rubbers,
specialty rubbers, exotic rubbers, thermoplastic rubbers and
liquid processing rubbers.>* General-purpose rubbers include
natural rubber (NR), styrene-butadiene rubber (SBR), and butadiene
rubber (BR). Special purpose rubbers include ethylene-propylene
rubbers (EPM and EPDM), butyl rubber (IIR), halogenated
rubbers (HIIR), chloroprene rubber, nitrile rubber, etc. The
examples of specialty rubbers are acrylic rubber, fluororubbers,
silicone rubbers, epoxidized natural rubber, etc. Exotic rubbers
include perfluorinated rubber, polyphosphazene, etc. and thermo-
plastic rubbers include styrene-butadiene-styrene, hydrogenated
SBS, thermoplastic polyolefin rubber, etc.””

Industrial progress has accelerated urbanization leading to
higher growth in the automobile sector.® Elastomers are a
major component in auto industries and about 70% of globally
produced rubber is consumed in the manufacturing of passen-
ger and commercial vehicle tires.>® The increasing demand for
vehicles accelerates the production of new tires resulting in a
huge ingestion of rubber in tire industries.” The International
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sulfur—sulfur (S-S) bond breakage along with depolymerization and pyrolysis are also discussed.

Market Analysis Research and Consulting Services (IMARC)
reported that about 2.3 billion units of new tires have been
produced in the year 2022 and are expected to reach ~ 2.7 billion
units by the year 2028.° On the other side, almost 1.5 billion
waste tires are generated annually at the end-of-life cycle.” The
majority of the waste tires and non-tire rubber products such as
hoses, belts, and other rubber wastes undergo either accumula-
tion or disposal processes.'® A large number of waste tires are
discarded but a small percentage of waste tires are reused in
building retaining walls, as guards for protecting boats, and in
products requiring weather resistance characteristics.”’® The
current disposal system or simple accumulation of WVR pro-
ducts is hazardous and creates major environmental, health, and
economic concerns.'® The best approach for the disposal of WVR
products is recycling to value-added products.®? "2

Recycling is a process of converting waste materials including
WVR and WTR (waste tire rubber) into new materials to mitigate
the overall environmental pollution due to waste material dump-
ing. Recycling of wastes involves different steps, including (i)
collection, (ii) sorting, (iii) processing, (iv) manufacturing, and
(v) purchasing of recycled products.’®'" Recycling of cured
rubber products has been proven to be extremely difficult due
to the presence of a three-dimensional sulfur crosslinked net-
work structure resulting from the vulcanization of raw rubber."*
Vulcanization is a process in which the rubber becomes ther-
moset by crosslinking with sulfur and cannot be reformed
or restructured into other products unlike thermoplastic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Vulcanizing agents
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Sr. no. Elastomers Class of curing agents

1 Diene (NR, SBR, BR, EPDM) Accelerated sulfur and sulfur donor

2 Specially saturated types like silicone and EPR Peroxides

3 Primary butyl rubbers Resins (hexamethylenetetramine (HMTA), phenolic resins,
resorcinol-formaldehyde (RF) resin, etc.)

4 Halogenated elastomers Metal oxides (Fe,03, Fe;0,, AZ,0, zinc oxide, etc.)

materials.'®'* The vulcanizing agents are the combinations of —and pyrolysis processes used for the recycling of WITR/WVR are

crosslinking agents, accelerators, activators, and retarders.
Sulfur was the first curing agent to vulcanize the commercial
elastomer natural rubber.>* Different curing systems for a
variety of elastomers are summarized in Table 1.>*

Cured elastomers are generally categorized into WVR and
WTR products. Over the past few decades, different methods
and technologies for recycling of WVR and WTR products were
reported.”""* A variety of tires used in different types of
vehicles such as passenger cars, trucks, buses, and agricultural
and off-the-road (OTR) instruments, involve different parts
such as tire treads, sidewalls, inner liners, etc. The general
composition of tires includes rubber along with fillers, metals,
textiles, and other chemical additives'*'> which pose various
challenges for the recycling of waste tires system.>*'® The scrap
tire problems can be resolved using the following four basic
choices, commonly referred to as the four Rs, ie. Reduce,
Reuse, Recycle, and Recover.'® Waste tires can be reused in
the form of new products for multiple purposes such as play-
grounds, sports surfacing, rubber modified asphalts,"” civil
engineering applications,'® doormats, gaskets, wheel chocks,
railroad crossing mats, etc.”

The traditional ways of recycling WIR are grinding, crumbling,
re-treading, and combustion which have critical health and
environmental issues. Thus, researchers are actively working to
develop new advanced strategies for recycling of WTR.” One of
the environment-friendly strategies for recycling this type of
material is to go through the selective breaking of the 3D
crosslinked sulfur network in vulcanized rubber.”®'® This
treatment is called devulcanization and can be defined as a
process that causes the selective breakup of sulfur-sulfur (S-S)
and carbon-sulfur (C-S) chemical bonds with minimal or no
damage to the carbon-carbon (C-C) backbone network.*"°
Generally, in the recycling of WTR, some energy needs to be
supplied in the thermal or mechanical form that boosts the
process to completely or partially break the three-dimensional
crosslinked network formed during vulcanization."* Many
devulcanization processes, i.e. thermal,”® mechanical,*® chemical,*!
ultrasound,** thermosonic,”® microwave,>* thermomechan-
ical,>® mechanochemical,*® thermochemical,”” and biological,”®
are reported in the literature.”® Along with these techniques,
tire pyrolysis is another process in which crosslinked polymeric
chains can be converted into small hydrocarbon molecules
(tire pyrolysis oil) with the recovery of the filler and steel used
in tires. The present review covers waste tires and their disposal
process including stockpiling, reuse and recycling. Various tech-
niques such as physical, chemical and biological devulcanization

© 2024 The Author(s). Published by the Royal Society of Chemistry

also covered.

2. The current status and management
of waste tires

As per the research by the CMI team, the global tire recycling
market is expected to record a CAGR of 3.7% from 2023 to 2032.
The recycling market size is projected to reach a valuation of
USD 8.32 billion by 2032.%°** The quantification and descrip-
tion of recycling processes can vary depending on the type and
quality of the waste materials, the methods and technologies
used, and the intended outcomes and benefits of recycling.*°

The recycling and reuse of WTR is an essential and perma-
nent solution to the waste tire disposal problem. However, a
huge number (~ 1.5 billion units) of waste tires are generated
globally and a very limited number (100 million) of waste tires
are recycled by using the current technology.”*° It is estimated
that more than 50% of waste tires are discarded in landfilling
or garbage without any treatment at the end of the service life.’
According to estimation, around 4 billion units of waste tires
are in landfills globally. In recent years, the research on devel-
oping new methods for recycling WIR has attracted immense
interest from social, economic and environmental aspects also.
The life cycle assessment (LCA) of tire studied the environ-
mental and economic impacts of recycling of tire with various
waste management processes like landfilling, incineration
etc.’™* Life cycle assessment (LCA) of tire is a method that
evaluates the environmental impacts of life cycle of tire starting
from its raw material preparation, production, transportation,
use and its disposal. The process measures the energy con-
sumption, greenhouse gas emissions, water use, resource
depletion, and other environmental indicators associated with
different waste management scenarios of waste tire. Further-
more, it estimates the costs and benefits of recycling, such as
the savings in raw materials, energy, and landfill space, or the
revenues from selling recycled products.’’ China is majorly
involved in green tire disposal projects. One such major pro-
gram is ZC Rubber Tire Recycling. Under this project, China
has recycled around 400 000 waste tires, significantly reducing
CO, emissions.**** Another way to quantify recycling is by
measuring the amount of waste materials that are diverted
from landfills or incinerators and reused in new products. This
can be expressed as the recycling rate, which is the percentage
of waste materials that are recycled out of the total amount of
waste generated.***
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Tires are made of cross-linked thermosetting elastomers,
which take hundreds of years to break down in soil that affects
the growth of plants in the soil. The utilization of waste tires in
the form of crumb rubber or rubber powder used in heat energy
or production of tire-derived fuel is the mainstream recycling
method in the US and EU. The Japanese prefer to recycle tires
in the form of thermal recycling for energy sources in paper
manufacturing, chemical factories, cement factories, steel manu-
facturing, etc. Recycle process improvement and technological
innovation are a focus of attention of academic institutions and
industries.****

2.1. Environmental concerns regarding waste tire disposal

The waste tire industry has grown at a fast pace in the last
30 years. This also resulted in accumulation of waste tires.*'
Generally, WVR and WTR do not decompose and can release
harmful chemicals and gases into the environment. Waste tires
emit greenhouse and other harmful gases like methane when
exposed to sunlight, contributing to global warming and
climate change. Waste tires can catch fire suddenly and pro-
duce toxic black smoke that contains chemicals used in tire
manufacturing and also contaminates groundwater. To prevent
these environmental problems, waste tires are recycled and
reused in products such as rubber-modified asphalt, automo-
tive products, tire composites, and tire-derived fuel.*' Recycling
tires can also save natural resources and reduce energy con-
sumption. However, the demand for scrap tire recycling is not
keeping pace with the supply, and more efforts are needed to
find and develop new markets for recycled tire products.®'**

3. General methods of handling of
WTR products

3.1. Stockpiling and landfilling

WTR has a long life and non-biodegradable behavior due to the
highly cross-linked vulcanized network creating challenges for
the disposal.”*'° Tire biodegradability is very low and depends
on several factors, such as the type and composition of rubber,
the presence of additives, the degree of weathering, and the
environmental conditions.*® The biodegradation process can
result in surface erosion and changes in the properties of tire
particles.>® Some tire constituents, such as natural rubber and
treated distillate aromatic extracts, have higher biodegradability
than others, such as synthetic rubbers and carbon black.
However, the biodegradability of individual constituents is
reduced when they are compounded into tires. Therefore, tire
biodegradability is not a sufficient solution for the disposal of
waste tires. Recycling and reuse of tire materials are preferred
options for minimizing their environmental impact.®'%3"
In general, traditional methods for disposal of WTRs are stock-
piling, dumping, or landfilling, which have very dangerous
effects on human health and the environment.***® The stock-
piled tires can become a perfect platform as breeding places for
mosquitoes and other harmful insects/reptiles, therefore creat-
ing health hazards.”> On the other hand, in the landfilling
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process, these tires can consume large volumes of valuable space.
Stockpile tires are also the major reason for fueling inextinguish-
able fires and due to sulfur crosslinking they generate toxic
sulfur oxide gases along with CO,/CO. Also, the harmful poly-
mer chains and aromatics of WTRs are the major source
of emission along with an increase in the zinc level in soil.*®
As well as these drawbacks, landfills and stockpiles of waste
tires are also renowned for the leaching of toxic chemicals/
gases into the earth, water, and surroundings as long-term
effects. Also, at high temperatures, the rubber chains break
down into oily petroleum products which are major pollutants
for soil and groundwater.'®**>3¢ Therefore, several countries in
North America and Europe have banned stockpiling and land-
filling of whole tires and made recycling mandatory for these

wastes.13°

3.2. Combustion

The combustion process directly uses WTRs as fuels in incin-
erators because these are excellent materials for energy recovery
with high calorific values. The calorific value of a tire can reach
30-40 MJ KG~*! which is higher than those of coal and other
solid fuels.’” The reduced power production cost and max-
imum heat recovery are the advantages of the tire combustion
process. The demerits of the combustion process are no mate-
rial recovery, high capital investment, the need for flue gas
cleaning, and the emission of various toxic gases with high
operating costs.*®*° Waste tires can be used as fuels in cement
kilns. More attention is needed to ascertain the environmental
impacts of this process, such as the emission of polycyclic
aromatic hydrocarbons (PAHs), which are well-known carcino-
genic material. In addition to this, the heavily toxic smoke
released from tire fires can cause poor air quality, result in the
pollution of incredibly toxic gases, and reduce visibility in the
surrounding area."™*” W.-G. Pan et al. reported the thermo-
gravimetric and kinetic analysis of the co-combustion of waste
tires and coal blends.*” The combustion characteristics of the
tire powder, bituminous coal and their blend co-combustion
were studied. The combustion kinetics of tire powder shows
that an increase in the ratio of tire powders with coal leads to a
decrease in the activation energy in the temperature range of
349-465 °C.>7

3.3. Retreading of old tires

In the tire industry, a lot of development has taken place for the
manufacturing of high-standard tires using premium techno-
logies to continuously improve performance.*’ It is important
to consider the use of high-quality tires frequently not only in
‘first life’, but in their second life too. To reuse tires in their
second life, the retreading tire industry is also growing, where
the new treads are applied using specialized tools.*° The
retreading process is similar to the new tire manufacturing
process with a lower (30-50%) consumption of the rubber
material. The quality testing of retreaded tires revealed that it
is quite safe and can be used in all kinds of vehicles such as
taxis, trucks, school buses, military vehicles, etc.** Along with
the reuse of old tires, the process is cost-effective as compared

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the new tire and multiple times waste tires used for the
retreading process. However, it is a labor-intensive process with
compromises to the quality of the product.** On the other
hand, the process is extremely hazardous to the workers due
to the emission of volatile organic compounds (VOCs).*>*?
Tire retreading can be achieved by hot and cold retreading
processes.*® In the hot retreading process, the tire is placed in a
suitable mould, and air pressure is maintained so that it
expands uncured material at a temperature of 150 °C. In this
process, for every size of tire, a new mould is required so it is a
costly process.* In the cold process, no mould is used. In the
cold process, a temperature of 100 °C is used for replacing the
tire lining. This is a cost-effective process and increases the life
cycle of the tire.*

4. Recycling technologies

4.1. Pre-process treatment

Recycling of ‘end of life tires’ (ELT) is a major environmental
concern because of their large volume of production (15 billion
units) and non-biodegradable properties.*>*> The first pre-
process treatment involves the separation of steel and the fabric
components from WTRs. However, the process is extremely
complicated and requires heavy machinery due to the strong
physical properties of the tire.** The present discussion is
limited to only recovery of waste vulcanized rubber. After the
removal of steel and the fabric components, the further substep is
the reduction of the size by grinding of WTR to produce ground
tire tuber (GTR) using various techniques. Different methods for
the grinding of WTR into fine particles are as follows.

4.1.1. Ambient grinding. It is a simple mechanical process
to reduce the particle size of the vulcanized rubber by mechan-
ical forces at ambient temperature. In this process, the quality
of the ground rubber is controlled by the number of grinding
steps and the type of mills used. This process releases a huge
amount of heat that can oxidize and degrade the crumb rubber.
Also, in producing very fine mesh-size particles this process
incurs a huge cost.**

4.1.2. Cryogenic grinding process. It is a faster and cleaner
way to produce rubber crumbs with smaller particle sizes.*®
This process is carried out at a very low temperature (liquid
nitrogen) by first freezing the rubber followed by crushing the
frozen rubber. The surface of the ground rubber obtained by
the cryogenic process is relatively smooth with a broader range
of particle size distribution compared to the ambient process.

4.1.3. Wet grinding process. In this method, very fine
crumbs (10-20 pm) can be produced by grinding the rubber
involving the addition of water as a lubricant and cooling agent.
For milling highly resistant and large tires from trucks, the
process consists of using a water jet that results in highly pure
crumbs with a large specific surface area. This process can be
considered as an environmentally benign method due to low
energy consumption and recycling of water using a closed-loop
system.*”*® The obtained ground product further needs to
be dried.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.2. Rubber devulcanization and depolymerization processes

Elastomers such as cured rubber contain cross-linked C-S
networks, which provide strength to the materials and are an
obstacle to a simple recycling process in comparison to
thermoplastics.*® Therefore, to recycle this type of cross-
linked materials, the devulcanization process is required.
In this process, mainly the cleavage of the carbon-sulfur
(C-S, 273 k] mol ') bond or sulfur-sulfur (S-S, 227 kJ mol )
bond takes place with retaining the carbon-carbon (C-C,
348 kJ mol ') bonds intact, in the presence of specific chemi-
cals or other driving forces such as thermal or mechanical
methods under varying conditions. The selective cleavage of
C-S or S-S bonds while keeping the C-C bond intact is highly
challenging due to the very close energy difference between
these bonds.>* In vulcanized rubber, due to 3D crosslinked
networks, these vulcanizates become robust, hard, infusible,
and insoluble in any solvent medium.*® Successful devulcani-
zation could be measured by analyzing the soluble content and
crosslinking density of the processed material. Hence, the
precise degree of devulcanization or loss in the crosslink
density of vulcanizates can be measured by measuring the
differences in the crosslink density of rubber before and after
treatment. Generally, the acceptable range of the degree of
devulcanization is about 50-70%."° For providing sufficient
energy to break selective bonds for the devulcanization of
WTR, various methods such as physical, chemical, and bio-
logical devulcanization processes have been used (Fig. 1).
On the other hand, in the presence of suitable catalysts, some
of the C-C bonds also undergo cleavage along with C-S and S-S
bonds due to a very low energy difference between C-S and C-C
bonds. For depolymerization or degradation of polymeric
chains, selective catalysts like Grubb’s metathesis catalysts
can be used that attack the double bond center and result in
low molecular weight polymers. The depolymerization also
results in value-added products with reduced molecular weight.

4.2.1. Physical devulcanization technology. The disposal
and accumulation of WTR have a significant negative impact
on the development of a circular economy and a sustainable
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Fig. 1 Various methods used for the devulcanization of waste tire rubber.
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environment.”® Due to several difficulties in recycling waste
tires, most tire industries are not showing interest in devulca-
nization technologies which limit their commercialization.
To reach the goal, the selective breakage of carbon-sulfur
linkages in waste tire rubber without or with little polymeric
scission is crucial and may be performed in the presence of
physical forces such as thermal, mechanical, thermo-
mechanical, microwave, ultrasonic, and thermosonic methods.>*

4.2.1.1. Thermal devulcanization processes. The techniques
that require heat as an energy source to break S-S and C-S
linkages are known as thermal devulcanization methods.
As discussed earlier, the types of bonds present in vulcanized
rubber and their bond energies are crucial for effective devul-
canization, where only C-S and/or S-S bonds are cleaved.”'**"
Various scientific efforts are made to develop a method for
recovering WIR or WVR by thermal methods without breaking
the C-C bonds in the chain. New processes for the devulcaniza-
tion of cured rubber have been patented by Goodyear Tire &
Rubber Company.>>>® The invention suggested that cured
styrene butadiene rubber (SBR) can be devulcanized by heating
at different temperatures ranging from 150 to 350 °C under a
high pressure of 21 megapascals (MPa) in the presence of a
suitable solvent like an alcohol.>® The devulcanization process
carried out below 300 °C temperature resulted in a high
molecular weight of devulcanized rubber and did not signifi-
cantly change the microstructures. The results revealed that
devulcanization in 2-butanol at 300 °C showed a maximum
conversion of up to 93% over other alcoholic solvents (Table 2).
In addition, the recovered rubber can be compounded with
virgin rubber and used for the preparation of useful articles in
substantially the same way as the original rubber.

Further, Wang and coworkers have developed a thermal-
oxidative reclamation process for recycling and reuse of GTRs
by using a newly designed dynamic reclamation reactor. This
reactor has an adjustable pulse air input at 200 °C for four
different oxidative periods of 5 min, 10 min, 15 min, and
20 min which resulted in recovered GTRs (RGTRs) with four
reclamation degrees.> The results revealed that the cross-
linked network can be effectively destructed by this process in
the presence of air at 200 °C. The sol fractions of RGTRs were
measured with a Soxhlet extraction method using toluene as
the solvent. The analysis suggested that the sol fraction
increases, while the molecular weight and PDI decrease

Table 2 The percentage conversion of cured SBR to devulcanized SBR in
different alcohols at different temperatures®®

Examples Alcohol 150 °C 200 °C 250 °C 300 °C

1 2-Butanol (%) 38 82 90 93
2 Methanol (%) 2 3 4 7
3 Ethanol (%) 2 4 9 20
4 1-Propanol (%) 3 16 43 69
5 2-Propanol (%) 2 7 13 25
6 1-Butanol (%) 4 19 57 86
7 Isobutyl alcohol (%) 2 10 44 74
8 1-Pentanol (%) 3 11 42 89
9 4-Methyl-2-pentanol (%) 2 11 33 68
7588 | Mater. Adv, 2024, 5, 7584-7600
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significantly on increasing the stirring time. The reclamation
via either cross-link network scission or main chain scission has
been confirmed by a theoretical Horikx’s method. The analysis
showed that experimental points are all positioned above the
main chain scission curve, meaning that the reclamation is
dominated by main chain scission at high temperatures.>® This
process is catalyst-free and carried out in the complete absence of
any chemical reagent. The RGTR with a high reclamation degree
showed good dispersibility and reinforcement in natural rubber
(NR) compared with other traditional reclaimed rubbers. The
addition of 10 to 40 wt% of RGTR in NR had no adverse effect
on the mechanical properties, but improved the thermal aging
resistance of NR.>*

4.2.1.2. Mechanical devulcanization processes. The mechan-
ical process for devulcanization of WTR/WVR is a crucial
technique to obtain the devulcanized rubber under high shear
strain at a given temperature in either the presence or absence
of a chemical reagent. The process can be carried out in a high-
pressure internal mixer or extruder machine. Some additives
such as oils or reclaiming agents could be added during the
process. In the last decade, various research groups have
investigated the thermomechanical and mechano-chemical
devulcanization processes for different types of waste rub-
bers.>® Suzuki et al. and Mouri et al. have performed thermo-
mechanical recycling of ethylene-propylene-diene-monomer
(EPDM) in an extruder.® They proposed a mechanism for the
thermomechanical devulcanization process where the energy
required to break the mono-sulfur links is greater than that
required for poly-sulfur links. On applying heat to vulcanized
rubber inside the extruder, the poly-sulfur links are broken
first and converted to mono-sulfur links. Further, the energy
increases on applying shear stress to break the mono-sulfur
links too. However, the S-S bond breaking is not selective, so
some main chains have also been broken by the shear stress
action.”®>® The process leads to the formation of carbon
disulfide (CS,), sulfur dioxide (SO,) and hydrogen sulfide
(H,S) gases. Further, Seghar et al. have carried out the recycling
of natural rubber industry waste by a thermo-mechanical
devulcanization process in a twin-screw extruder with different
barrel temperatures ranging from 80 to 220 °C.**

Analysis of various parameters such as crosslink density,
soluble fraction, Mooney viscosity and Horikx’s diagram
showed the extent and quality of devulcanization. The results
revealed that the best devulcanization quality with more
selective sulfur bond scission is achieved at a lower input
temperature.**

Recently, Simon et al. have used a co-rotating twin-screw
extruder for thermomechanical devulcanization of GTR. The
results revealed that, at lower temperature, selective cross-link
scission is observed, while an increase in temperature results in
the degradation of polymer chains. In addition, this recovered
devulcanized GTR (dGTR) is compounded with NR, leading to
a decrease in tensile and tear strength, which agrees with
Horikx’s analysis, i.e. the greater the degradation of dGTR,
the more the mechanical properties are impaired.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In addition, the mechanochemical devulcanization of a
ground rubber vulcanizate is carried out in the presence of a
dual-function devulcanizing agent, bis-(3-triethoxysilylpropyl)-
tetrasulfide (TESPT). It is a well-known silica-coupling agent for
the dispersion of silica filler, but is also used as a devulcanizing
agent in the recovery of waste tires during mechanical treat-
ment. Ghosh et al. have developed a cradle-to-cradle approach
to simultaneous devulcanization and chemical functionaliza-
tion of the waste styrene butadiene rubber (SBR) vulcanizate
using a thermo-mechanical method in the presence of a sulfide-
based multifunctional devulcanizing agent.®® The devulcanized
SBR (DeVulcSBR) is prepared by the treatment of the ground SBR
(GSBR) vulcanizate with TESPT as a multifunctional disulfide-
reclaiming agent in an open two-roll mill. The resulting material
showed a significant reduction in cross-link density with an
increase in sol content in devulcanized styrene butadiene
rubber (DeVulcSBR) from GSBR. The FT-IR spectral analysis
(600-4000 cm ™" range) revealed that homolytic scission of S-S
bonds (bond energy: 22.8 kcal mol ") takes place along with the
attachment of fragmented TESPT with DeVulcSBR. The char-
acteristic FT-IR peaks of TESPT for Si-O stretching appeared at
1165 cm™ ', 1071 cm ™', 955 cm™ " and 1242 cm™ ' for symmetric
Si-C-H bending.®® In DeVulcSBR, absorption peaks appear at
1165, 1078, and 965 cm ™~ * for Si-O stretching and at 1242 cm ™!
for symmetric Si-C-H bending, indicating the chemical attach-
ment of fragmented TESPT in DeVulcSBR.°® The resulting
compound reinforced with nano-silica is re-vulcanized to prepare
a new rubber composite (SBR/SiO,-DeVulcSBR). The curing and
processing characteristics and mechanical performance are
further compared with those of conventional silica-based green
tire formulations. The performance studies of the SBR/SiO,-
DeVulcSBR composite suggested that the 30 phr silica-loaded
composite showed superior properties compared to other com-
posite ratios. The tensile strength and elongation at break of
the silica-30 vulcanizate are 10.34 MPa and 451%, respectively,
whereas the respective values of the silica-30(control) vulcanizate
are 4.34 MPa and 336%. Dynamic mechanical analysis reveals
that the room temperature storage modulus increases and the
highest tan é at T, decreases with silica loading in the silica-30
vulcanizate due to strong rubber-filler interaction.®

Further, Ghorai et al. have also demonstrated a devulcaniza-
tion process of the natural rubber (NR) vulcanizate in an open
roll mixing mill by using TESPT, a novel devulcanizing agent.
First ground NR (100 g) was mixed with various proportions of
TESPT in the presence of spindle oil and the mixture was kept
for 24 h for soaking prior to devulcanization in an open two
roll mill for different time intervals.®® The characterizations
revealed that the degree of devulcanization depends on devul-
canization time and the concentration of TESPT. The TESPT
concentration was optimized as 6 mL per 100 g for the high
extent of devulcanization and the vulcanizate is designated
as DeVulcNR-6. The extent of devulcanization was monitored
by various analytical measurements such as the sol and gel
content, crosslink density, molecular weight and Mooney
viscosity of devulcanized rubber.®' In addition, DeVulcNR was
prepared using 6 mL TESPT and designated to optimize the
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devulcanization time. Differential scanning calorimetry (DSC)
analysis revealed that with the sol content the fraction of
immobilized polymer chains decreases due to increasing mole-
cular weight between crosslinks. In addition, DeVulcNR was
used in re-vulcanization with or without silica filler as a
reinforcement agent. The resulting compounds showed that
the mechanical properties, e.g. modulus at 50% and 100%
elongation, tensile strength, and elongation at break, increase
with devulcanization time up to 40 min.®’

4.2.1.3. Microwave assisted devulcanization processes. The
devulcanization of waste rubber using the microwave irradia-
tion process is one of the most explored and crucial methods.
In this method, the molecules absorb the microwave radiation
when allowed to keep under the microwave’s electromagnetic
field radiations with a specific wavelength (from 1 to 1000 mm)
and frequency (300 MHz to 300 GHz),"”®* and convert the
radiation to heat or thermal energy to cleave the target bond.
For the selective cleavage of bonds, the ionic conductivity or
polarity of the material plays a crucial role.>® The microwave-
assisted devulcanization process is one of the most efficient
processes having several advantages like uniform heating in
comparison to traditional heating methods,**® no chemical
treatment,®® high productivity of devulcanized rubber,®” and
easy modification of the process parameters.®® The devulcaniza-
tion degree 